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Abstract 21 

Satellite-based aerosol optical depth (AOD) retrieval over land remains a considerable challenge 22 

when high temporal and spatial resolutions are required. This paper presents the Simplified and 23 

Fast Atmospheric Radiative Transfer (SFART) model for direct calculation of satellite AOD via 24 

analytical equations rather than the lookup table (LUT) approach. The SFART model considers 25 

the impact of both Rayleigh and aerosol multiple scattering. A comprehensive comparison with 26 

the Simplified Method for Atmospheric Correction (SMAC) and single scattering approximation 27 

method is conducted. In validation with 6S, good atmospheric reflectance (Rayleigh + aerosol) 28 

accuracy is achieved by SFART, with approximately 69% of the data falling within the 5% 29 

estimated error (EE) envelope at both 440 and 640 nm. This is higher than the SMAC accuracy 30 

(within 5% EE: 42.83% and 39.91% at 440 and 640 nm, respectively) and is a tremendous 31 

improvement over the single scattering approximation method (within 5% EE: 15.67% and 32 

20.5% at 440 and 640 nm, respectively). SFART is then applied for AOD retrieval to Himawari-33 

8 satellite data over the North China Plain on both normal and hazy days. The retrieved AOD 34 

values are validated against collected AERONET data (Version 3, Level 2.0). Approximately 35 

59% of the SFART AOD values fall within the EE bounds of ±(0.05 + 15%) with a root mean 36 

squared error of 0.22 (for 339 collocations). The promising results given by SFART indicate that 37 

this method can facilitate improved AOD calculation using empirical or real-time aerosol models 38 

in an efficient and flexible manner. 39 

Keywords: AOD, Himawari-8, AERONET, SMAC 40 

 41 

 42 

 43 
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1 Introduction 44 

Aerosols are suspensions of solid or liquid particulate matter in the atmosphere, which have 45 

significant influence on the Earth’s energy budget (Bellouin et al., 2005), climate (Kaufman et 46 

al., 2002; Ramanathan et al., 2001), and human health (Anderson et al., 2012). Aerosols exhibit 47 

strong spatial and temporal variability in the atmospheric environment (Remer et al., 2005). 48 

Thus, accurate monitoring of aerosols with high temporal resolution and on regional or global 49 

scales is necessary. In the context of aerosol monitoring, the aerosol optical depth (AOD) is one 50 

of the most common aerosol products retrieved by satellites. The AOD describes the magnitude 51 

of the solar-light attenuation due to aerosols. Satellites produce large-scale AOD images, 52 

allowing resolution of the spatial patterns resulting from different aerosol sources (Li et al., 53 

2009). Furthermore, as air pollution is currently a significant issue throughout the world, AOD 54 

retrieval is attracting increased attention (Bi et a., 2019; Li et al., 2018; Xin et al., 2016).  55 

Various algorithms for satellite AOD retrieval have been developed in recent years, for 56 

which use of a lookup table (LUT) is one of the most widely employed techniques. Through use 57 

of accurate but complex radiative transfer models (RTMs) such as Second Simulation of a 58 

Satellite Signal in the Solar Spectrum (6S; Vermote et al., 2006), Santa Barbara DISORT 59 

Atmospheric Radiative Transfer (SBDART, where DISORT represents “discrete-ordinate-60 

method radiative transfer”; Ricchiazzi et al., 1998), SCIATRAN (Rozanov et al., 2005), and 61 

Moderate Resolution Atmospheric Transmission (MODTRAN; Berk et al., 1987), an LUT is 62 

generated and employed for fast calculation of the AOD from the satellite data (Zha et al., 2011). 63 

For example, the Moderate Resolution Imaging Spectrometer (MODIS) Dark Target (DT) 64 

algorithm applies a 6S-based LUT for AOD retrieval at 10- and 3-km spatial resolutions (Levy et 65 

al., 2007; Munchak et al., 2013). Similarly, MODIS AOD retrieval with 1-km spatial resolution 66 

is achieved via the Multiangle Implementation of Atmospheric Correction (MAIAC) method 67 
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(Lyapustin et al., 2011a, b), with an LUT based on the Spherical Harmonics (SHARM) code 68 

being used to calculate the AOD (Lyapustin, 2005).  69 

The LUT technique is popular for satellite AOD retrieval because the general RTM 70 

calculations are time-consuming, especially for high-spatial-resolution and large-scale-coverage 71 

satellite sensors (Katsev et al., 2009). However, LUT-based AOD has some inherent limitations. 72 

First, the LUT is generated by the specific aerosol model, but must be recomputed every time the 73 

aerosol model is changed. Second, the LUT size can impact the final result. To date, no 74 

reasonable LUT size with appropriate angle or AOD intervals has been determined. Previously, 75 

Lee et al. (2015) reported that the accuracy of an LUT built according to a 5° solar zenith angle 76 

(SZA) interval was much higher than that of an LUT constructed with 10° intervals under high 77 

SZA conditions (approximately 60°). Currently, the DT LUT is generated with a 6° SZA interval 78 

(Levy et al., 2007). However, the MAIAC algorithm employs an interval of approximately 2.87° 79 

to construct the LUT (Lyapustin et al., 2018). 80 

To overcome these limitations of the LUT technique, some researchers have developed 81 

modified RTMs for direct calculation of satellite AOD. The merits of this approach are its 82 

minimal complexity and high computation speed, and that the final AOD result can be obtained 83 

using flexible aerosol models. In these modified RTMs, the approximate analytical equations are 84 

simplified, especially those for atmospheric reflectance calculation (Rayleigh reflectance + 85 

aerosol reflectance). Some simplified RTMs employ single scattering for the atmospheric 86 

reflectance approximation (a summary is presented in Table 1). For example, Riffler et al. (2010) 87 

have developed a modified Advanced Very High Resolution Radiometer (AVHRR) aerosol 88 

optical depth retrieval algorithm, which employs only the single scattering approximation for 89 

Rayleigh and aerosol reflectance calculation. This single scattering approximation is also used in 90 



 

5 

 

the Simplified High-resolution Aerosol Retrieval Algorithm (SARA; Bilal et al., 2013) and the 91 

Simplified Atmospheric Correction Algorithm for Chinese Gaofen (SAHARA; She et al., 2017). 92 

Table 1. Literature summary of simplified RTMs 93 

Method Rayleigh reflectance Aerosol reflectance Reference 

SMAC 
Single scattering 

approximation 

Multiple scattering 

approximation 

Rahman and Dedieu 

(1994) 

Modified AVHRR 

AOD retrieval 

algorithm 

Single scattering 

approximation 

Single scattering 

approximation 
Riffler et al. (2010) 

SMART 
Multiple scattering 

approximation 

Multiple scattering 

approximation 
Seidel et al. (2010) 

SARA 
Single scattering 

approximation 

Single scattering 

approximation 
Bilal et al. (2013) 

A AVHRR AOD 

retrieval algorithm 

Single scattering 

approximation 

Multiple scattering 

approximation 
Mei et al. (2014) 

SAHARA 
Single scattering 

approximation 

Single scattering 

approximation 
She et al. (2017) 

MAARM 
Single scattering 

approximation 

Multiple scattering 

approximation 
Yan et al. (2018) 

 94 

Although use of the single scattering approximation allows extremely fast RTM 95 

computation, Antoine and Morel (1998) have noted significant differences between single and 96 

multiple scattering approximations for aerosol reflectance calculation. Thus, some researchers 97 

have considered the impact of multiple scattering when developing RTMs. Among them, Seidel 98 

et al. (2010) have developed the Simple Model for Atmospheric Radiative Transfer (SMART), 99 

which has been tested on airborne AOD retrieval (Seidel et al., 2012). However, the SMART 100 

accuracy assessment was only conducted for an AOD range of 00.5 (Seidel et al., 2010), 101 

whereas the general range of satellite-based AOD is 02 (Kokhanovsky et al., 2005). In addition, 102 
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Rahman et al. (1994) have developed the Simplified Method for Atmospheric Correction 103 

(SMAC), which is an empirically based simplification of the Simulation of Satellite Signals in 104 

the Solar Spectrum (5S) code. Although SMAC is up to 3000 times faster than 6SV1.1, Proud et 105 

al. (2010) have shown that good accuracy is only obtained at low viewing and solar angles (< 106 

30°). Finally, Yan et al. (2018) have proposed the Minimum Albedo Aerosol Retrieval Method 107 

(MAARM) for the Himawari-8 satellite, which considers the impact of aerosol multiple 108 

scattering; however, this method also uses the single scattering approximation for Rayleigh 109 

reflectance calculation. Thus, the accuracies of simplified RTMs for satellite AOD retrieval 110 

incorporating approximations of multiple scattering for both Rayleigh and aerosol reflectance 111 

remain limited. 112 

In this study, the newly developed Simplified and Fast Atmospheric Radiative Transfer 113 

(SFART) model is presented, which integrates SMAC and the Successive Order of Scattering 114 

(SOS) method. Rather than LUTs, SFART uses analytical equations for satellite AOD retrieval. 115 

This approach has the following advantages: it considers the impact of multiple scattering for 116 

both Rayleigh and aerosol reflectance which allowing fast calculation, and can take empirical or 117 

real-time ground-based measured aerosol model information as input. Thus, SFART is much 118 

more convenient and flexible than LUT-based methods. 119 

 120 

2 SFART algorithm 121 

2.1 Radiative transfer equation 122 

Based on the total gas absorption correction, the corrected reflectance (  ) measured by a 123 

satellite can be estimated (Vermote et al., 1997) from the relation 124 
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
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




,  (1) 125 

where
0 is the solar zenith angle;   is the satellite zenith angle; a  is the atmospheric 126 

reflectance; 
s  is the surface reflectance; 

0( )T   and ( )T   are the downward and upward total 127 

scattering transmittances, respectively; and ( )S   is the atmospheric backscattering ratio. Here, 128 

a  represents the combination of Rayleigh reflectance Ray  and aerosol reflectance 
Aer  (the 129 

scattering interaction between molecules and aerosols is neglected in this study), and can 130 

therefore be expressed as  131 

a

Aer Ray    .  (2) 132 

 133 

2.2 Rayleigh atmospheric reflectance 134 

In the proposed SFART model, the contribution of molecular (Rayleigh) scattering is 135 

incorporated by considering multiple scattering (Vermote and Tanre, 1992): 136 

2
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,  (3) 137 

where s is the cosine of the solar zenith angle; v is the cosine of the sensor zenith angle; 0   138 

is the relative azimuth angle between the viewing   and solar direction 0  angles; 0,m  is the 139 

Kronecker symbol; and ( )m

R  is a function having a complementary angular dependence, the 140 
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details of which can be found in Vermote and Tanre (1992). Further, 1

m  is the single scattering 141 

reflectance corresponding to the m term of the phase function (m = 0,1,2), such that 142 

(1/ 1/ )

1

1
( , ) P (1 e )

4( )

    
 

 
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
R s vm m

s v

s v

. (4) 143 

Here, 
R is the Rayleigh optical thickness and Pm  is the Fourier series expansion of the 144 

Rayleigh phase function: 145 
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,   (5) 147 

where   = 0.0279 is the depolarization factor (Young, 1980). 148 

 149 

2.3 Aerosol atmospheric reflectance 150 

The Aer  considered in this study also incorporates the multiple scattering contribution. 151 

When 0  or   < 30, Aer  is expressed as follows (Rahman and Dedieu, 1994): 152 
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with 2

0 0(1 )(3 3 )k g    ; where 
a  is the AOD; 

0 is the single scattering albedo (SSA); g is 154 

the asymmetry factor; and X, Y, and Z are complex functions of 
0 , g, 

s , and 
v , which are 155 

presented in the Supplementary Materials. Furthermore, ( )t tP   is the Henyey-Greenstein phase 156 

function, which depends on the scattering angle t : 157 

2

2 1.5

1
( )

[1 2 cos( )]


 
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t t

t

g
P

g g
,   (7) 158 

where (Rahman and Dedieu, 1994) 159 

1

0 0 0cos ( cos( )cos( ) sin( )sin( )cos( ))t           .   (8) 160 

When 0  or     30, Aer  is determined via a modified second-order SOS method. Then, 161 

I II

0 0 0( , , ) ( , , ) ( , , )Aer v s v s v sR R                 ,    (9) 162 

where IR is the first-order aerosol scattering (Hansen & Travis, 1974): 163 

I 0 0
0

( , , ) 1 1
( , , ) 1 exp[ ( )]

4( )

r v s
v s a

s v v s

P
R

    
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   

 
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  
.    (10) 164 

Note that rP  is the modified Henyey-Greenstein function, which moderates the overall 165 

contributions of the forward and backward scattering and is defined as (Rahman et al., 1993) 166 

2

0 2 1.5
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P

g g
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.   (11) 167 

The phase angle   is given by 168 
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The second-order scattering IIR  is a modification of Hansen and Travis (1974): 170 
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Here, tP  is the Henyey-Greenstein phase function mentioned above, which depends on t . 172 

Finally, T  is the single scattering transmittance, given by 173 

0
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From lHospital’s rule, for 0  , 175 

0
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 177 

2.4 Application of SFART for satellite AOD retrieval 178 

Japan’s new-generation geostationary meteorological satellite sensor, Himawari-8, was 179 

launched on 7 October 2014, and began to provide image data on 7 July 2015 (Bessho et al., 180 

2016). Himawari-8 is capable of monitoring aerosol variations at a high temporal resolution of 181 

10 min. Thus, in this study, we used Himawari-8 image data to test the SFART performance. 182 
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Daytime 2:00 (coordinated universal time, UTC) Himawari L1 gridded data with 5-km spatial 183 

resolution were obtained for the full year of 2018 from the Japanese Aerospace Exploration 184 

Agency Earth Observation Research Center (ftp.ptree.jaxa.jp). We used the Band-1 (blue, 470 185 

nm) and Band-3 (red, 640 nm) data as the SFART input data for AOD calculation. A flowchart 186 

describing SFART application for Himawari-8 AOD retrieval is shown in Figure 1. 187 

 188 

Figure 1. Flowchart showing SFART application for Himawari-8 AOD retrieval 189 

 190 

The cloud mask used in this study was based on the Himawari-8 Cloud Property dataset 191 

(V2.1), which provides cloud flag information (details are available at 192 

https://www.eorc.jaxa.jp/ptree/userguide.html). It should be noted that the Himawari-8 Cloud 193 

Property dataset does not provide the ice cloud properties information, but this work has been 194 

investigated in Letu et al. (2018). Then, the measured reflectance obtained from the Himawari 195 

L1 gridded data (
1L

 ) was corrected for the trace gas absorption (Patadia et al., 2018): 196 
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1= gas LT    ,     (16) 197 

where gasT  is the product of individual gas corrections that can be found in Patadia et al. (2018). 198 

In this study, we assumed that 
s  was Lambertian. This initial assumption is employed in 199 

many approaches, such as 6S (Vermote et al., 2006) and the synergy-based AOD retrieval 200 

algorithm (Shi et al., 2017). For the 
s  determination, we used the reflectance corrected for 201 

Rayleigh and background AOD (
B ) scattering at the 470- and 640-nm bands having the second-202 

lowest reflectance within 30 days. We applied SFART to achieve this work in a pixel-by-pixel 203 

manner. Here, s  was obtained from the relation 204 
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The atmospheric spherical albedo ( S ) and total atmospheric transmission (T ) in SFART 206 

are identical to those of SMAC (Rahman et al., 1994). Proud et al. (2010) have confirmed that 207 

the SMAC S  and T  have good accuracy in comparison with 6S. In this study, we adopted the 208 

aerosol model given by Lee and Kim (2010). In the case of hazy conditions, we directly 209 

employed real-time Aerosol Robotic Network (AERONET) aerosol model data ( 0 and g). 210 

Finally, the simulated measured reflectance (
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 ) given by SFART was determined from the 211 
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The difference between 
sim

  and   was calculated as follows: 214 
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.           (19) 215 

The final AOD outputs at 470 and 640 nm were determined through solution of Eq. (19), for 216 

which the fitting error   at 640 nm was minimized. Then, the 500-nm AOD was interpolated 217 

from the 470- and 640-nm AOD for comparison with Himawari-8 (V2.1) aerosol products.  218 

 219 

3 Results and discussion 220 

3.1 Comparison of derived Rayleigh reflectance 221 

As shown in Eq. (2), a  is a combination of Ray  and Aer . Although many studies have 222 

employed single approximation for Ray  in the aerosol retrieval process (Riffler et al., 2010; 223 

Bilal et al., 2013; Shi et al., 2017), Yan et al. (2018) have shown that single-approximated 224 

Rayleigh reflectance is underestimated for both blue and red bands, especially in the short-225 

wavelength blue band. This is because the Rayleigh optical thickness in the blue band 
Blue

R  is 226 

almost four times higher than that of the red band Re d

R  for satellite sensors. For example, for 227 

MODIS, 
Blue

R  is 0.192 but 
Re d

R is 0.0508, and for the Visible Infrared Imaging Radiometer Suite 228 

(VIIRS), 
Blue

R  is 0.16 but 
Re d

R  is 0.044 (Patadia et al., 2018). The difference between single and 229 

multiple scattering approximations of Ray  (i.e., 
Single

Ray  and 
SFART

Ray , respectively)  in the blue 230 

band is presented in Figure 2 (the equation used for the Ray  single approximation is given in the 231 

Supplementary Materials). Figure 2 was generated from 10,000 groups of uniformly distributed 232 

random satellite angles ( 0  and  : 060°,   and 0 : 0180°). Although the absolute error of 233 
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Single

Ray  and SFART

Ray  (ABS) is small in most cases (<0.005), it increases significantly to more than 234 

0.02 at large 
t , 

0 , and  . In addition, under conditions of large 
0  and   (5060°), and large 235 

t  (140180°), the error of the blue-band Single

Ray  is always above 0.01. Previously, Gordon and 236 

Morel (1983) revealed that the Rayleigh reflectance is the main contributor to the satellite visible 237 

bands in the case of clear atmospheric conditions. To analyze the impact of the single-238 

approximated Rayleigh reflectance on AOD retrieval, box plots of absolute errors of AOD (239 

Single

Ray AOD - SFART

Ray AOD) as a function of absolute errors between Single

Ray  and SFART

Ray  were 240 

generated, as shown in Figure 2B. The AOD error increases as the error in Rayleigh reflectance 241 

increases. As shown in Figure 2B, when the absolute error of Single

Ray  and SFART

Ray  is larger than 242 

0.012, the absolute error of the AOD result is always larger than 0.1 and the maximum absolute 243 

error can reach higher than 0.2. According to Figure 2, we conclude that a high Single

Ray  error 244 

could yield serious uncertainties in the retrieved AOD values. Thus, multiple scattering for Ray  245 

approximation in satellite AOD retrieval should not be neglected, especially for the satellite blue 246 

band. 247 

 248 

 249 
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 250 

Figure 2. A: Plots of absolute errors between Single

Ray  and SFART

Ray  for various process variables. B: 251 

Box plots of absolute errors Single

Ray AOD - SFART

Ray AOD as a function of the absolute error of ..-252 

SFART

Ray . The means, medians, and 66% intervals of the differences are shown as red dots, 253 

horizontal blue lines within the boxes, and the boxes themselves, respectively. The blue whiskers 254 

are the 96% intervals. 255 

 256 
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3.2 Comparing aerosol reflectance approximation 257 

To test the performance of the aerosol reflectance approximation, we created 10,000 258 

random data groups having 
0  and   of 060°,   and 

0  of 0180°, and 
a  of 03, and used 259 

these groups as input data for SFART, SMAC, 6S, and a single-approximation RTM at 470 and 260 

640 nm. For this part of the study, the 6S continental aerosol model was used to calculate the 261 

aerosol reflectance for comparison purpose. The 0  and g values at different wavelengths can be 262 

found in Tomasi et al. (2017). Comparison plots of Aer  at  470 and 640 nm are provided in 263 

Figure 3. In the top-row plots (Figures 3 A and D), 68% of the SFART Aer  values fall within 264 

the ±10% estimated error (EE) envelope at both 470 and 640 nm, and the high kernel density 265 

values indicate that most of the data lie close to the 1:1 line. However, in Figures 3 B and E, 266 

approximately 40% and 38% of the SMAC Aer  points fall within the ±10% EE envelope for 267 

470 and 640 nm respectively, which is much lower than the SFART Aer  values. In addition, 268 

45% (470 nm) and 43% (640 nm) of the SMAC-derived values are above the upper limit of the 269 

EE envelope. Data with high kernel density values are also above the 1:1 line. These results 270 

indicate that the SMAC Aer  is overestimated in most cases. For the single-approximation Aer  271 

(Figures 3 C and F), only 14% (470 nm) and 13% (640 nm) of the results fall within the EE 272 

envelope, indicating significant differences between the single approximation and 6S results for 273 

the aerosol reflectance. Furthermore, for the case where only the single scattering impacts were 274 

considered (Figures 3 C and F), most of the data points in the figures are below the lower limit of 275 

the EE envelope (79% and 83% for 440 and 640 nm, respectively). 276 
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 277 

Figure 3. Density plots of aerosol reflectance computed by SFART, SMAC, single-278 

approximation RTM, and 6S for various process variables. The two dashed black lines are the 279 

EE envelope lines, which are equal to ±10% × 6S aerosol reflectance. The solid black line is the 280 

1:1 line. 281 

 282 
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3.3 Combination of Rayleigh and aerosol reflectance 283 

A comparison of the total atmospheric reflectance (Rayleigh + aerosol reflectance) obtained 284 

for SFART, the single-approximation RTM, and SMAC with 6S is shown in Figure 4. Table 2 285 

presents the statistical information corresponding to the comparison. Compared to SMAC, the 286 

SFART atmospheric reflectance results are much closer to the 1:1 line at both 470 and 640 nm. 287 

In detail, 69.26% and 68.55% of the SFART retrievals at 440 and 640 nm lie within the 5% EE, 288 

which is better than the SMAC results (42.83% and 39.91% at 440 and 640 nm, respectively, 289 

within 5% EE). In addition, the SMAC results indicate serious overestimation, with 42.04% and 290 

48.30% of the results for 440 and 640 nm, respectively, falling above the 5% EE. However, 291 

SFART exhibits a significant improvement with regard to this overestimation, with only 19.06% 292 

(440 nm) and 21.82% (640 nm) of the data falling above the 5% EE. As regards the single-293 

approximation results shown in Figure 4, there is significant deviation from the 1:1 line for both 294 

440 and 640 nm. Only 15.67% and 20.5% of the retrievals fall within the 5% EE for 440 and 640 295 

nm, respectively, and most of the retrievals are below the 5% EE (Table 2). In general, SFART 296 

yielded an error with much less bias than SMAC, which provided the best matches to 6S. In 297 

contrast, as apparent from Figure 4 and Table 2, high uncertainties were found for the single 298 

approximation, with most of the data being underestimated compared with 6S (76.98% and 299 

75.12% below 5% EE for 440 and 640 nm, respectively). To analyze the impact of the errors of 300 

SFART-based total atmospheric reflectance (Rayleigh + aerosol reflectance) on the AOD 301 

retrieval, box plots of absolute errors of AOD (SFART AOD – 6S AOD) as a function of 302 

absolute errors of total atmospheric reflectance between SFART and 6S were prepared, as shown 303 

in Figure S1. When the absolute errors of the total atmospheric reflectance is small (<0.005), the 304 

error of the derived AOD is always below 0.1. Figure S1 also clearly presents that the derived 305 
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AOD error increases as the error in the total atmospheric reflectance increases. When the 306 

absolute errors of the total atmospheric reflectance is 0.02–0.025, the error of the derived AOD 307 

may exceed 0.4. 308 

 309 

 310 

Figure 4. Aerosol + Rayleigh reflectance results computed by SFART, SMAC, single-311 

approximation RTM, and 6S for various process variables. The red line is the 1:1 line. 312 
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 313 

 314 

 315 

 316 

Table 2. Statistics of the atmospheric reflectance comparison for SFART, SMAC and Single 317 

Approximation with 6S  318 

Wavelength RTM N RMSE 
Within 

5%EE 

Above 

5%EE 

Below 

5%EE 

 SFART 10,000 0.012 69.26% 19.06% 11.68% 

440 nm SMAC 10,000 0.016 42.83% 42.04% 15.13% 

 Single Approximation 10,000 0.043 15.67% 7.35% 76.98% 

 SFART 10,000 0.009 68.55% 21.82% 9.63% 

640 nm SMAC 10,000 0.013 39.91% 48.30% 11.79% 

 Single Approximation 10,000 0.030 20.5% 4.38% 75.12% 

 319 

3.4 Comparison of SFART and SMAC for AOD retrieval 320 

SFART was validated through comparison with the single approximation and SMAC, by 321 

comparing the derived AOD values with equivalent results from 6S. All RTMs were 322 

implemented under the random geometric condition (
0  = 0°–70°,   = 0°–70°,  = 0°–180°,

0  = 323 

0°–180°), surface reflectance (0–0.2), and top of the atmosphere (TOA, 0.1–0.5), to facilitate a 324 

fair comparison. Figure 5A, B and C plot the retrieved AOD at 470 nm given by Single 325 

approximation, SMAC, and SFART. In this figure, 85% of the SFART AOD values fall within 326 

an EE of (0.05 15%)  , which is a 23% increase over that of SMAC (62% within this EE) and a 327 

55% increase over that of the Single approximation (30% within this EE). Overestimation and 328 

underestimation could also be improved, with fewer data points falling above or below the EE. 329 
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The histogram of the derived AOD errors with 6S for these three RTMs is shown in Figure 5D. 330 

Many of the AOD values are overestimated by the single approximation. This phenomenon is 331 

also revealed in Figure 5A, where 60% of single approximation-derived AOD is above EE, 332 

although this issue does not arise for SFART (only 14% of the values are above the EE). 333 

 334 

Figure 5. Single approximation-, SMAC- and SFART-derived AOD values compared with 6S at 335 

470 nm (A, B and C). The two dashed error lines form the EE envelope ±(0.05 + 0.15 × 6S-336 

derived AOD). The solid black line is the 1:1 line. D: Histogram of the derived AOD errors with 337 

6S. 338 

 339 
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3.5 SFART application for Himawari-8 AOD retrieval 340 

Aerosol retrieval over the North China Plain on 9 April 2018 is shown as an example in 341 

Figure 6. As reported by the China Meteorological Administration, 9 April 2018 is also a dust 342 

day in the Beijing region; the true color satellite image for the same day is shown in Figure S2A. 343 

On this day, high aerosol loading (0.81.2) was found in Beijing and Hebei (Figure 6A). 344 

Regarding the results for Tianjin shown in the figure, the retrieval values from SFART, MODIS 345 

Deep Blue (DB), and MODIS DT are similar (approximately 0.8), but Himawari-8 V2.1 346 

provided lower values (approximately 0.6). In Figures 6A and B, there is a significant difference 347 

between the retrieved AOD values given by SFART and Himawari-8 V2.1 south of Hebei. As 348 

indicated by the red circle, high aerosol loading is indicated by SFART (0.81.2), which is 349 

similar to that determined from the MODIS DB and DT retrievals; however, the Himawari-8 350 

V2.1 AOD values are only 0.40.6. In general, the SFART AOD spatial trend is consistent with 351 

those of MODIS DB and DT. Nevertheless, SFART exhibits superior spatial coverage to the 352 

MODIS products. Furthermore, although the day was cloud-free, many gaps are apparent in the 353 

MODIS DB and DT AOD retrievals east of Hebei and south of Shandong. The comparison of 354 

the SFART AOD with AERONET AOD is shown in Figure S2C. Although the SFART is 355 

underestimated in the CAMS and Xianghe AERONET location, the general accuracy is good for 356 

this dust day. 357 
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 358 

Figure 6. AOD spatial distributions over North China Plain given by (A) SFART, (B) 359 

Himawari-8 V2.1, (C) the MODIS DB algorithm, and (D) the MODIS DT algorithm on April 9, 360 

2018. All the satellite images were obtained at 3:10 UTC. 361 

 362 

 363 
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3.6 SFART application on hazy day 364 

Selection of different aerosol models can have a profound impact on final satellite AOD 365 

output (Liang et al., 2006), especially for hazy days (Li et al., 2013). Previously, Yan et al. 366 

(2016) developed an empirical haze aerosol model based on 12-year AERONET data to assist 367 

satellite haze aerosol retrieval. However, Li et al. (2013) have claimed that a dynamic day-based 368 

aerosol model may be more suitable for haze aerosol calculation. Although the asymmetry factor 369 

on a hazy day is similar to that on a normal day, there is a significant difference in SSA (Yan et 370 

al., 2016). AERONET collected data for Beijing are shown as an example in Figure S3. A 371 

significant daily variation of SSA can be found, with a mean SSA value of 0.92 for the whole 372 

year of 2018 and the maximum SSA reaching 0.99. To analyze the impact of SSA on AOD 373 

retrieval, box plots of absolute errors of derived AOD between using 6S continental aerosol 374 

model (SSA at 470 nm is 0.9) and real time SSA as a function of the SSA (0.7-1) were prepared, 375 

as shown in Figure S4. When the real time SSA value is close to that of the 6S continental 376 

aerosol model (between 0.85 and 0.95), the error of the derived AOD is always below 0.05 under 377 

the condition of AOD<0.5. However, the SSA has a significant impact on the AOD accuracy 378 

when the AOD is large. When 1 < AOD < 2, the 6S continental aerosol model SSA can lead to 379 

absolute errors >0.5 or >1 for derived AOD. 380 

As for the haze day, Figure 7A shows a comparison of the SSA on hazy and clean days 381 

(AOD < 0.5) at Xianghe AERONET in 2018. The SSA values at both 440 and 675 nm under 382 

hazy conditions are much higher than those on the clean day. Over the North China Plain, haze 383 

aerosol is mainly composed of fine particles of anthropogenic sources (Li et al., 2013), which 384 

cause increased scattering and, thus, increased SSA values (Yan et al., 2008). Therefore, in this 385 

study, we used the intraday AERONET SSA and asymmetry factor as the aerosol model for the 386 
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hazy-day AOD calculation. Figure 7B shows an accuracy comparison with results obtained using 387 

the 6S continental aerosol model for hazy-day aerosol retrieval. The error of the 6S continental 388 

aerosol model result seems high (RMSE = 0.67) and significantly overestimated. The SSA at 550 389 

nm for the 6S continental aerosol model is 0.89 (Bevan et al., 2012), which is much lower than 390 

the general SSA value under hazy conditions (Li et al., 2013). However, use of the intraday 391 

AERONET-based haze aerosol model yields an effective enhancement of the result precision 392 

(the RMSE decreases from 0.63 to 0.51), with the overestimation issue being obviously reduced. 393 

 394 

 395 

Figure 7. (A): Box plots of SSA between hazy and non-hazy conditions at 440 and 675 nm at 396 

Xianghe AERONET. (B): Box plots of AOD errors (retrieved AOD – AERONET AOD) at 500 397 

nm using 6S continental aerosol model and haze aerosol model. 398 

 399 

To illustrate the SFART performance on a hazy day, we used a retrieval result obtained over 400 

the North China Plain on 13 March 2018 as an example. A comparison of the SFART results 401 
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with the Himawari-8 V2.1, MODIS DB, and MODIS DT AOD products is shown in Figure 8. 402 

High AOD values (1.6–2.1) are evident between Tianjin, Tangshan, and Qinhuangdao (Figures 403 

8AC). The spatial trends of the SFART, Himawari-8 V2.1, and MODIS DB results exhibit 404 

good consistency. However, as indicated by the blue circle areas, the Himawari-8 V2.1 product 405 

seems to have overestimated the AOD compared with the SFART and MODIS DB results. In 406 

this region, the Himawari-8 V2.1 AOD values are higher than 2.1, but this level of AOD is not 407 

given by the SFART and MODIS DB methods. Further, the MODIS DT AOD product (Figure 408 

8D) omits most values under hazy conditions; this limitation has also been reported by Li et al. 409 

(2013) and Yan et al. (2016). Note that this unsuccessful AOD retrieval by MODIS DT under the 410 

influence of hazy weather may cause underestimation of the haze aerosol loading (Tao et al., 411 

2012). 412 

 413 
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Figure 8. AOD distributions on hazy day (March 13, 2018): (A) SFART; (B) Himawari-8 V2.1; 414 

(C) MODIS DB algorithm; (D) MODIS DT algorithm.  415 

 416 

3.7 Validation 417 

To evaluate the SFART performance, the Himawari-8 5-km retrieved AOD was validated 418 

against products from three AERONET stations (Beijing, CAMS, and Xianghe) in the North 419 

China Plain. For further comparison, the most recent Himawari-8 V2.1 AOD at the same 5-km 420 

resolution was also compared with the AERONET data. In this validation, AERONET Version 3 421 

Level 2.0 products were used. To focus on the fine-scale AOD, the single satellite pixel closest 422 

to the AERONET coordinates was used; this approach is identical to that used for the MAIAC 423 

AOD validation presented by Emili et al. (2011). As shown in Figure 9, 339 collocations for the 424 

year 2018 were matched. Linear regression of the SFART AOD against the AERONET 425 

measurements yielded an R
2
 of 0.86, which is higher than the AOD obtained from the Himawari-426 

8 V2.1 product (R
2 

= 0.78). In the figure, the scatterplot of the SFART values tends to be 427 

concentrated closer to the 1:1 line, with 59% of the results falling within the EE envelope. 428 

However, for Himawari-8 V2.1, this value is only 48%. In addition, compared with Himawari-8 429 

V2.1, the RMSE for SFART decreases from 0.33 to 0.22. From Figure 8B, it is apparent that 430 

more of the Himawari-8 V2.1 retrievals fall below the EE envelope (37%); however, this 431 

underestimation issue is improved for SFART (28%). 432 
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 433 

Figure 9. SFART and Himawari-8 V2.1 AOD results retrieved at 500 nm compared with 434 

AERONET AOD values. The red solid line is the linear regression line, the two black dashed 435 

lines given the EE for AOD ±(0.05 + 0.15) and the black solid line is the 1:1 line. 436 

 437 



 

29 

 

4 Discussion 438 

The simplifications employed in SMAC accelerate the process, but at the cost of accuracy 439 

(Proud et al., 2010). Although SMAC has been successfully applied for atmospheric correction 440 

to data from the Medium Resolution Imaging Spectrometer (MERIS; Beal et al., 2003), the 441 

Satellite Pour l’Observation de la Terre (SPOT) (Maisongrande et al., 2004), and Formosat-2 442 

(Hagolle et al., 2008), we encountered difficulties in applying SMAC for satellite AOD retrieval 443 

in this study. Because of the inaccuracies of the aerosol reflectance estimation (Figure 3) and the 444 

single Rayleigh reflectance approximation, the SMAC AOD output cannot match the 6S AOD 445 

well (Figure 5).  446 

6S has been extensively validated to ensure its accuracy (Kotchenova et al., 2006). Of 447 

course, it is possible to directly run 6S for AOD calculation for each satellite pixel, as reported 448 

by Li et al. (2013); however, that approach would be very time consuming. According to Seidel 449 

et al. (2010), 6S requires approximately 1.4 s for one calculation; thus, it is unsuitable for pixel-450 

by-pixel application to large images. Currently, the SFART calculation time is 97 s for 10,000 451 

observations, which is approximately 140 times faster than 6S. Another feature of SFART is that 452 

it can directly employ real-time ground-based measurements to determine the aerosol model and 453 

assist AOD retrieval in the case of extreme weather. Thus, SFART is more convenient and 454 

flexible than the LUT-based method, for which the aerosol model used to create the table for a 455 

given time and space must be pre-defined (Liang et al., 2006). Further, pre-defined aerosol 456 

models do not usually represent, or struggle to represent, hazy conditions (Li, et al., 2013; Tao et 457 

al., 2012; Yan et al., 2016; Shang et al., 2017). Currently, the MODIS C6 DT algorithm (with 458 

6S-based LUT) is always employed with the moderately (SSA = 0.90) or weakly absorbing (SSA 459 

= 0.95) aerosol model for the North China Plain (Levy et al., 2010). However, as shown in 460 

Figure 7, the SSA can exceed 0.98 on hazy days. 461 



 

30 

 

In the satellite AOD retrieval process, surface reflectance plays a key role in differentiating 462 

between signals from land and the atmosphere (Jiang et al., 2019; Choi et al., 2019). Zheng et al. 463 

(2011) indicated that inaccurate surface reflectance is a major source of error in satellite AOD 464 

calculation. Regarding the determination of surface reflectance Himawari-8 V2.1 only corrects 465 

Rayleigh scattering when surface reflectance is found as the second-lowest reflectance (Yoshida 466 

et al., 2018). Although this method can reduce the time cost of the Eq. (1) calculation (AOD = 467 

0), the background AOD should not be neglected, especially for high-pollution areas, such as 468 

Xingtai in the south of Hebei, China. Background AOD reflectance may contribute to the 469 

overestimation of surface reflectance. In this study, the estimation of surface reflectance 470 

benefited from the fast SFART computation, with the impact of both the Rayleigh and 471 

background AOD scattering being considered. 472 

As apparent from Figure 4 and Table 2, single scattering approximation for both Rayleigh 473 

and aerosol reflectance yields an extremely large error in the atmospheric reflectance estimation, 474 

especially for the blue band (440 nm). Previously, Antoine and Morel (1998) indicated that only 475 

R  and a  are sufficiently small (< 0.1) for the single scattering approximation to be applied. 476 

Thus, we do not recommend use of the single scattering assumption in the satellite AOD retrieval 477 

process if a high-accuracy result is desired. 478 

 479 

5 Conclusions 480 

In this study, we developed the SFART model for AOD retrieval from satellite data. We 481 

first compared the atmospheric reflectance from SFART with that from SMAC, a single-482 

scattering approximation RTM, and 6S. A particularly high relative error was found for the 483 

single scattering approximation for the blue-band (440 nm) Rayleigh reflectance calculation at 484 
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large scattering angle (>140°) and solar and sensor zenith angles (>50°). This result indicates that 485 

the impact of multiple scattering on Rayleigh approximation should not be neglected, especially 486 

for the satellite short-wavelength band. Together with the Rayleigh and aerosol reflectance, the 487 

results given by SFART exhibited good agreement with 6S (approximately 69% of the data fell 488 

within the 5% EE at both 440 and 640 nm), which was a significant improvement over SMAC 489 

(within 5% EE: 42.83% and 39.91% at 440 and 640 nm, respectively) and single scattering 490 

approximation (within 5% EE: 15.67% and 20.5% at 440 and 640 nm, respectively) results. In 491 

addition, a significant underestimation of the atmospheric reflectance was found for the single 492 

scattering approximation method (below 5% EE: 76.98% and 75.12% at 440 and 640 nm, 493 

respectively). Therefore, we conclude that the single scattering approximation does not provide 494 

sufficient accuracy for many sets of atmospheric conditions, and should be used very carefully in 495 

the context of satellite AOD retrieval. 496 

When applied to satellite images, SFART performs atmospheric correction and aerosol 497 

retrieval over both bright and dark surfaces (with the exception of snow). The high processing 498 

speeds of SFART are very useful when handling large images, such as geostationary Himawari-8 499 

images with high spatial and temporal resolution. The SFART atmospheric correction is 500 

performed to determine surface reflectance, with the correction for both Rayleigh scattering and 501 

background aerosol scattering when surface reflectance is the second-lowest reflectance. In a 502 

validation with AERONET measurements, 59% of the SFART AOD values fell within the EE 503 

bounds of ±(0.05 + 15%) with an RMSE of 0.22 (N = 339). This result is superior to that for the 504 

Himawari-8 V2.1 AOD values (46% within EE, RMSE = 0.33). In addition, an underestimation 505 

issue was found for the Himawari-8 V2.1 AOD values, as 37% of the data points were below the 506 

EE. However, this underestimation was improved in the case of SFART (28% below the EE). 507 
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SFART uses an analytical equation to directly calculate the AOD without an LUT; thus, a real-508 

time aerosol model can be employed in the retrieval process. 509 

SFART uses an analytical equation to directly calculate the AOD without an LUT; thus, a 510 

real-time aerosol model can be employed in the retrieval process. This feature is very important 511 

for AOD calculation in the case of extreme weather, e.g., on hazy days. This study demonstrates 512 

that the SFART is an effective method to derive AOD for Himawari-8 data. In addition, the 513 

SFART can be further applied to other satellites, e.g., Landsat 8 or the Fenyun-4. 514 
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