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H I G H L I G H T S  

• MODIS Collection 6.1 3 km resolution AOD products are evaluated globally. 
• The accuracy has been improved overall after data quality control. 
• Retrievals errors related to varying surface and atmospheric conditions are analyzed. 
• MODIS 3 km DT AOD product is generally less accurate than the 10 km DT release.  
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A B S T R A C T   

Recently, NASA has released the newest Moderate Resolution Imaging Spectroradiometer (MODIS)/Terra 
Collection 6.1 (C6.1) aerosol product generated at a higher spatial resolution of 3 km (i.e., MOD04_3K) with main 
updates in the radiation calibration and the Dark Target (DT) aerosol algorithm. This product is of great 
importance for air pollution studies at small to medium scales but has not been fully evaluated. This paper aims 
to provide a comprehensive validation and error analysis of the MOD04_3K C6.1 aerosol optical depth (AOD) 
data set against Aerosol Robotic Network (AERONET) Version 3 AOD measurements at different spatiotemporal 
scales from 2013 to 2017 over land and ocean. Results suggest that the data quality of the MOD04_3K AOD data 
set is overall improved at different spatial scales after quality control. In general, the highest-quality 3 km AOD 
retrievals (quality assurance = 3) and ground-based measurements are highly correlated (correlation coefficient 
= 0.81), with a mean absolute error of 0.08 and a root-mean-square error of 0.12. About 63% of the data samples 
fall within the expected error envelope on a global scale. Nevertheless, there is large spatial heterogeneity in the 
performance at regional and site scales, with the worse accuracy generally observed in areas covered by bright 
surfaces or dominated by human activities. This is mainly due to the difficulties in estimating surface reflectance 
and the aerosol-type assumption. In addition, aerosol retrievals are overall overestimated, especially over North 
America, Europe, and East Asia. Furthermore, the estimation errors and uncertainties are highly related to 
varying surface and atmospheric aerosol conditions, which become larger with increases in surface brightness, 
aerosol loading, Ångström exponent and single scattering albedo. The MODIS 3 km AOD data set is generally less 
accurate than its coarser-spatial-resolution (10 km) counterpart due to a decrease in the opportunity to discard 
marginal pixels from the retrieval. Therefore, further algorithm improvements are needed to reduce the esti-
mation uncertainty, especially for heterogeneous urban and bright surfaces.  
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1. Introduction 

Atmospheric aerosol particles have important effects on Earth’s 
radiative balance by directly absorbing and scattering solar radiation 
(Charlson et al., 1992; Haywood and Boucher, 2000; Li et al., 2017a; Qin 
et al., 2020; Yu et al., 2006; Zeng et al., 2019) and by affecting the 
optical properties and lifetimes of clouds (Haywood and Boucher, 2000; 
Koren et al., 2012; Li and Coauthors, 2017b; Oreopoulos et al., 2016; Su 
et al., 2018, 2020). In particular, fine particles can damage human 
health, arousing much public concern (Bartell et al., 2013; Peng et al., 
2009; Wei et al., 2019a, b, 2020). Aerosol optical depth (AOD) refers to 
the integration of the extinction coefficient of the atmosphere in the 
vertical direction, a key quantitative physical quantity characterizing 
the degree of atmospheric turbidity. Nowadays, ground-based aerosol 
monitoring networks have been established to monitor air pollution in 
real-time. However, aerosols show great spatiotemporal variations. 
Since these ground stations are sparsely distributed, it is difficult to meet 
the needs of wide-scale monitoring. 

Satellite remote sensing technology can overcome this issue and 
obtain AODs based on a variety of aerosol retrieval algorithms (Kaufman 
et al., 1997). An increasing number of satellite sensors have released 
their own official aerosol products. These products are generated from 
different aerosol retrieval algorithms, and most of them are produced at 
coarse spatial resolutions that are difficult to satisfy the requirements of 
air pollution monitoring at small to medium scales. Among them, the 
Moderate-resolution Imaging Spectroradiometer (MODIS) aerosol 
product has become more popular in related applications due to their 
longer data records starting from the beginning of the twenty-first 
century and more mature aerosol retrieval algorithms. Besides the 
popular 10 km resolution aerosol product, a global-coverage daily 
MODIS aerosol product at a higher spatial resolution of 3 km has 
recently been released (Remer et al., 2013). Due to its much higher 
spatial resolution, it has been used in multiple air pollution related 
studies, including the investigation of spatiotemporal aerosol variations 
and the estimation of fine particulate matter concentrations (Ma et al., 
2017; Munchak et al., 2013; Xue et al., 2019). 

The MODIS 3 km aerosol product is generated based on the second- 
generation operational Dark Target (DT) algorithm. The same algorithm 
is used to generate the MODIS 10 km aerosol product, which includes 
the same surface reflectance estimation, aerosol-type assumption, look- 
up-table construction, and unsuitable-pixel screening. The main differ-
ences between the two retrievals are the size of the aggregation window 
and the number of pixels needed in the aerosol retrieval box. The 10 km 
aerosol retrieval begins with a spatial window of 20 × 20 pixels, while 
the 3 km aerosol retrieval uses a narrower spatial window of 6 × 6 
pixels. After removing unsuitable pixels, the remaining pixels are first 
sorted, and then 20% and 50% of the darkest and brightest pixels, 
respectively, are removed. This leaves twelve or fewer pixels, with a 
limited minimum of 5 pixels required in the 3 km retrieval box. This 
means that the pixels used in the 3 km retrieval box would possibly be 
discarded in the coarser 10 km retrieval box. The reflectance of the 
remaining pixels is then averaged and used for aerosol retrieval (Gupta 
et al., 2018; Remer et al., 2013). 

An increasing number of studies have evaluated the MODIS 3 km 
aerosol product at national and global scales (Gupta et al., 2018; He 
et al., 2017; Nichol and Bilal, 2016; Remer et al., 2013). Among them, 
Gupta et al. (2018) provided a comprehensive validation of MODIS 
Collection 6 (C6) 3 km AODs against AErosol RObotic NETwork (AER-
ONET) Version 3 AOD measurements over land. They found that the 
accuracy of the 3 km retrieval varied locally and regionally, even 
differing among spatially continuous sites. The accuracy was signifi-
cantly degraded when involving poor-data-quality retrievals in the 
analysis, and appeared to be less accurate than 10 km retrievals on a 
global scale. The error dependencies on AOD loading and geometry 
suggest that greater errors might arise from uncertainties in pixel se-
lection and the assumption of surface and aerosol characteristics. 

On March 7, 2018, the MODIS C6 3 km aerosol product was updated 
to C6.1 with further calibration corrections and a series of improvements 
in the DT aerosol algorithm. The forward-stream processing of C6 ended 
in April 2018. Different from the C6 release, the C6.1 release was 
generated from the updated Level 1B calibrated radiance product with 
additional corrections in radiometric calibration (Jeong et al., 2011; 
Meister et al., 2014). In addition, several main algorithm updates were 
made, including 1) added quality control in reflectance, cloud fraction, 
and the number of effective pixels, and a modified sediment mask over 
oceans; 2) updated data quality control for coastal and water conditions; 
3) improved surface reflectance estimations over urban areas (Gupta 
et al., 2016); and 4) many other aspects, such as bug fixes and the 
removal of a few redundant subroutines (https://atmosphere-imager. 
gsfc.nasa.gov/sites/default/files/ModAtmo/C061_Aerosol_Dark_Target 
_v2.pdf). Given the continual refinements in both data records and the 
aerosol retrieval algorithm, the newly released MODIS C6.1 3 km 
aerosol product has not been fully evaluated, and the performance of 
this product is still unclear on a global bias. 

This study, therefore, aims to provide a comprehensive global vali-
dation of the latest MODIS C6.1 3 km resolution AOD data set against the 
newest AERONET Version 3 AOD measurements over both land and 
ocean, as well as their estimation errors and uncertainties related to 
varying surface characteristics and atmospheric aerosol conditions. 
Their overall accuracy with reference to the MODIS C6.1 10 km coarser 
resolution aerosol product and spatiotemporal characteristics are also 
investigated. Section 2 describes the satellite remote sensing and 
ground-based data and introduces the evaluation and analysis ap-
proaches. Section 3 presents the validation results, uncertainties, and 
comparisons of aerosol products, and investigates the spatial distribu-
tions and variations over land and ocean. Section 4 summarizes the main 
conclusions. 

2. Data and methods 

2.1. Satellite remote sensing products 

In this study, only the MODIS/Terra Level 2 daily swath AOD data set 
at a spatial resolution of 3 km (i.e., MOD04_3K) are selected for evalu-
ation. The MODIS/Aqua AOD data set (i.e., MYD04_3K) is not consid-
ered here because the same retrieval algorithm is used to generate AODs, 
showing the similar overall accuracy. Differences between the two re-
trievals may be caused by the different characteristics of the sensors, 
such as different imaging times, sensor lifetimes, and sensor degradation 
(Bright and Gueymard, 2019; Fan et al., 2017; Gupta et al., 2018). The 
MODIS 3 km aerosol product provides a Quality Assurance (QA) data set 
to indicate the quality confidence of the aerosol retrievals. This quality 
control is comprised of several tests regarding water and bright surfaces, 
possible (cirrus) clouds, fitting errors, and sufficient numbers of data 
samples during the retrieval process (Levy et al., 2013; Wei et al., 
2018a). 

MODIS/Terra has recorded data for more than 20 years. However, 
the main purpose of this study is to quantitatively evaluate the overall 
accuracy and uncertainty of the MOD04_3K aerosol product, not explore 
long-term aerosol variations. To save on storage and processing time, 
only about a quarter of the MODIS/Terra records (from 2013 to 2017) is 
selected here. All possible retrievals (QA = All) and the highest-quality 
(QA = 3) AOD retrievals at 550 nm over land and ocean from 2013 to 
2017 are employed for validation purpose. The MODIS/Terra C6.1 Level 
2 daily AOD data set at a coarser 10 km resolution (i.e., MOD04_L2) 
covering the same period are collected for comparison, and only those 
DT AOD retrievals at 550 nm having the highest quality (QA = 3) are 
used. The MODIS/Terra C6.1 Level 3 monthly aerosol product (i.e., 
MOD08_M3) covering the same study period is also employed to analyze 
global spatiotemporal aerosol characteristics. Furthermore, several 
auxiliary remote sensing products are also selected to assist in analyzing 
the estimation error and uncertainty, and then they are resampled to a 
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uniform spatial resolution of 0.03 ◦ × 0.03 ◦ to be consistent with the 
MOD04_3K product. Table 1 summarizes all satellite remote sensing 
products used in this study. 

2.2. AERONET AOD measurements 

Widely used AERONET measurements are selected to evaluate the 
MODIS aerosol product, providing instantaneous aerosol spectral mea-
surements at multiple wavelengths (e.g., 440, 500, 675, 870, and 1020 
nm) every 15 min (Holben et al., 1998). The newest Version 3 Level 2.0 
(cloud screened and quality assured) AOD and Ångström exponent (AE, 
440–675 nm) measurements, and single scattering albedo (SSA) re-
trievals are employed (Giles et al., 2019). This study uses data from 384 
globally distributed AERONET sites (Fig. 1) with more than one year of 
data records, including 350 sites located on land and 34 sites surrounded 
by ocean (mainly distributed in offshore seas). Here, MODIS aerosol 
products are validated against AERONET measurements at land and 
ocean sites separately, as well as in ten continental regions of interest. 
There are 98 sites in Europe (EUR), 62 sites in eastern North America 
(ENA), 47 sites in western North America (WNA), 36 sites in East Asia 
(EAA), 27 sites in South America (SAM), 29 sites in North Africa and the 
Middle East (NAM), 20 sites in Southeast Asia (SEA), 13 sites in South 
Africa (SAF), 10 sites in South Asia (SAA), and 8 sites in Oceania (OCE). 

2.3. Evaluation and analysis methods 

Since AERONET does not provide AOD measurements at 550 nm, 
instead of using the Ångström algorithm approach (Sun et al., 2016a; 
Wei et al., 2019c), the more robust second-order polynomial fit 
approach (Eq. (1)) is selected to interpolate the 550-nm AOD based on 
the measurements at 870, 675, 500, and 440 nm (Sayer et al., 2019; 
Schuster et al., 2006): 

log(τ550)= a0log(550) + a1log(550)2
+ b, (1)  

where τ is the AOD at 550 nm, and a0, a1, and b are regression 
coefficients. 

For spatiotemporal matching, an AOD retrieval is defined as the 
average value of all available MODIS pixels falling within the latitude/ 
longitude sampling window of 0.15 ◦ × 0.15 ◦ centered on each AER-
ONET station (Gupta et al., 2018). The real AOD value is defined as the 
average value of at least two AERONET AOD measurements within ±30 
min of the satellite overpass time (Gupta et al., 2018; Wei et al., 2019c). 
In this study, the following statistical metrics are selected to quantita-
tively evaluate the consistency and uncertainty between MODIS and 
AERONET AOD retrievals: the correlation coefficient (R), the mean bias, 
the mean absolute error (MAE), the root-mean-square error (RMSE), and 
the relative mean bias (RMB). 

The expected error (EE) envelope, representing the percentages (or 
fractions) of the AOD retrievals falling within/above/below the custom 
error range, is calculated as 

EE= ± (0.05+ 0.15*τAERONET). (2) 

Note that this EE was determined from the MODIS 10 km DT product 
over land (Levy et al., 2010, 2013), which is not based on any analysis of 
the 3 km release offered by the DT development team. This EE envelope 
is stricter that what was found in C6 (Gupta et al., 2018; Remer et al., 
2013). 

The relative difference (RD, %) of each statistical metric between 
MODIS 3 km and 10 km AOD retrievals (Wei et al., 2019d) is calculated 
as 

RD= [(M3km − M10km)/M10km]*100%, (3)  

where M is the statistical metric in question. 
For the spatiotemporal analysis, spatial coverage (%) is defined as 

the proportion of effective AOD retrievals of the MODIS aerosol product 
in space. Monthly and seasonal spatial coverages are calculated using 
the area-weighting approach (Wei et al., 2019e). In addition, MOD08 
monthly AOD maps are averaged for each grid to generate seasonal AOD 
maps for each year, used to show the spatiotemporal coverage and 
distribution of the MODIS aerosol data set. Here, only the global spatial 
coverage and distribution on monthly and seasonal bases are evaluated 
because there are numerous missing aerosol retrievals on a daily basis 
due to cloud contaminations. Monthly or seasonal spatial coverages and 
distributions of AOD products are useful because such information is 
potentially important for related aerosol studies such as aerosol algo-
rithm development, long-term aerosol variations, and climate model 
simulations or predictions. 

3. Results and discussion 

3.1. Validation against surface measurements 

3.1.1. Global-scale performance 
Collocated were a total number of 90,667 all-quality AOD retrievals 

(QA =All) from 2013 to 2017 at all available 370 sites around the world. 
Satellite- and ground-based retrievals agree well (R = 0.79), with an 
average MAE of 0.08 and an RMSE of 0.13 (Fig. 2a). However, many 
AOD retrievals are overestimated (RMB = 2.05), with ~37% of the 
matchups falling above the EE envelope. There are 81,721 and 8946 all- 
quality AOD matchups collocated at 350 land and 34 ocean AERONET 
sites (Fig. 2b–c). The range of AOD loading over land is about three times 
greater than that over oceans. This is because, aside from urban and 
industrial aerosols, land is the source of dust aerosols, which is the 
largest particle constituent by mass, and emissions from natural wild-
fires, which is the single largest aerosol constituent in North America, 
Australia, and the boreal forests of Asia. About 60% of the matchups fall 
within the EE envelope. However, land AOD retrievals have overall 
larger estimation uncertainties than coastal AOD retrievals. The main 
reasons are that the land surface includes a variety of land-cover types 
with varying surface reflectances, and the sources and components of 
aerosols vary greatly over space and time. 

After data quality control, the total number of highest-quality AOD 
matchups (QA = 3) decreased by 10%, 11%, and 7% during 2013–2017 
over the globe, land, and ocean, respectively (Fig. 2d–f). More 

Table 1 
Satellite remote sensing products used in this study.  

Product Content Scientific Data Set Spatial resolution Temporal resolution 

MOD04_3K DT AOD (QA = 3) Image_Optical_Depth_Land_And_Ocean 3 km Daily 
DT AOD (QA = All) Optical_Depth_Land_And_Ocean   
Aerosol type Aerosol_Type_Land   

MOD04_L2 DT AOD (QA = 3) Optical_Depth_Land_And_Ocean 10 km Daily 
MOD08_M3 DT AOD (Corrected) Aerosol_Optical_Depth_Land_Ocean_Mean_Mean 1 ◦ × 1 ◦ Monthly 
MOD09A1 Surface reflectance sur_refl_b03 (459–479 nm) 500 m 8-day 
MCD12C1 Land cover type Land Cover Type 1 0.05 ◦ × 0.05 ◦ Yearly 
MOD13C2 NDVI NDVI 0.05 ◦ × 0.05 ◦ Monthly 
STRM Elevation DEM 90 m – 

DEM: digital elevation model; NDVI: normalized difference vegetation index; STRM: Shuttle Radar Topography Mission. 
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Fig. 1. Locations of AERONET sites (red dots) and the ten continental regions of interest (different colored areas) defined according to our previous study (Wei et al., 
2019c). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Density scatter plots of MODIS/Terra 3 km (a–c) all-quality (QA = All) and (d–f) highest-quality (QA = 3) AOD retrievals as a function of AERONET AODs 
over the globe, land, and ocean from 2013 to 2017. The solid line denotes the 1:1 line, and the dashed lines denote the expected error (EE) envelope. Note that “ =
EE”, “> EE”, and “< EE” show the percentages (%) of retrievals falling within, above, and below the EE envelope, respectively. 
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importantly, the overall accuracy improved, with increasing correla-
tions and decreasing RMSE and RMB values. Overall, the number of 
matchups falling within the EE envelope over the globe, land, and ocean 
increased to 63.29%, 63.34%, and 62.92%, respectively. However, 
many AOD retrievals are still overestimated (RMB = 1.8–2.6). This 
suggests that MOD04_3K AOD retrievals passing the highest data quality 
(QA = 3) should be used for aerosol-related studies, which was also the 
recommendation of the NASA team (Gupta et al., 2018). 

3.1.2. Continent-scale performance 
Fig. 3 shows the validation results of MOD04_3K highest-quality (QA 

= 3) AOD retrievals from 2013 to 2017 over the ten regions of interest. 
The overall accuracy of the aerosol retrievals varies greatly at the con-
tinental scale. The AOD retrievals have small estimation uncertainties 
(e.g., MAE = 0.04–0.06), with ~74–84% of the matchups falling within 
the EE envelope in Oceania, South Africa, and Eastern North America. 
Because the surfaces of these regions are relatively dark with dense 
vegetative cover, surface reflectances are overall low and easily deter-
mined, leading to good aerosol estimations. 

By contrast, the worse performances are mainly observed in North 
Africa and the Middle East, Western America, and East Asia. The un-
certainties are larger (e.g., MAE > 0.1 and RMSE > 0.15), and only 
44–62% of the matchups fall within the EE envelope. These regions are 
mainly dominated by bright surfaces, with the former two mainly arid or 
semi-arid regions (e.g., desert, bare land, plateau, or mountain), facing 
frequent sand/dust and inclement weather conditions (Wei et al., 
2018b). East Asia is mainly urban with intensive human activities and a 
large number of pollution emissions (Nichol and Bilal, 2016; Wei et al., 
2019f, g). It is difficult to accurately determine both surface reflectance 
and aerosol type in these regions, leading to poor aerosol estimations (Li 
et al., 2009). 

In general, except for South Africa (RMB = 1.00), AOD retrievals are 
overall overestimated in the other regions of interest, especially in 

Western (RMB = 2.06) and Eastern (RMB = 1.38) North America, and 
Europe (RMB = 1.46). The inaccuracy of the surface reflectance esti-
mation and the influence of thin cloud contaminations in remote sensing 
images may explain this (Sun et al., 2016b; Wei et al., 2018b, 2019c). 
Similar conclusions can be made from the validation results of 
MOD04_3K all-quality (QA = All) AOD retrievals (Fig. S1). Although the 
number of effective matchups is reduced, the data quality of AOD re-
trievals is overall improved, with increasing correlations and percent-
ages of matchups falling within the EE envelope, and decreasing 
uncertainties after the quality control at the regional scale, especially in 
Southeast Asia and Eastern America. 

3.1.3. Site-scale performance 
Analyses on global and regional scales mainly reflect the average 

overall accuracy of the aerosol product. However, ground stations are 
not unevenly distributed within a region. Fig. 4 shows the validation of 
MOD04_3K highest-quality AOD retrievals (QA = 3) against ground 
measurements from 2013 to 2017 at each AERONET site, revealing the 
differences at each individual site. There is a total of 10 ground stations 
with no or too few AOD collocated retrievals, mainly found in North 
Africa, the Middle East, and Central Australia. Because these stations are 
located in desert regions, the DT algorithm fails to retrieve AODs over 
these bright surfaces. 

Results suggest heterogeneity of the accuracy of MOD04_3K AODs at 
the site scale globally. Except for several sites located in the southern 
parts of South America and Oceania (R < 0.5), AOD retrievals correlate 
well at most sites, with more than 77% of the sites around the world 
having R > 0.8 (Fig. 4a). The fraction of retrievals falling within the EE 
envelope is generally higher than 70% at sites distributed in Europe, 
Eastern North America, and Central South America. By contrast, it is 
overall lower than 40% at sites located in the Middle East, Western 
North America, Southern South America, and East Asia. In general, 69% 
of the sites globally have more than 60% of the retrievals falling within 

Fig. 3. Same as Fig. 2 but for each region of interest. Only MODIS/Terra 3 km highest-quality (QA = 3) AOD product is used. EAA, SAA, SEA, EUR, ENA, WNA, SAM, 
NAM, SAF, and OCE stand for East Asia, South Asia, Southeast Asia, Europe, Eastern North America, Western North America, South America, North Africa and the 
Middle East, South Africa, and Oceania, respectively. 
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Fig. 4. Validation parameters: (a) correlation coefficient (R), (b) percentage of retrievals falling within the expected error envelope (= EE), (c) mean bias, and (d) 
root-mean-square error (RMSE) at each AERONET site based on scatter plots of MODIS 3 km AOD retrievals and AERONET AOD measurements from the spatio-
temporally collocated data set. Only the MODIS/Terra 3 km highest-quality (QA = 3) AOD product is used. Black dots show those sites with no or too few 
AOD retrievals. 

Fig. 5. Frequency histograms of relative differences (%) in validation parameters in terms of (a) correlation coefficient (R), (b) mean absolute error (MAE), (c) root- 
mean-square error (RMSE), and (d) the percentage of retrievals falling within the expected error envelope (= EE) between MODIS/Terra 3 km highest-quality (QA =
3) and all-quality (QA = All) AOD retrievals for the ensemble of AERONET sites. Annotations in each panel give the proportions of validation statistics, where (+) and 
(− ) indicate positive and negative values. 
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the EE envelope (Fig. 4b). Only 15% of the sites show small biases within 
±0.02. However, ~92% of the sites show positive biases, especially 
those sites located in the Western North America, Southeast Asia, and 
East Asia (Fig. 4c). Large negative biases are mainly observed at sites 
located in Africa and South Asia. This may be related to bright surface 
structures and strong-absorbing aerosol characteristics (Wei et al., 
2018b). In addition, although more than 73% of the sites have small 
uncertainties with RMSE values < 0.12, large errors (RMSE > 0.2) are 
always seen at sites located in South and Southeast Asia, Middle Africa, 
and Western North America, indicating poor estimations (Fig. 4d). The 
spatial patterns of the four main statistical metrics at the site scale are 
similar in each season (Figs. S2–S5). 

The spatial distributions of the overall accuracies of the MOD04_3K 
all-quality (QA = All) and MOD04_3K highest-quality (QA = 3) AOD 
products at the site scale are similar (Fig. S6). However, the four sta-
tistical metrics differ. Approximately 75%, 65%, 15%, and 69% of the 
sites have high correlations (R > 0.8), high percentages of retrievals 
falling within the EE envelope (> 60%), small biases (~-0.02–0.02), and 
small uncertainties (RMSE < 0.12), respectively. In general, after data 
quality control, the accuracy of AOD retrievals is overall improved with 
increasing correlations, increasing percentages of retrievals falling 
within the EE envelope, decreasing MAE values, and decreasing RMSE 
values at ~76%, 77%, 89%, and 88% of the sites, respectively (Fig. 5). 
However, data quality control does not always perform well, especially 
when conditions are marginal, which can filter out some normal DT 
retrievals, especially over bright surfaces (Hubanks and Coauthors, 
2013; Wei et al., 2018a). 

3.2. Error and uncertainty analysis 

The performance of MOD04_3K highest-quality (QA = 3) AOD re-
trievals under the varying surface and atmospheric aerosol conditions 
using global AOD matchups (Figs. 6 and 7) are explored here. The sur-
face characterization of each AERONET station is defined as the average 
value of 5 × 5 pixels (~225 km2) of the normalized difference vegetation 
index (NDVI), surface reflectance, and topography centered on the 

station. The surface type is defined by the land-use type centered on the 
AERONET station. The MODIS–AERONET AOD matchups are then 
filtered by each specific surface and atmospheric aerosol condition and 
grouped into narrow bins containing different numbers of retrievals in 
each bin. The number of retrievals, R, mean bias, MAE, RMSE, RMB, and 
percentages of retrievals falling within/above/below the EE envelope 
are calculated for each bin (Tables S1–S7). 

3.2.1. Relationship with varying surface conditions 
The global surface is first divided into 16 NDVI bins with equal bin 

sizes of 0.05, then MODIS AODs are evaluated against AERONET AODs 
in each bin (Fig. 6a and Table S1). Overall high accuracy is achieved 
when NDVI ≤ 0 (e.g., bias = 0.06, fraction = 65%) because this kind of 
surface mainly includes water bodies without vegetative cover. How-
ever, for areas covered by sparse vegetation (0 ≤ NDVI < 0.3), the ac-
curacy is poor, with large positive biases (0.09–0.13) and 37–49% of the 
retrievals falling within the EE envelope. With an increase in NDVI (0.3 
≤ NDVI < 0.6), the performance improves, characterized by decreasing 
positive biases and increasing percentages of retrievals falling within the 
EE envelope. Especially in areas covered by dense vegetation (NDVI ≥
0.6), the mean bias is < 0.05, and about 67–72% of the retrievals fall 
within the EE envelope, indicating good data quality. 

The global surface is next divided into six main land-use types ac-
cording to the MODIS land-cover-type product, then MODIS AOD re-
trievals are validated against ground measurements for each surface 
type (Fig. 6b and Table S2). Results suggest that the MOD04_3K product 
performs better, with a smaller bias of 0.05 and RMSE of 0.09 in water 
(including both inland water and ocean) and forested areas, and more 
than 69% of the retrievals falling within the EE envelope. This is fol-
lowed by cropland and grassland, with average biases of 0.07–0.08 and 
RMSEs of 0.11–0.13. Previous studies have illustrated that the overall 
accuracy of C6.1 has been improved compared to C6 in urban areas due 
to the improved surface reflectance model (Gupta et al., 2016). How-
ever, AOD retrievals are still overestimated, with a large positive bias of 
0.07 and more than 38% of the retrievals falling above the EE envelope. 
The DT algorithm performs the worst in bare land, with the smallest 

Fig. 6. Box plots of AOD bias (in red) and the percentage of samples falling within the expected error envelope (= EE, blue curves) for MODIS/Terra 3 km highest- 
quality (QA = 3) AODs against AERONET AODs as a function of (a) NDVI, (b) surface type, (c) surface reflectance (459–479 nm), and (d) surface relief (km). The 
black horizontal solid line represents the zero bias. In each box, the red dots, middle, lower, and upper horizontal lines represent the AOD bias mean, median, and 
25th and 75th percentiles, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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number of matchups (N = 1287) and the worst evaluation metrics, in 
particular, only 39% of the retrievals falling within the EE envelope. 
These results suggest that the DT algorithm still faces great challenges in 
retrieving aerosol properties over heterogeneous urban and bright bare 
surfaces. 

Next, the global land surface is divided into ten MODIS surface 
reflectance (459–479 nm) bins with equal bin sizes of 0.01, and MODIS 
AOD retrievals are assessed with surface measurements from darkest to 
brightest surfaces (Fig. 6c and Table S3). The DT algorithm performs 
better when the surface is darker (land surface reflectance, or LSR <
0.04), such as water, dark soil, and dense vegetation, with small un-
certainties (e.g., bias < 0.06, RMSE < 0.12) and more than 60% of the 
matchups falling within the EE envelope. However, as the surface be-
comes brighter, the overall accuracy of the aerosol retrievals decreases 
rapidly, and the estimation uncertainty increases significantly. Espe-
cially for brighter surfaces (LSR > 0.08) such as deserts, bare land, and 
urban buildings, the retrievals have larger positive uncertainties (e.g., 
bias > 0.08, RMSE > 0.24) and smaller percentages falling within the EE 
envelope (41–49%). The main reason is that the surface reflectance re-
lationships between visible and shortwave-infrared channels become 
increasingly unstable and difficult to determine accurately, leading to 
poor aerosol retrievals (Wei et al., 2018a, b). 

Finally, the global land surface is divided into 13 surface relief bins 
with different bin sizes, calculated from the Shuttle Radar Topography 
Mission (SRTM) digital elevation model (DEM) product. Surface relief 
refers to the degree of altitude changes and topographic fluctuations of a 
land area, calculated as the difference between the maximum elevation 
and the minimum elevation in a sliding window (Wei et al., 2019d). 
MODIS AOD retrievals are then validated against surface observations 
with changes in topography (Fig. 6d and Table S4). The overall accuracy 

of the retrievals is relatively high, with relatively small estimation biases 
(< 0.05) and more than 68% of the matchups falling within the EE en-
velope in areas with small surface fluctuations (surface relief < 0.4 km), 
such as plains, basins, and hills. However, with increasing surface relief, 
the data quality of aerosol retrievals gradually deteriorates, with 
increasing estimation biases and uncertainties. In particular, for steep 
mountainous and plateau areas (surface relief > 2 km), the DT algorithm 
performance worsens, with a larger positive estimation bias and less 
than 47% of the matchups falling within the EE envelope. This is because 
the DT algorithm does not take the impact of terrain or mountain arti-
facts into account (Wei et al., 2019c, d). 

3.2.2. Relationship with varying atmospheric aerosol conditions 
The atmospheric aerosol conditions are divided into 27 AERONET 

AOD (550 nm) bins, 33 AE (440–675 nm) bins and 21 SSA (550 nm) bins 
with different bin sizes. Note that the number of retrievals in each bin is 
different, with many lower AOD values in the mid-range of AE values. 
The AOD retrievals are then evaluated (Figs. 7 and 8). Tables S5–S7 
summarize the number of retrievals and the statistical results for each 
bin. 

Under low aerosol loading conditions (AOD < 0.3), the retrievals 
show good overall accuracy (Fig. 7a), and the estimation uncertainties 
are relatively small (e.g., MAE < 0.1, RMSE < 0.13), although there is 
overestimation (RMB > 1.2). However, as the aerosol loading increases 
(0.3 ≤ AOD < 1.0), the retrieval uncertainty increases, and the per-
centage of retrievals falling within the EE envelope decreases gradually, 
as does the overestimation. In particular, there are large retrieval errors 
under high aerosol loading conditions (AOD ≥ 1.0). This is because the 
sources and compositions of aerosols are complex and difficult to 
determine when the aerosol loading is high, making aerosol retrievals 

Fig. 7. Same as Fig. 6 but for varying atmospheric aerosol conditions as a function of AERONET (a) AOD (550 nm) and (b) AE (440–675 nm) measurements.  
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less accurate. 
For large-sized aerosol particles (AE < 0.8) mainly dominated by 

coarse mineral dust, AOD retrievals have overall large uncertainties (e. 
g., MAE > 0.08, RMSE > 0.13), with less than 60% of the retrievals 
falling within the EE envelope (Fig. 7b). For medium-sized aerosol 
particles (0.8 ≤ AE < 1.4) that are mixtures of fine- and coarse-mode 
particles, the overall accuracy is gradually improved, with more stable 
biases and increasing percentages of retrievals falling within the EE 
envelope as AE increases. However, for small-sized aerosol particles 
(1.4 ≤ AE < 2.5), the performance of the DT algorithm gradually 
worsens, with increasing positive biases and decreasing percentages of 
retrievals falling within the EE envelope as AE increases. In particular, 
for finer-mode aerosol particles (AE ≥ 2.5), AOD retrievals are highly 
uncertain with larger positive biases (> 0.07) and with greater than 51% 
of the retrievals falling above the EE envelope, indicating large over-
estimations (i.e., RMB > 3.5). 

AOD retrievals for five main aerosol types diagnosed by the MODIS 3 
km algorithm are evaluated next. These are used to inform developers 
and users about which processing path was followed during processing 
(https://darktarget.gsfc.nasa.gov/atbd/land-algorithm). Here, only 
collocated AOD matchups over land are used and sorted for each diag-
nostic aerosol type (Table 2). For areas with weakly absorbing aerosols, 
AOD retrievals have the best accuracy, with the smallest MAE of 0.06 
and RMSE of 0.08, and with more than 72% of the retrievals falling 
within the EE envelope. By contrast, for areas diagnosed with conti-
nental and dust aerosols, the number of data samples is smaller, and 
AOD retrievals have larger estimation errors, with 52–69% of the re-
trievals falling above the EE envelope. The statistics for areas diagnosed 
with strongly and moderately absorbing aerosols fall somewhere in 
between. These results suggest again that the sources and compositions 
of aerosols are complex and vary spatiotemporally over land. However, 
these diagnostic aerosol types are mainly defined by region, and their 
optical characteristics are fixed. More representative and appropriate is 
a less restrictive set of aerosol-type models, which has been proved to 
improve the overall accuracy of retrievals, especially in local regions (e. 
g., Eastern China) with complex and variable aerosol components (Wei 

et al., 2017, 2019f, g). 
Furthermore, the uncertainty of DT AOD retrievals related to the true 

aerosol type is also evaluated according to the AERONET SSA mea-
surements (Fig. 8). For strong absorbing aerosol conditions (SSA <
0.88), e.g., urban or industrial regions, the retrievals show small esti-
mation uncertainties (e.g., MAE = 0.05, RMSE = 0.07) with an average 
bias of 0.03, and approximately 76% of the data samples falling within 
the EE envelope, suggesting good data quality (Table S7). When the 
aerosols gradually become less absorbing (0.88 ≤ SSA < 0.95), e.g., 
developing world, the accuracy of retrievals gradually declined with 
increasing positive biases and RMSE values, and decreasing fractions 
falling within the EE envelope. However, for week absorbing or spheroid 
aerosol conditions (SSA ≥ 0.95), e.g., smoke and dust, the retrievals 
become increasingly unreliable with large estimation uncertainties, and 
only approximately 68% of them falling within the EE envelope, 
showing large overestimations (RMB = 1.48). In general, the results here 
are similar to those concluded from the above diagnostic certain aerosol 
types. 

3.3. Comparison with MOD04_L2 products 

In this section, MOD04_3K highest-quality (QA = 3) AOD retrievals 
(3 km) are compared with MOD04_L2 highest-quality (QA = 3) AOD 
retrievals (10 km) at different spatial scales from 2013 to 2017. Fig. 9 
shows the relative differences (%) in four main statistical metrics (i.e., 
MAE, RMSE, RMB, and percentage of matchups falling within the EE 
envelope) between MODIS 3 km and 10 km AOD products in each region 
of interest. In general, there are clear differences in the performance 
between these two aerosol products on a regional scale. Similar per-
formances with relatively small differences in all evaluation indicators 
are observed for SAA, SAF, and SEA. By contrast, MOD04_3K AOD 
products are less accurate than MOD04_L2 AOD products in the 
remaining regions, especially North America and Oceania, with 
increasing MAE, RMSE, and RMB values by 4–30%, 3–64%, and 5–22%, 
respectively, and decreasing percentages of matchups falling within the 
EE envelope (6–34%). 

Fig. 8. Same as Fig. 6 but as a function of AERONET single scattering albedo (SSA, 550 nm) measurements.  

Table 2 
Statistics of the accuracy and uncertainty of AOD retrievals for different diagnostic aerosol types over land.  

Aerosol type N R Bias MAE RMSE RMB = EE > EE < EE 

Continental 1157 0.91 0.08 0.10 0.14 1.41 43.65 52.72 3.63 
Moderate absorption 48,862 0.88 0.06 0.08 0.13 1.36 60.98 36.15 2.88 
Strong absorption 3954 0.91 0.07 0.13 0.20 1.14 64.26 29.49 6.25 
Weak absorbtion 13,380 0.90 0.04 0.06 0.08 1.34 72.04 26.89 1.07 
Dust 247 0.67 0.11 0.12 0.25 1.73 30.77 68.83 0.40  
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Fig. 10 shows the frequency histograms of differences in four main 
statistical metrics between MOD04_3K (3 km) and MOD04_L2 (10 km) 
highest-quality (QA = 3) AOD retrievals for the ensemble of sites. At the 
site scale, with reference to 10 km AOD retrievals, MODIS 3 km AOD 
retrievals have decreasing R values in ~58% of the sites around the 

world. However, MAE and RMSE values increase at 75% and 77% of the 
global sites, respectively. More importantly, ~71% of the sites have 
decreasing percentages of matchups falling within the EE envelope. In 
general, the data quality of the MOD04_3K AOD product is lower than 
that of the MOD04_L2 AOD product at global to regional to site scales. 

Fig. 9. Relative differences (%) in terms of validation parameters: (a) mean absolute error (MAE), (b) root-mean-square error (RMSE), (c) relative mean bias (RMB), 
and (d) percentage of retrievals falling within the expected error (EE) envelope between MODIS/Terra 3 km and 10 km highest-quality (QA = 3) AOD products for 
each region of interest. The black horizontal solid line represents the zero bias. EAA, SAA, SEA, EUR, ENA, WNA, SAM, NAM, SAF, and OCE stand for East Asia, South 
Asia, Southeast Asia, Europe, Eastern North America, Western North America, South America, North Africa and the Middle East, South Africa, and Oceania, 
respectively. 

Fig. 10. Frequency histograms of relative differences (%) in terms of (a) correlation coefficient (R), (b) mean absolute error (MAE), (c) root-mean-square error 
(RMSE), and (d) the percentage of retrievals falling within the expected error (EE) envelope between Terra MODIS 3 km and 10 km highest-quality (QA = 3) AOD 
retrievals for the ensemble of sites. Annotations in each panel give the proportions of validation statistics, where (+) and (− ) indicate positive and negative values. 
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The main reason for the degradation of the retrieval accuracy of the 
finer-resolution product is a decrease in opportunity to discard marginal 
pixels from the retrieval (Remer et al., 2013) or the increase of image 
signal-to-noise ratio (Wei and Sun, 2017). 

3.4. Spatiotemporal coverage and distribution 

In this section, the ability of the MODIS DT aerosol algorithm to 
describe the spatiotemporal aerosol variations from global to regional 
scales is investigated. For this purpose, the MODIS Level 3 atmospheric 
global monthly gridded product (1 ◦ × 1 ◦), aggregated from the more 
accurate MOD04 10 km aerosol product based on the same DT algorithm 
(Platnick et al., 2015), is selected for analysis. Fig. 11 shows the time 

series of monthly satellite observations in terms of spatial coverage and 
mean AOD from 2013 to 2017 over the globe, land, and oceans, 
respectively. The spatial coverage varies interannually, with a wider 
spatial coverage seen in August and September, reaching 86–88%. In 
December and January, due to permanent snow/ice cover at the high 
latitudes of the Northern Hemisphere, there are more missing values, 
with an average narrower spatial coverage of 78–80% (Fig. 12d). 

Regarding aerosol loadings, although there are some differences over 
time, the global average AOD generally remains stable, ranging from 
0.15 to 0.20 with a small standard deviation of 0.01. By contrast, there 
are clear differences in mean AOD loadings over land and oceans. The 
aerosol loading over land is much higher than over ocean, especially in 
the Northern Hemisphere (average = 0.24 versus 0.19). In addition, 

Fig. 11. Time series of monthly global spatial coverage (in black) and monthly mean AODs over the globe (in green), land (in red), and ocean (in blue) in the 
Northern Hemisphere (NH) and Southern Hemisphere (SH) from 2013 to 2017. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 12. Spatial distributions of seasonal mean AODs (550 nm) in (a) March-April-May (MAM), (b), June-July-August (JJA), (c) September-October-November 
(SON), and (d) December-January-February (DJF) from 2013 to 2017. 
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aerosol loadings vary seasonally with large fluctuations globally (i.e., 
standard deviation ranging from 0.03 to 0.05), especially over land. In 
general, high aerosol loadings are often observed around June and July, 
and low aerosol loadings are always found around October and 
November in the Northern Hemisphere. The opposite is seen in the 
Southern Hemisphere due to the reversed seasons between the two 
hemispheres. 

Fig. 12 shows the global spatial distributions of AOD loadings in 
different seasons from 2013 to 2017. Table 3 summarizes the statistical 
results. The seasonal AOD maps cover almost all oceans and most land 
surfaces with an average spatial coverage of 90% (March-April-May, 
MAM), 90% (June-July-August, JJA), 92% (September-October- 
November, SON), and 84% (December-January-February, DJF). In 
general, except for some coastal areas (e.g., the west coast of Africa, 
inshore areas of India and East Asia), seasonal mean AODs are generally 
low with an average of 0.16, especially over open seas far away from the 
influence of human activities. However, aerosol loadings are spatially 
and temporally heterogeneous over land. Again, the DT algorithm 
cannot make retrievals over bright surfaces, so there are numerous 
missing values seen in North Africa, the Middle East, Central Asia, and 
central Australia, where deserts dominate. 

In general, high aerosol loadings are observed over India, East Asia, 
central Africa, and Southeast Asia due to the large amounts of anthro-
pogenic aerosols emitted into the air from intensive human activities. By 
contrast, aerosol loadings are generally low over most of the remaining 
regions of interest, especially Europe, North America, and Oceania. In 
June, July, and August (JJA), air pollution is the most severe with the 
highest mean aerosol loading of 0.24 ± 0.18, especially in South Asia 
(0.56 ± 0.29), South Africa (0.27 ± 0.29), and East Asia (0.27 ± 0.15). 
The smallest mean AOD values are found over most land surfaces in 
September, October, and November (SON). In the other seasons, aerosol 
loadings over most continents are similar. 

4. Conclusions and discussion 

In this study, an initial overview and validation of the latest Terra 
MODIS Collection 6.1 daily aerosol product at a higher spatial resolution 
of 3 km is performed. For this purpose, the MODIS 3 km DT global daily 
AOD product (MOD04_3K) from 2013 to 2017 is validated against the 
newest AERONET Version 3 AOD measurements at 384 monitoring sites 
distributed across land and ocean. The validation is performed at global 
to continental to site scales, and the errors and uncertainties related to 
varying surface and atmospheric aerosol characteristics are discussed. 
The spatiotemporal characteristics and variations are also investigated. 
Results obtained in this study provide a clearer and better understanding 
of the global MOD04_3K aerosol product. 

Although the MOD04_3K AOD product performs well on a global 
scale, there are noticeable differences in the accuracy and the uncer-
tainty at regional to site scales. The worst performance is mainly 
observed in North Africa and the Middle East, Western North America, 

and East Asia. More importantly, AOD retrievals are overall over-
estimated with positive biases at more than 92% of the sites around the 
world. In general, the data quality of the aerosol product is overall 
improved at all spatial scales after data quality control. The error and 
uncertainty analyses illustrate that with increasing surface reflectance 
and surface relief, the bias of AOD estimates increases. The DT algorithm 
performs less well when the aerosol loading is high with large Ångström 
exponents, suggesting a poorer performance when fine particles domi-
nate. Note that this scenario represents only 15% of the total database. 
With reference to the 10 km AOD retrievals, the 3 km AOD retrievals 
have larger estimation uncertainties caused mainly by a decrease in the 
opportunity to discard marginal pixels from the retrieval. Monthly 
MODIS AOD maps cover ~78–88% of the globe and can describe well 
the spatiotemporal characteristics of global AOD loadings except over 
bright surfaces in North Africa, the Middle East, and central Asia. 

In general, compared to the previous validation work done on the C6 
3 km aerosol product (Gupta et al., 2018), results here suggest that the 
accuracy of the C6.1 3 km aerosol product has been overall improved. 
Although some similar conclusions can be obtained here in terms of the 
overall accuracy changes with spatial scale, quality assurance, spatial 
resolution, and aerosol loading, mainly because some small changes 
were made to the C6 and C6.1 3 km retrieval algorithms, this study 
provides additional valuable information by extending the evaluation to 
coastal waters in offshore seas where the C6.1 DT algorithm mainly 
updates, and by carrying out an in-depth uncertainty analysis involving 
varying surface characteristics. Future work will evaluate AOD re-
trievals from currently available MODIS or other satellite aerosol 
products generated from different algorithms over open seas away from 
the shoreline using measurements from the Maritime Aerosol Network 
(MAN). A focus will also be placed on improving the aerosol retrieval 
algorithm so that the overall estimation uncertainty is reduced, and the 
spatial resolution is improved, of great importance to related air pollu-
tion studies at medium to small scales, e.g., at the urban scale. 
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