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H I G H L I G H T S  

• MODIS MAIAC 1 km resolution AOD products are evaluated globally. 
• The spatial continuity of MAIAC AOD retrievals during 2000–2019 are illustsrated. 
• Retrievals errors related to varying surface and atmospheric conditions are analyzed. 
• The spatial and temporal variations of AOD values over the world are investigated.  
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A B S T R A C T   

This paper attempt to verify the accuracy of the Multi-Angle Implementation of Atmospheric Correction (MAIAC) 
aerosol optical depth (AOD) product on a global scale using AOD measurements during 2000–2019 at 332 
Aerosol Robotic Network (AERONET) sites. The results indicate that MAIAC AOD retrievals are highly correlated 
with ground-based AOD measurements. The correlation coefficients (R) are greater than 0.8 at more than 68% of 
AERONET sites. Meanwhile, the performance of MAIAC AOD retrievals in different climate zones is also 
investigated. The accuracy of MAIAC AOD retrievals is high (within expected error (EE) = 87.49% and 83.15%) 
in the regions of tropical rainforest climate and tropical open forest climate. Then, the uncertainties and esti
mation deviation of MAIAC AOD retrievals in various land-cover-types are analyzed. The results find that the 
MAIAC AOD retrievals show high correlation with aerosol measurements in the forest (within EE > 95%), while 
the poor accuracy is always observed in the barren areas (within EE = 62.56%, RMSE = 0.12). The uncertainty of 
the MAIAC AOD retrievals is not only related to the satellite and solar geometries, but also depends on the 
aerosol conditions, which become larger with the increase of aerosol loading and Ångstrom exponent (AE). 
Finally, the spatial variations of AOD values over the world are investigated. High AOD values are mainly 
distributed in Central Africa, Saudi Arabia, Southern Asia and China.   

1. Introduction 

Atmospheric aerosols are the multi-phase system composed of solid 
and liquid particles suspended in the atmosphere. It comes from natural 
processes such as volcanic eruption, wildfire and sand dust over land, 

and also from human activities such as biomass combustion, fossil 
combustion and industrial pollution (Ramanathan and Ramana, 2005). 
Although the volume of aerosols is small, the aerosol direct radiation 
effect and the aerosol-cloud indirect effect have profound influences on 
the transmission of solar energy in the atmosphere, thus affecting the 
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Earth’s energy budget (Seinfeld et al., 2016; Mhawish et al., 2017). 
Moreover, aerosol particles with a diameter of 10 μm and 2.5 μm or less 
are inhalable particles, which can endanger human health (Banerjee 
et al., 2017; Evans et al., 2013; Kumar et al., 2015; Pope et al., 2002; Wei 
et al., 2021). Therefore, it is necessary to analyze the characteristics of 
aerosols and monitor the spatial and temporal variations of aerosols 
(Kaufman et al., 2002). Aerosols have the following characteristics: 
complex types, diverse sources, wide distribution and uneven distribu
tion, which bring great uncertainty to climate research. The develop
ment of ground aerosol observation networks fills in this gap. For 
example, the Aerosol Robotic Network (AERONET) could provide 
long-term and global ground-based aerosol observations (Holben et al., 
2001). However, these ground observation sites are still too sparse for 
aerosol research and applications needing AOD records with high res
olution and continuity. Satellite remote sensing can overcome this 
problem, which could provide long-term global aerosol data (Kaufman 
et al., 2002), making it possible to investigate the aerosol properties in 
regional and global scales (Emili et al., 2011). 

Satellite sensors (e.g., Moderate-resolution Imaging Spectroradi
ometer (MODIS) (Kaufman et al., 1997), Multi-angle Imaging Spectro 
Radiometer (MISR) (Kahn et al., 2010), Visible Infrared Imaging 

Radiometer Suite (VIIRS) (Jackson et al., 2013), Advanced Baseline 
Imager (ABI) (Zhang et al., 2020) and Advanced Himawari Imager (AHI) 
(Su et al., 2021; Yoshida et al., 2018) can provide continuous records of 
aerosol optical properties over large areas. Among these satellite sen
sors, MODIS aerosol products are the most widely used products in 
regional and global scales. MODIS aerosol retrievals are mainly pro
duced based on three algorithms: Dark target (DT), Deep blue (DB) and 
MAIAC algorithms. The limitation of DT algorithm is that it can’t 
retrieve aerosol optical properties from bright surface (e.g., part of the 
urban, desert and Gobi, etc) (Hsu et al., 2004). However, DB algorithm 
assumes that the short-wave infrared band is completely transparent for 
vegetation area; the errors are prone to occur when the AOD loading is 
high. 

Lyapustin (2011) developed the MAIAC algorithm for retrieving 
AOD values over bright and dark surface at 1 km resolution using MODIS 
products (Lyapustin et al., 2018). MAIAC algorithm can provide more 
refined aerosol characteristics and meet the requirements for regional 
aerosol monitoring in more fine spatial scales (Tao et al., 2019). At 
present, many scholars have evaluated the quality and potential of the 
MAIAC AOD product in different regions, or made relevant research on 
this product. Tao et al. (2019) found that the MAIAC algorithm was 
systematically underestimated in the desert areas in western China, 
while in eastern China, a positive bias was found at low-moderate 
aerosol loading. Zhang et al. (2019) showed that the accuracy of 
MAIAC algorithm was closely correlated to the land-cover-types, aerosol 
loading and aerosol size in China. Mhawish et al. (2019) indicated that 
MAIAC AOD product performed well in South Asia, and the accuracy of 
MAIAC AOD product was better than DT and DB AOD products. 
Superczynski et al. (2017) verified that the MAIAC AOD products per
formed well in South America and North America. Lee et al. (2017) 
found that MAIAC AOD product and AERONET site data have a better 
correspondence in arid areas of the Dead sea. Chudnovsky et al. (2013) 
found that MAIAC AOD product could capture the spatial variations of 
PM2.5 with higher accuracy than that of MYD04. Emili et al. (2011) 
analyzed the accuracy and potential of MAIAC AOD in the alpine region, 
and concluded that the terrain is related to the average aerosol distri
bution. In all, the MAIAC AOD products have been evaluated in different 
climate zones and terrain in different area around the world, but few 

Fig. 1. The distribution of AERONET sites in different land-cover-types.  

Table 1 
Detailed information about the MODIS land-cover-types used in this 
study.  

Number Specific class 

a Evergreen Needleleaf Forests 
b Evergreen Broadleaf Forests 
c Deciduous Broadleaf Forests 
d Mixed Forests 
e Open Shrublands 
f Woody Savannas 
g Savannas 
h Grasslands 
i Croplands 
j Cropland/Natural Vegetation Mosaics 
k Urban and Built-up Lands 
l Barren  
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studies have been conducted to verify its accuracy and robustness on a 
global scale. 

This study attempts to evaluate the accuracy of MAIAC AOD re
trievals using AOD observations during 2000–2019 at 332 global AER
ONET sites in various climate zones, land-cover-types and aerosol 
conditions. Meanwhile, the spatial and temporal variations of MAIAC 
AOD product over the world are also investigated. Below, section 2 in
troduces the data used, verification metrics and analysis approaches. 
Section 3 describes the continuity and uncertainties of MAIAC AOD 
product, and analyzes the spatiotemporal variations. Section 4 provides 
a summary of the main result. This study may help readers have a pre
liminary understanding and performance assessment of MODIS MAIAC 

AOD product at a global scale. 

2. Data and method 

2.1. AERONET data 

AERONET (https://aeronet.gsfc.nasa.gov) is a global aerosol moni
toring network organized by the National Aeronautics and Space 
Administration (NASA) (Holben et al., 1998). AERONET version 3 
provides optical and physical properties of aerosols, and released three 
quality levels of aerosol observations, i.e., level 1.0 (unscreened), level 
1.5 (cloud mask) and level 2.0 (cloud mask and quality control) (Holben 
et al., 2001; Smirnov et al., 2000). In this study, the aerosols observa
tions are obtained from 332 AERONET sites. AERONET does not directly 
provide observations at 550 nm, the Ångström index for the wavelength 
of 440 nm–675nm is used to interpolate the AOD Ångström index at 550 
nm (ɑ), and then the AOD (550 nm) were obtained using the following 
formula (Ångström, 1929)： 

α ⋅ = ⋅ −
ln(τ440/τ675)

ln(440/675)
(1)  

τ550 = τ440 (550/440)− ɑ (2)  

2.2. MODIS MAIAC AOD product 

The MAIAC algorithm is used for retrieve AOD over land, which uses 
time series to separate the contribution of aerosol and land reflection, 
and also considers the effects of bidirectional surface reflectivity (Lya
pustin et al., 2018). The time series analysis and image-based processing 
techniques are used in MAIAC algorithm to perform aerosol retrieval 
and atmospheric correction in the brighter surface and dark vegetation 
land (Lyapustin et al., 2011, 2018). The MAIAC algorithm adds smoke 
(dust) detection capabilities, improves cloud and snow cover and en
hances aerosol retrieval on bright surface (Lyapustin et al., 2012). 
Compared with DT and DB AOD product, MAIAC AOD product has 
higher spatial coverage and retrieval frequency. The high spatial reso
lution of MAIAC AOD retrievals improves the ability to determine the 
characteristics of fine aerosols and distinguish aerosol sources (Mhawish 
et al., 2019). 

2.3. Auxiliary data 

The land-cover-types were derived from MODIS MCD12Q1 product 
with a spatial resolution of 500 m (see Fig. 1). In this study, the accuracy 
of the MAIAC AOD product is evaluated on different underlying sur
faces. By matching the MODIS land-cover-types product with the AER
ONET site, remaining 12 land-cover-types were successfully matched 
(Table 1). Four geometric angles including the Viewing Zenith Angle 

Table 2 
Division and definition criteria of the Köppen climate zone (Peel et al., 2007).  

Climatic zone Climatic type Climate 
subtype 

characteristic 

A: Equatorial 
zone   

Tcold≥18  

Af (Tropical rainforest 
climate)  

Pdry≥60 mm 

Aw (Tropical open 
forest climate)  

Pdry≤60 mm & Pdry≥
（100-MAP/25）mm 

Am (tropical monsoon 
climate)  

Pdry≤60 mm & Pdry≤
（100-MAP/25）mm 

B: Arid zone   MAP<10 Pth  

BS (Steppe climate)  MAP≥5 Pth 

BW (Desert climate)  MAP<5 Pth   

h MAT≥18 ◦C   
k MAT＜18 ◦C 

C: Warm zone   Thot>10 ◦C & 0 ◦C <
Tcold<18 ◦C  

Cs (Dry summer and 
warm climate)  

Psdry<40 mm & Psdry <

Pwwet/3 
Cw (Dry and warm 
climate in winter)  

Pwdry < Pswet/10 

Cf (Normally humid and 
warm climate)  

Neither Cw nor Cf   

a Thot≥22 ◦C   
b Thot＜22 ◦C & count 

（Tmon＞10 ◦C）≥4   
c Tcold ≥ − 38 ◦C & 

count（Tmon＞ 
10 ◦C）＜4 

D: Cold 
temperate 
zone   

Thot>10 ◦C & 
Tcold≤0 ◦C 

Df (Normally humid and 
cold temperature 
climate)  

Pwdry ≥ Pswet/10 

Dw (Sub-frigid monsoon 
climate)  

Pwdry ≥ Pswet/10 

Ds (Subarctic 
continental climate)    

a Thot≥22 ◦C  
b Thot＜22 ◦C & count 

（Tmon＞10 ◦C）≥4  
c Tcold ≥ − 38 ◦C & 

count（Tmon＞ 
10 ◦C）＜4  

d Tcold＜-38 ◦C 
E: Polar zone   Thot<10 ◦C 

EF (Tundra climate)  Thot≥0 ◦C 
ET (Ice climate)  Thot< 0 ◦C   

G H ≥ 2500 m 

*Tcold = the average temperature of the coldest month, Thot = the average 
temperature of the hottest month, Pdry = the driest monthly precipitation, Psdry 
= the driest monthly precipitation in summer (April to September), Pwdry = the 
driest monthly precipitation in winter (October to March), Pswet = the wettest 
monthly precipitation in summer, Pwwet = the wettest monthly precipitation in 
winter. MAP = the annual precipitation, MAT = the annual average tempera
ture, Pth = if the regional summer precipitation is greater than or equal to 70% of 
MAP, then Pth = 2 (MAT + 14) mm; if the regional winter precipitation is greater 
than or equal to 70% of the annual precipitation, then Pth = 2MAT mm; if it is 
less than the above proportion, then Pth = 2 (MAT + 7) mm. 

Table 3 
Description of the dataset used in this study.  

Source Scientific Data 
Set Name 

Parameters Resolution 

AERONET Version 3, 
Level 2 

Aerosol Optical Depth & AE 
(440 nm–675nm) 

15 min/Sites 

MODIS MCD12Q1 Land-cover-types Instantaneous/ 
500 m 

MODIS 
C6.0 

MCD19A2 Optical_Depth_550 Instantaneous/1 
km 

MODIS 
C6.0 

MCD19A2 Cosine of solar zenith angle 
(cosSZA) 

Instantaneous/5 
km 

Cosine view zenith angle 
(cosVZA) 
Relative azimuth angle 
(RelAZ) 
Scattering angle  
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(VZA), Solar Zenith Angle (SZA), Scattering angle (SA) and Relative 
Azimuth Angle (RAA) are obtained from MCD19A2. Meanwhile, the 
accuracy of MAIAC AOD values is also analyzed in different Köppen 
climate zones around the world. As the most widely used climate clas
sification, the Köppen climate zones divided world continent into five 
major climate zones (A, B, C, D, E). Then, the monthly and annual 
temperature and the seasonal variation of rainfall are also considered in 
each zone. Finally, according to the distribution of vegetation, several 
climatic types are determined (Table 2) (Gengrui and Yu, 2015; Peel 

et al., 2007). The distribution of the selected AERONET sites in different 
Köppen climate zones (29 climate subtypes) is shown in Fig. 2 (see 
Table 3). 

2.4. Evaluation and analysis methods 

In this study, a 1 km * 1 km pixel window was utilized to extract the 
single pixel value of MAIAC AOD values corresponding to the AERONET 
sites. A ±30 min instantaneous window was selected for screening 

Fig. 2. Distribution of AERONET sites in Köppen climate subtype zone.  

Fig. 3. Global spatial continuity of MAIAC AOD product from 2000 to 2019.  
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AERONET data based on the satellite transit and data acquisition time. 
After the AERONET data was matched with the satellite data, this study 
used the expected error (EE) to evaluate the quality of the MAIAC AOD 
product, which was calculated as EE =± (0.05 + 0.15 AOD) (Levy et al., 
2013). 

Meanwhile, the correlation coefficient (R), root mean square error 
(RMSE), mean absolute error (MAE) and mean absolute difference 
(MAD) were also used to validate the accuracy of MAIAC AOD product. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑M

i=1

(
Xpi − Xoi

)2

M

√

(3)  

MAE =
1
M

∑M

i=1

⃒
⃒Xpi − Xoi

⃒
⃒ (4)  

MAD=(100 / Xom)
1
M

∑M

i=1

⃒
⃒Xpi − Xoi

⃒
⃒ (5)  

R=

∑M
i=1

(
Xpi − Xpm

)
(Xoi − Xom)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑M

i=1

(
Xpi − Xpm

)2∑M
i=1(Xoi − Xom)

2
√ (6)  

where i is the number of the selected AERONET sites, Xoi is observed 
data and Xpi is MODIS MAIAC AOD data. M is the sample number. Xom 

and Xpm represent the mean of the observed and retrieved values, 
respectively. 

3. Result and analysis 

3.1. Global spatial continuity of MAIAC AOD product 

The MAIAC algorithm could retrieve aerosols in dense vegetation 
coverage areas and bright surfaces. Meanwhile, it combines the cloud 
mask (CM) algorithm based on spatiotemporal analysis to enhance the 
ability of cloud detection (Lyapustin et al., 2008). Therefore, the MAIAC 
algorithm could provide AOD records with higher continuity. Fig. 3 
shows the spatial continuity of MAIAC AOD products from 2000 to 

Fig. 4. Monthly average spatial continuity of MAIAC AOD product.  
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2019. The aerosol retrievals continuity is relatively better in Oceania, 
Saudi Arabia and surrounding areas, northern and southern Africa, 
western United States and Argentina. The MAIAC algorithm does not 
retrieve AOD over snow. Thus, the continuity of aerosol retrieval is 
generally poor in areas above 45◦N in the northern hemisphere owing to 
perennial snow in winter. Especially in the Polar regions of the northern 
hemisphere, the AOD records are seriously missing due to the perennial 
snow cover. The spatial continuity of the MAIAC AOD records is also 
poor in Equatorial region, because of the frequent rainy weather and 
cloud occurrences there. 

Fig. 4 and Fig. 5 show the monthly average spatial continuity of 
MAIAC AOD product. Interestingly, the spatial continuity of MAIAC 
AOD product changes with seasons. The continuity of high latitudes in 
the northern hemisphere is seriously absent in December, January and 
February (DJF). The reason is that there is snow all year round, and the 
MAIAC algorithm does not retrieve AOD over snow. It is obvious that the 
percentage of effective observation records increased (e.g., area above 
45◦N in the northern hemisphere, Oceania, northern South America and 
northern Africa) from March to May (MAM) and from June to August 
(JJA). But in September, October and November (SON), the percentage 

of effective observation records decrease, especially in the northern 
hemisphere. In the southern hemisphere, the continuity is good in most 
areas, especially in Oceania. 

3.2. Validation with ground AOD observations 

Fig. 6 illustrates the validation results of MAIAC AOD retrievals 
against the AOD observations at 332 AERONET sites from 2000 to 2019. 
The results indicate a significant heterogeneity of the performances of 
MAIAC AOD retrievals. The MAIAC AOD retrievals have a high corre
lation with the ground-based measurements. The R is higher than 0.8 at 
more than 69% of the sites, and lower than 0.5 at only 4 sites. In general, 
MAIAC AOD product performs well in Oceania, eastern North America 
and Europe. These areas are mostly covered by typical dark surface and 
dense vegetation, which is conducive to aerosol retrievals (Wei et al., 
2018). By contrast, relatively poor accuracy of MAIAC AOD retrievals is 
found in southwest North America, because the southwest North 
America is mostly desert area (bright surfaces), and the low sensitivity of 
top of the atmosphere (TOA) reflectivity to the aerosol changes leading 
to the high uncertainty of bright surfaces. The accuracy of MAIAC AOD 

Fig. 5. Monthly average spatial continuity of MAIAC AOD product.  
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retrievals is also poor in central South America, owing to the uncertainty 
of satellite signals caused by the cloudy and rainy weather there. 

3.2.1. Regions-scale performance in different climatic 
Table 4 shows the validation results of MAIAC AOD retrievals in 

different climatic zones. The satisfactory percentage of the matchup 
points falling within the EE envelope (within EE = 87.49%, 83.15% and 
80.46%, respectively) are found in the Af, Aw and BW. The RMSE for Af, 
Aw and BW all are 0.08; the MAE are 0.04, 0.05 and 0.05. However, the 
MAIAC AOD retrievals are most significantly overestimated in DS with 
large deviations (>EE = 35.62%, RMSE = 0.1, MAE = 0.08 and slope =
0.77). Because the lime soil is the most widely distributed in Ds which is 
not conducive to the aerosol retrievals. The obvious overestimation 
phenomenon also appears in BS and Cs (>EE = 21.64% and 21.82%). 
The small number of samples (N) results in a good EE in the polar 
climate (EF, ET) zones. In general, MAIAC AOD product performs poor 
with great deviations (RMSE = 0.14 and 0.12) in the polar climate zones. 

Because the polar climate (EF, ET) regions are covered with snow all the 
year round which makes it difficult to retrieve aerosols. 

3.2.2. Land-cover-scale performance 
Fig. 7 shows the verification indexes of MAIAC AOD retrievals under 

different land-cover-types. Generally, the MAIAC AOD retrievals and 
AERONET observations have high correlation under different land- 
cover-types with mean R value of 0.88. The results indicate that 
MAIAC AOD retrievals have satisfactory reliability in the areas covered 
with dense evergreen forest, such as, evergreen needleleaf forests 
(Fig. 7a), deciduous broadleaf forests (Fig. 7c) and mixed forests 
(Fig. 7d）. MAIAC AOD retrievals have high matchup points within EE 
(EE > 95%), and the overall AOD retrievals accuracy is stable, with 
small deviation (RMSE <0.07 and MAE <0.04) in the above three land- 
cover-types. Similar results are found in woody grasslands (Fig. 7f). 
Because evergreen surface provides stability and powerful spectral 
regression coefficient (SRC) retrieved capabilities, thereby enhancing 

Fig. 6. The spatial variations of the RMSE, MAE, MAD (%) and R for MAIAC AOD values.  

Table 4 
Statistical indicators in different Köppen climate type zones.  

Climate N RMSE MAE R EE (%) >EE <EE Slope Intercepts 

Af 2821 0.08 0.04 0.87 87.49 7.02 5.49 0.95 0.00 
Am 5674 0.09 0.06 0.89 78.55 15.62 5.83 1.01 − 0.03 
Aw 7115 0.08 0.05 0.89 83.15 12.04 4.81 0.85 0.00 
BS 11005 0.12 0.08 0.85 68.45 21.64 9.91 0.75 0.02 
BW 6924 0.08 0.05 0.84 80.46 11.76 7.78 0.76 0.02 
Cf 35252 0.05 0.07 0.92 73.87 18.36 7.77 0.83 0.01 
Cs 18242 0.07 0.08 0.89 69.22 21.82 8.96 0.84 0.00 
Cw 6137 0.07 0.05 0.89 79.73 14.16 6.11 0.77 0.01 
Df 10248 0.09 0.06 0.88 73.99 17.93 8.09 0.74 0.02 
Ds 511 0.10 0.08 0.85 55.19 35.62 9.20 0.77 0.00 
Dw 2770 0.08 0.06 0.95 78.59 18.66 2.74 0.84 − 0.01 
EF 147 0.14 0.05 0.97 85.03 12.93 2.04 1.20 − 0.05 
ET 1864 0.12 0.05 0.79 80.20 11.35 8.45 0.54 0.04  
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the surface bidirectional reflectance distribution function (BDRF) and 
aerosols retrieved capabilities in the blue band (Kaufman et al., 1997). 
MAIAC AOD retrievals performed better over Savannas covers (Fig. 7g) 
than that over croplands (Fig. 7i) and grassland (Fig. 7h). However, 
MAIAC AOD retrievals are slightly overestimated (>EE = 16.41% and <
EE = 10.15%) under the open shrublands (Fig. 7e) (within EE = 73.44%, 
RMSE = 0.08 and MAE = 0.053). A poor matchup points within the EE 
(62.56%) is achieved in areas covered by barrens (Fig. 7l) with high 

RMSE (0.124) and MAE (0.084) values, because shrublands and barren 
covers are arid climate characteristics with low vegetation coverage 
(sand, gravel and drought-resistant plants, etc.). 

Especially, an underestimation phenomenon (<EE = 52.93%) is 
found in regions by cropland/natural vegetation mosaics (Fig. 7j) with 
RMSE of 0.166 and MAE of 0.128, and only 46.69% of the matchup 
points falling within the EE. The reason may be that the growth and 
harvesting period would cause dramatic changes in the surface 

Fig. 7. The verification indexes of MAIAC AOD retrievals for different land-cover-types.  
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characteristics, which may pose a certain problem to the aerosol 
retrieval process (Lyapustin and Wang, 2007; Martins et al., 2017). 
MAIAC algorithm has been improved in aerosol retrieval over bright 
surface (urban and built-up lands) with 74% of the matchups falling 
within the EE envelope (Fig. 7k), but still exist a certain deviation 
(RMSE = 0.108, MAE = 0.064). There may be two reasons for these 
deviations: (1) the city has a variety of anthropogenic emission sources, 
which make the aerosol species complex and high concentration; (2) 
Buildings and roads are typical bright surfaces. The brighter surface 
cause scattering difference, which leads to the angle dependence of SRC 
(Martins et al., 2017). The performance of MAIAC AOD retrievals over 
bright surfaces is worse than that over the dark surface, but still much 
better than the product provided by the DT or DB algorithm. 

3.2.3. View geometry and aerosol conditions dependence of aerosol 
retrievals 

The uncertainty of satellite retrievals is closely related to the view 
geometry of the solar and the satellites. Here, the effect of four geometric 
angles including the VZA, SZA, SA and RAA on the accuracy of MAIAC 
AOD retrievals are analyzed (Fig. 8). RAA was binned into bin size of 
10◦; VZA, SZA and SA are binned into bin size of 5◦. The uncertainty of 
MAIAC algorithms is calculated for each bin. The uncertainty of MAIAC 
AOD retrievals varies with the size of VZA. With the increase of VZA (5◦

≤ VZA ≤70◦), RMSE and MAE show a decreasing trend, while the value 
of EE gradually increases. Similarly, SZA also shows the same trend as 
VZA. As SZA increases (10◦≤ SZA ≤80◦), the uncertainty of the 

algorithm decreases. On the contrary, the RMSE, MAE tends to be 
increased and EE tends to be decreased at higher SA (75◦ ≤ SA ≤ 155◦). 
In general, the size of different SA has a certain impact on aerosol 
retrieval. Different observation angles cause changes in surface bright
ness, so the surface reflectance anisotropy influence the accuracy of 
aerosol retrievals. Furthermore, the backward scattering angle (RAA 
<90◦) surface is usually brighter than the forward scattering angle (RAA 
>90◦) (Roujean et al., 1992). The potential dependence of the MAIAC 
AOD retrievals on geometry could be changed by considering the 
changes in surface anisotropy. The inherent limitation of MODIS orbit 
leads to less sample data obtained within the range of 90◦ <RAA ≤110◦

(Superczynski et al., 2017), which in turn causes a small number of the 
matching points fall into the EE. The mean RMSE (0.128) and MAE 
(0.08) for the backscattering angle (RAA <90◦) are greater than the 
mean RMSE (0.09) and MAE (0.058) of the forward scattering angle 
(RAA >90◦). On the contrary, the average EE of the backscatter angle 
(66.37%) is less than the average EE of the forward scattering angle 
(76.06%). It demonstrates that estimation error of AOD retrievals for the 
backward scattering angle is larger than that for the forward scattering 
(see Fig. 9). 

MAIAC AOD retrievals show very small positive biases (AOD bias =
0.0038) and small quartile range with a slight overestimation when the 
AOD loading is lower than 0.4. As the aerosol loading increases (0.4 ≤
AOD ≤1.6), the overall AOD retrievals accuracy decreases. It is worth 
noting that there is a large bias (AOD biasmax = 0.29) under high aerosol 
loading conditions (AOD ≥1.6), because the formation, source and 

Fig. 8. View geometry dependence of AOD retrievals uncertainty of MAIAC algorithms.  
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composition of aerosols are extremely complicated under high aerosol 
loading conditions. Meanwhile, aerosols are also susceptible to the 
secondary chemical changes due to the influence of the atmospheric 
environment (Zheng et al., 2002). The overall results show that the 
uncertainty of MAIAC algorithm increases with the AOD loading. For 
coarse aerosol particles (e.g., mineral dust, AE ≤ 0.8), the results indi
cate high positive biases (mean of AOD bias = 0.073) and large quartile 
range. However, for mixed mode (mixed aerosols containing fine and 
coarse aerosols, 0.8 < AE ≤ 1.4), small sized aerosol particles (1.4 < AE 
≤ 2.2) and fine aerosol particles (AE ≥ 2.2) and fine aerosol particles 
(AE ≥ 2.2), the biases gradually decrease with an overall stable accuracy 
(mean of AOD bias = 0.018). It also indicates that the aerosol size will 
affect the retrieval accuracy of MAIAC algorithm. 

3.3. Spatial and temporal variation of MAIAC AOD retrievals 

Fig. 10 shows the spatial distribution of the annual average values of 

MAIAC AOD retrievals from 2000 to 2019. The result indicates that 
aerosol loading presents obvious regional differences on global scale. In 
order to support the results of this study, the extinction aerosol optical 
thickness for dust, sea salt, black carbon, SO4 and organic carbon 
derived from the Modern-Era Retrospective Analysis for Research and 
Applications, version 2 (MERRA2) was used. More details can be found 
in the supplementary materials. Relatively higher AOD values are 
mainly distributed in China (southern China, Taklimakan desert and 
north China plain, etc.) Because southern China and north China plain 
are economically developed and densely populated, leading to a large 
amount of anthropogenic aerosol emissions (Qin et al., 2018). Fig.S3 
and Fig.S4 shows that both black carbon aerosol and SO4 aerosol optical 
thickness are high in the north China Plain. The AOD values are also 
high in central and northern Africa because of the accumulation of dust 
aerosols transported by the northern Sahara Desert. India is also the area 
with high annual AOD values. Relatively lower AOD values are widely 
distributed in Oceania, Europe, southern South America and the Tibetan 

Fig. 9. Box plot of MODIS MAIAC AOD bias with respect to AERONET (a) AOD (550 nm) and (b) AE (440–675 nm) observations. The gray horizontal dashed line 
represents zero bias. For each box, the middle line, and upper and lower range of the box represent the median, mean, and 25th and 75th percentiles, respectively. 
The whiskers extend to 1.5 times the interquartile range (IQR). 
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Plateau. The reason could be that Oceania is mostly distributed as 
oceanic aerosols (Fig.S2) with low concentrations (Kaufman et al., 
2002). The AOD values are also low in the Tibetan Plateau is due to its 
less human activities and thin atmosphere (Fang et al., 2021). 

Fig. 11 and Fig. 12 show the spatial distribution of the monthly 
average AOD values during 2000–2019. The seasonal variation of AOD 
in the northern hemisphere is more obvious than that in the southern 
hemisphere. The AOD values are high in all the months over north China 
plain, especially in spring. This can be largely explained that the north 
China Plain is not only densely populated, but is also a main wheat 
growing area, indicating a large number of anthropogenic aerosol, straw 
burning in spring leads to a large number of biomass burning pollutants 
(Mao and Jin, 2021). High aerosol values are also found in India in all 
the months. With the development of industrialization in India, coupled 
with the large population base, a large number of anthropogenic aero
sols (such as mining dust and industrial aerosols) have been produced, 
resulting in high aerosols loading. Similarly, Fig.S3 shows the high value 
of black carbon aerosol in India. Another interesting phenomenon is that 
aerosol loading is high from August to October in Brazil, owing to the 
existence of high intensity forests and biomass burning in Brazil during 
this period (Ogugbuaja and Barsisa, 2001). 

Table 5 shows four statistical indicators of annual AOD values in 
different climatic type zones. In order to avoid the influence of outliers, 
this study uses the AOD values in the 99% confidence interval to 
calculate the annual minimum, maximum, mean and STD in different 
climatic zones (Table 5). Significant differences of aerosol loading are 
observed in each climate zones. High annual mean AOD values (0.21, 
0.23, 0.19 and 0.24, respectively) are found in climate zone dominated 
by Am, Aw, BW and Cw. Among them, the climatic zones dominated by 

Aw and Cw have greater variety of AOD values (STD = 0.11 and 0.15). 
However, lower annual mean AOD values are observed in regions with 
polar climates (EF and ET). Although the global AOD values fluctuate in 
different climate zones, global aerosol values generally remain stable 
(STD = 0.07), the annual mean AOD values is around 0.15. 

4. Conclusion 

In this study, MODIS MAIAC AOD product (1 km) was comprehen
sively evaluated on the global scale. The AOD measurements at 332 
AERONET sites are used to verify the performance of MAIAC AOD 
product in various climate zones, land-cover-types, angular dependence 
and aerosol conditions. Meanwhile, the spatial and temporal charac
teristics of AOD over the world are also investigated. 

Generally, MAIAC AOD product has good continuity. However, the 
AOD records are severely missing in high latitude area of northern 
hemisphere. These areas covered with snow in winter or all the year 
round, making it impossible to retrieve aerosol optical properties. The 
performance of MAIAC AOD product show certain differences on the site 
scale. The small uncertainty of MAIAC AOD retrievals (RMSE <0.1) are 
found in 75% of the sites. Most of the sites with poor performance of 
retrievals are basically concentrated in northern Africa and southeastern 
Asia (RMSE >0.18 and MAE >0.16). The high accuracy is mainly ach
ieved in the regions of tropical rainforest climate and tropical open 
forest climate (within EE = 87.49% and 83.15%, RMSE = 0.05 and 0.05, 
MAE = 0.04 and 0.05). However, for regions dominated by the polar 
climate (EF, ET), the accuracy is poor (RMSE = 0.14 and 0.12). The 
accuracy of MAIAC algorithm also depends on land-cover-types. The 
results show that the satisfactory accuracy always appears in the forest, 

Fig. 10. Spatial distribution of the annual average values of MAIAC AOD retrievals.  
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with the fraction within EE varying from 73.44 to 97.27% and R be
tween 0.87 and 0.98. Followed by croplands, Urban and Built-up Lands 
and barren, the RMSE of 0.108 and 0.124 and MAE of 0.084 and 0.064 
are obtained on the bright surface (Urban and Built-up Lands and 
barren). The performance of Cropland/Natural Vegetation Mosaics is 
the worst (within EE = 46.69%, RMSE = 0.166 and MAE = 0.128). 

Aerosol conditions also affect the quality of MAIAC AOD retrievals. 
The result shows that a poorer performance of MAIAC algorithm appears 
when the aerosol loading increases with small AE. The changes of the 
geometric angles of the solar and satellites also cause some inherent 
uncertainties. The results show that the bias for the backward scattering 
angle (RAA <90◦) is larger than that of the forward scattering angle 
(RAA >90◦), which indicates that MAIAC algorithm has higher accuracy 
and less dependence on forward scattering angle. Changes in the size of 

VZA, SZA and SA all affect the results of MAIAC AOD retrievals. Finally, 
the spatial and temporal distribution of AOD values was investigated on 
global scale. The high AOD values are mainly distributed in China 
(southern China, Taklimakan desert and north China plain), central 
Africa and India, while the low AOD values are widely distributed in 
Oceania, Europe, southern South America and the Tibetan Plateau. 
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