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Abstract 31 

 32 

We develop a common retrieval algorithm of aerosol properties such as aerosol optical 33 

thickness, single-scattering albedo, and Ångström exponent for various satellite sensors 34 

over both land and ocean. The three main features of this algorithm are as follows: (1) 35 

automatic selection of the optimum channels for aerosol retrieval by introducing a weight for 36 

each channel to the object function, (2) setting common candidate aerosol models over 37 

land and ocean, and (3) preparation of lookup tables for every 1 nm in the range from 300 38 

to 2500 nm of wavelength and weighting the radiance using the response function for each 39 

sensor. This method was applied to the Advanced Himawari Imager (AHI) on board the 40 

Japan Meteorological Agency’s geostationary satellite Himawari-8, and the results depicted 41 

an approximately continuous estimate of aerosol optical thickness over land and ocean. 42 

Further, the aerosol optical thickness estimated using our algorithm was generally 43 

consistent with the products from Moderate Resolution Imaging Spectroradiometer 44 

(MODIS) and Aerosol Robotic Network (AERONET). Additionally, we applied our algorithm 45 

to MODIS on board the Aqua satellite and then compared the retrieval results to those that 46 

were obtained using AHI. The comparisons of the aerosol optical thickness retrieved from 47 

different sensors with different viewing angles on board the geostationary and polar-orbiting 48 

satellites suggest an underestimation of aerosol optical thickness at the backscattering 49 

direction (or overestimated in other directions). The retrieval of aerosol properties using a 50 
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common algorithm allows us to identify a weakness in the algorithm, which includes the 51 

assumptions in the aerosol model (e.g. sphericity or size distiribution). 52 

 53 

Keywords: aerosol, satellite, Himawari-8, algorithm, remote sensing 54 

55 
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1. Introduction 56 

Aerosols influence the energy budget of the earth’s climate system through scattering and 57 

absorbing solar radiation. The fifth assessment report of the Intergovernmental Panel on 58 

Climate Change (IPCC 2014) reported that the radiative forcing of the total aerosol effect in 59 

the atmosphere, which includes cloud adjustments due to aerosols, is –0.9 W m−2. This is 60 

caused due to the negative forcing of most aerosols along with a positive contribution from 61 

the black carbon absorption of solar radiation. However, the report also showed that the 62 

range of the uncertainties in the radiative forcing remains large (−1.9 W m−2 to −0.1 W m−2). 63 

 The investigation of aerosol behavior on a global scale is essential to precisely estimate 64 

the impact of aerosols on climatic systems. However, this investigation is challenging, since 65 

aerosol amounts and characteristics vary over space and time. Previous studies have 66 

estimated the global distribution of aerosol using satellite observations by taking advantage 67 

of satellites’ ability to observe continuously over the globe. For the retrieval of aerosol 68 

properties over ocean, Stowe et al. (1992) retrieved the aerosol optical thickness using the 69 

National Oceanic and Atmospheric Administration (NOAA)/Advanced Very High Resolution 70 

Radiometer (AVHRR). Higurashi and Nakajima (1999) successfully retrieved the aerosol 71 

optical thickness and Ångström exponent using two observation channels of the AVHRR. 72 

Higurashi and Nakajima (2002) extended the two-channel method to a four-channel 73 

method using the Sea-viewing Wide Field-of-view Sensor (SeaWiFS). Over land, the 74 

aerosol optical thickness and fine mode fraction were initially estimated over a dark target 75 
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(Kaufman et al. 1997; Remer et al. 2005) using the Moderate Resolution Imaging 76 

Spectroradiometer (MODIS). Torres et al. (1998, 2002) retrieved aerosol optical thickness 77 

and single scattering albedo, including vegetated and desert areas, using the UV region 78 

(354 and 388 nm) from Total Ozone Mapping Spectrometer (TOMS). The multiple angle 79 

viewing from the Advanced Along Track Scanning Radiometer (Veefkind et al. 1998; Grey 80 

et al. 2006) and Multi-angle Imaging SpectroRadiometer (MISR) (Diner et al. 2005; Kahn et 81 

al. 2005) initially enabled aerosol retrieval over land in the visible and near infrared 82 

wavelength. Hsu et al. (2004) retrieved the optical thickness and type of aerosols over 83 

desert regions using blue channels (<500 nm), where the surface reflectance was relatively 84 

low. Further, Fukuda et al. (2013) retrieved the aerosol optical thickness over entire land 85 

using the 380 nm channel of the Cloud and Aerosol Imager (CAI) on board the Greenhouse 86 

gases Observing SATellite (GOSAT). 87 

Most aerosol remote sensing studies are conducted using polar-orbiting satellites, such as 88 

NOAA/AVHRR, Aqua(Terra)/MODIS, Suomi National Polar-Orbiting Partnership (Suomi 89 

NPP)/ Visible Infrared Imaging Radiometer Suite (VIIRS), Terra/MISR, Aura/TOMS, and 90 

GOSAT/CAI, because these sensors were designed to contain multiple channels from 91 

visible to near-infrared wavelengths, which are essential for aerosol retrieval. Furthermore, 92 

polar-orbiting satellite imaging sensors, such as the Global Change Observation 93 

Mission-Climate (GCOM-C)/Second-generation GLobal Imager (SGLI), Greenhouse gases 94 

Observing SATellite-2 (GOSAT-2)/ Cloud and Aerosol Imager 2 (CAI-2), and Earth Clouds 95 
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Aerosols and Radiation Explorer (EarthCARE)/Multi-Spectral Imager (MSI), will be 96 

launched within a few years. Studies involving polar-orbiting satellites are useful for global 97 

analysis. However, the observation frequency over the same ground target is limited to 98 

once per day at a maximum. 99 

The next-generation geostationary satellite of the Japan Meteorological Agency (JMA), 100 

Himawari-8, was launched on October 7, 2014. It carries the Advanced Himawari Imager 101 

(AHI), which has six bands from visible to near-infrared wavelengths. It is significantly 102 

different from the previous Himawari-6/7 which has only a single channel in the 103 

visible/near-infrared wavelength range (Bessho et al. 2016). It is difficult to estimate the 104 

details of aerosol properties using a single channel, because assuming the aerosol type is 105 

necessary for the estimation. Himawari-8/AHI observes the top of atmosphere (TOA) visible 106 

and near-infrared radiance at a resolution of 0.5–2.0 km over Asia and Oceania at an 107 

interval of 10 min. This enables frequent aerosol estimation over identical ground targets.  108 

The multiple utility of various imaging sensors on both geostationary and polar-orbiting 109 

satellites are helpful in obtaining overview of aerosol distribution on a global scale. Many 110 

studies have used different algorithms to estimate aerosol properties, such as aerosol 111 

optical thickness, single-scattering albedo, and Ångström exponent, from various satellite 112 

sensors and for different ground targets, namely, ocean and land (Levy et al. 2003; 113 

Kaufman et al. 1997; Hsu et al. 2004; Torres et al. 1998; Diner et al. 2005). This is because 114 

the observation wavelength is different among various sensors, and the spectral surface 115 
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reflectance and typical aerosol types vary among ground targets. 116 

Therefore, applying a common algorithm for various sensors over different ground targets 117 

(ocean/land) provides more consistent aerosol retrieval over the globe, in comparison to 118 

the independent algorithms. The consistent aerosol retrieval algorithm would be also crucial 119 

for data assimilation studies (Zhang et al. 2008; Benedetti et al. 2009; Sekiyama et al. 120 

2010; Yumimoto and Takemura 2015), because the discrepancy of the retrieved value 121 

between sensors prevents smooth assimilation over space and time. 122 

Therefore, we developed a common retrieval algorithm to estimate aerosol optical 123 

thickness at 500 nm (𝜏𝜏), single-scattering albedo at 500 nm (𝜔𝜔), and Ångström exponent 124 

between 400 and 600 nm (α) that can be applied to various satellite sensors and over both 125 

land and ocean. This approach provides snapshot retrievals and we call it the “Level-2” (L2) 126 

scheme, which is the main algorithm developed in this study. For evaluation purposes, we 127 

applied an hourly combined algorithm for strict cloud screening. We call this the “Level-3” 128 

(L3) scheme. The details of our L2 and L3 retrieval methodology are explained in sections 129 

2.1 and 2.2, respectively. The retrieval results from Himawari-8/AHI using our algorithm is 130 

shown in section 3.1 and the evaluation with the products from other satellites 131 

(Aqua,Terra/MODIS) and ground-based observations (Aerosol Robotic Network; 132 

AERONET) are presented in section 3.2. In section 3.3, we also applied the algorithm to 133 

Aqua/MODIS. Further, we compare the retrieval results of Himawari8/AHI and 134 

Aqua/MODIS and discuss the effectiveness of our common algorithm. Finally, our findings 135 
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are summarized in section 4. 136 

 137 

2. Methodology 138 

We retrieved 𝜏𝜏, 𝜔𝜔, and α from TOA radiance observation. To apply the algorithm to various 139 

satellite sensors having different observation wavelengths over both land and ocean, which 140 

have varying surface reflectance spectra, we added the following three concepts to our 141 

algorithm. First, we automatically selected the optimum channels for aerosol retrieval for 142 

each sensor by considering uncertainty in TOA reflectance that results from the surface 143 

reflectance uncertainty at each channel. Secondly, we used the same candidate aerosol 144 

models over land and ocean. Finally, we applied the same candidate aerosol models and 145 

estimation method to various satellite sensors without recalculation by pre-calculating the 146 

parameters of eq. (1) for every 1 nm from 300 to 2500 nm, which satisfy the observation 147 

wavelength of various sensors (such as Himawari8/AHI, GCOM-C/SGLI, GOSAT-2/CAI-2, 148 

and EarthCARE/MSI), and weighting them using the response function for each sensor. 149 

After the L2 process, we minimized cloud contamination and compensated the missing 150 

observation using L2 data over an hour in the L3 process. The retrieval algorithms for L2 151 

and L3 are illustrated in sections 2.1 and 2.2, respectively. 152 

The L2 and L3 products from Himawari-8/AHI are available on the JAXA Himawari 153 

monitor website (http://www.eorc.jaxa.jp/ptree/index_j.html). The L2 and L3 products are 154 

derived every 10 minutes and 1 hour, respectively, with equal latitude-longitude gridding of 155 

http://www.eorc.jaxa.jp/ptree/index_j.html
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0.05 degrees. As an application example of the products developed in this study, interested 156 

readers may refer to Yumimoto et al. (2018) in this Himawari-8 special issue, where the 157 

authors reported aerosol assimilation experiments for wildfire smoke transportation from 158 

Lake Baikal to Northern Japan. 159 

 160 

2.1 L2 retrieval algorithm 161 

 We developed a common retrieval algorithm to estimate 𝜏𝜏, 𝜔𝜔, and α from various satellite 162 

imagers based on the method developed by Higurashi and Nakajima (1999) and Fukuda et 163 

al. (2013). In case of the Lambertian target, the TOA reflectance 𝜌𝜌i𝑠𝑠𝑠𝑠𝑠𝑠 at a particular 164 

channel i can be approximated by:  165 

 ρisim(θ0,θ,φ) = ρia(θ0,θ,φ) + ti
s(θ0)∙ti

v(θ)∙ρi
s(θ0,θ,φ)

1-si∙ρi
s(θ0,θ,φ)

,                 (1) 166 

where 𝜌𝜌𝑠𝑠𝑎𝑎 is the atmospheric path reflectance, and 𝑡𝑡𝑠𝑠𝑠𝑠 and 𝑡𝑡𝑠𝑠𝑣𝑣 represent total transmittance, 167 

from solar to surface and from surface to sensor, respectively. si is the spherical albedo for 168 

the illumination of the atmosphere from below, and 𝜌𝜌𝑠𝑠𝑠𝑠 is the surface reflectance. Here, 𝜃𝜃0 169 

is the solar zenith angle, 𝜃𝜃 is the satellite zenith angle, and 𝜑𝜑 represents the solar/satellite 170 

relative azimuth angle. Parameters (𝜌𝜌𝑠𝑠𝑎𝑎 , 𝑡𝑡𝑠𝑠𝑠𝑠, 𝑡𝑡𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠) in eq. (1) can be precomputed as a function 171 

of geometries (𝜃𝜃0,𝜃𝜃, 𝑎𝑎𝑎𝑎𝑎𝑎 𝜑𝜑) for each candidate aerosol model that is defined by the aerosol 172 

parameters (𝜏𝜏, external mixing ratio of dry volume concentration for fine particles 𝜂𝜂𝑓𝑓, and 173 

imaginary part of refractive index for fine mode mi) using a radiative transfer code called 174 

System for the Transfer of Atmospheric Radiation whose development was initially lead by 175 
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the University of Tokyo (STAR, Nakajima and Tanaka 1986, 1988; Stamnes et al. 1988). 176 

Additionally, the calculated values are saved as lookup tables. Details on the setting of 177 

candidate aerosol models and lookup tables are described in section 2.1a and 2.1b, 178 

respectively. The method to derive 𝜌𝜌𝑠𝑠𝑠𝑠 in eq. (1) is depicted in section 2.2c.  179 

 Figure 1 depicts the flowchart for our algorithm, which estimates three aerosol 180 

parameters; namely, 𝜏𝜏, 𝜂𝜂𝑓𝑓, and mi . Finally, we calculated α and 𝜔𝜔 by applying the three 181 

derived parameters (𝜏𝜏, 𝜂𝜂𝑓𝑓, and mi) to the aerosol model that was described in section 2.1a. 182 

Here, the spectral dependence of aerosol optical thickness and single scattering albedo is 183 

assumed in the candidate aerosol model by setting the aerosol parameters, such as size 184 

distribution and refractive index. 185 

In the retrieval process, we initially selected the clear-sky (i.e., cloud-free) pixel using a 186 

cloud detection algorithm developed for GOSAT/CAI, GCOM-C/SGLI, and EarthCARE/MSI 187 

(Ishida and Nakajima 2009; Ishida et al. 2011). Additionally, the pixels where the observed 188 

TOA reflectance altered significantly with time or space in visible channels were excluded, 189 

since the pixels may have been affected by clouds. Further, we corrected the observed 190 

TOA reflectance at a channel i (𝜌𝜌i𝑜𝑜𝑜𝑜𝑠𝑠 ) for gas absorption at visible to near-infrared 191 

wavelengths. Gas correction was conducted for ozone and water vapor due to their 192 

amounts varying significantly with time and location. The corrected TOA reflectance 193 

corresponding to the US standard atmosphere (𝜌𝜌i𝑜𝑜𝑜𝑜𝑠𝑠′) is given by: 194 

𝜌𝜌i𝑜𝑜𝑜𝑜𝑠𝑠′ = 𝑇𝑇𝑖𝑖
𝑂𝑂3(𝑈𝑈𝑈𝑈𝑈𝑈)

𝑇𝑇𝑖𝑖
𝑂𝑂3(𝑂𝑂𝑂𝑂𝑂𝑂) ∙

𝑇𝑇𝑖𝑖
𝐻𝐻2𝑂𝑂(𝑈𝑈𝑈𝑈𝑈𝑈)

𝑇𝑇𝑖𝑖
𝐻𝐻2𝑂𝑂(𝐺𝐺ANAL) ∙ 𝜌𝜌i𝑜𝑜𝑜𝑜𝑠𝑠,                                   (2) 195 
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where Ti
O3(OMI)

 and 𝑇𝑇𝑠𝑠
𝐻𝐻2𝑂𝑂(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) are the transmission factors for ozone and water vapor at 196 

the observation points, respectively, and Ti
O3(USS) and 𝑇𝑇𝑠𝑠

𝐻𝐻2𝑂𝑂(𝑈𝑈𝑈𝑈𝑈𝑈)are the transmission factors 197 

for the US standard atmosphere, respectively. We used the total ozone columns from the 198 

Ozone Monitoring Instrument (OMI) on board the NASA EOS/Aura spacecraft 199 

(https://aura.gsfc.nasa.gov/omi.html) and the column water vapor obtained from JMA global 200 

analysis (GANAL) data. Transmission factors 𝑇𝑇𝑠𝑠
𝑂𝑂3 and 𝑇𝑇𝑠𝑠

𝐻𝐻2𝑂𝑂were pre-calculated for various 201 

total ozone columns (O) and column water vapor (w). Subsequently, coefficients 𝐾𝐾𝑠𝑠
𝑂𝑂3 , 202 

𝐾𝐾𝑠𝑠,1
𝐻𝐻2𝑂𝑂,𝐾𝐾𝑠𝑠,2

𝐻𝐻2𝑂𝑂, and 𝐾𝐾𝑠𝑠,3
𝐻𝐻2𝑂𝑂 were derived from the fitting of eqs. (3) and (4) based on the MODIS 203 

Algorithm Theoretical Basis Document for Collection 005 and 051 (Levy et al. 2007): 204 

𝑇𝑇𝑠𝑠
𝑂𝑂3 = exp(−𝐺𝐺𝐾𝐾𝑂𝑂3𝑂𝑂),                                        (3) 205 

𝑇𝑇𝑠𝑠
𝐻𝐻2𝑂𝑂 = exp�−exp�𝐾𝐾𝑠𝑠,1

𝐻𝐻2𝑂𝑂 +𝐾𝐾𝑠𝑠,2
𝐻𝐻2𝑂𝑂 ln(𝐺𝐺𝐺𝐺) + 𝐾𝐾𝑠𝑠,2

𝐻𝐻2𝑂𝑂(ln(𝐺𝐺𝐺𝐺))2��,           (4) 206 

where the air mass factor (G) is a function of the solar (𝜃𝜃0) and the sensor zenith angle (𝜃𝜃), 207 

such that: 208 

𝐺𝐺 = 1
cos(𝜃𝜃0)

+ 1
cos(𝜃𝜃)

.                                             (5) 209 

Next, we derived the aerosol parameters (𝜏𝜏, 𝜂𝜂𝑓𝑓 ,  and 𝑚𝑚𝑠𝑠) using an optimal estimation method 210 

(Rodgers 2000). The state vector of a set of aerosol parameters 𝒙𝒙 =  �𝜏𝜏, 𝜂𝜂𝑓𝑓,𝑚𝑚𝑖𝑖� was 211 

derived by minimizing the object function J (Eq. 6). It uses the measurement vector of a 212 

gas-corrected observed reflectance set R = { 𝜌𝜌i𝑜𝑜𝑜𝑜𝑠𝑠′ , 𝑖𝑖 =  1, … , N  } and simulated TOA 213 

reflectance F(x) = {𝜌𝜌i𝑠𝑠𝑠𝑠𝑠𝑠, 𝑖𝑖 =  1, … , N} that is calculated using eq.(1), where N is the channel 214 

number. 215 

𝐽𝐽 =  [𝑹𝑹 −  𝑭𝑭(𝒙𝒙)]𝑇𝑇𝑺𝑺𝒆𝒆−1[𝑹𝑹 −  𝑭𝑭(𝒙𝒙)]  + [𝒙𝒙 −  𝒙𝒙𝒂𝒂]𝑇𝑇𝑺𝑺𝒂𝒂−1[𝒙𝒙 −  𝒙𝒙𝒂𝒂]                  (6), 216 

https://aura.gsfc.nasa.gov/omi.html
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where 𝒙𝒙𝒂𝒂  =  �𝜏𝜏𝑎𝑎 , 𝜂𝜂𝑓𝑓𝑎𝑎 ,𝑚𝑚𝑠𝑠𝑎𝑎� is the vector of a prior estimate of 𝒙𝒙, and Se and Sa are the 217 

covariance matrices of R and xa, respectively, and are given as: 218 

𝑺𝑺𝒆𝒆  =  �
𝜎𝜎1

2  0
 ⋱  
0  𝜎𝜎𝑁𝑁2

�,                  (7) 219 

𝑺𝑺𝒂𝒂  =  �

𝜎𝜎𝜏𝜏𝑎𝑎
2  0

 𝜎𝜎𝜂𝜂𝑓𝑓𝑎𝑎
2  

0  𝜎𝜎𝑚𝑚𝑖𝑖𝑎𝑎
2

�,                  (8) 220 

where 𝜎𝜎𝑠𝑠 is the uncertainty in TOA reflectance, and 𝜎𝜎𝜏𝜏𝑎𝑎 , 𝜎𝜎𝜂𝜂𝑓𝑓𝑎𝑎, and 𝜎𝜎𝑠𝑠𝑖𝑖𝑎𝑎
 are the uncertainties 221 

of 𝜏𝜏𝑎𝑎 , 𝜂𝜂𝑓𝑓𝑎𝑎 ,and 𝑚𝑚𝑠𝑠𝑎𝑎, respectively. Since 𝜎𝜎𝑠𝑠 is mainly induced from sensor noise (𝜎𝜎𝑛𝑛) and 222 

uncertainty in the estimated target land/ocean-surface reflectance (∆𝜌𝜌𝑠𝑠𝑠𝑠), we estimate 𝜎𝜎𝑠𝑠 223 

using eq. (9), as follows: 224 

𝜎𝜎𝑠𝑠2  =  𝜎𝜎𝑠𝑠2 + 𝜎𝜎𝑛𝑛2,                                               (9) 225 

where 𝜎𝜎𝑠𝑠 is the uncertainty in the TOA reflectance that results from ∆𝜌𝜌𝑠𝑠𝑠𝑠. We assume ∆𝜌𝜌𝑠𝑠𝑠𝑠 226 

to be some percentage of the surface reflectance (𝜌𝜌𝑠𝑠𝑠𝑠) at each channel. The percentage is 227 

calculated at each pixel from the standard deviation of surface reflectance for 1 month at a 228 

channel whose 𝜌𝜌i𝑠𝑠𝑠𝑠𝑠𝑠 is most sensitive to 𝜌𝜌𝑠𝑠𝑠𝑠 (i. e. ,  𝜌𝜌i
𝑠𝑠𝑖𝑖𝑚𝑚 𝜌𝜌𝑖𝑖

𝑠𝑠⁄  is the largest), when 𝜌𝜌𝑠𝑠𝑠𝑠 at 470 229 

nm is lower than 𝜌𝜌𝑠𝑠𝑠𝑠 at 640 nm (i.e., the reflectance should be minimally influenced by 230 

heavy aerosol loading). If the calculated ∆𝜌𝜌𝑠𝑠𝑠𝑠 was observed to be less than 0.01, we would 231 

maintain ∆𝜌𝜌𝑠𝑠𝑠𝑠  to be constant at 0.01. We calculated 𝜎𝜎𝑛𝑛  from the signal-to-noise ratio 232 

obtained from the sensor ground test. We selected relatively accurate channels, whose 233 

TOA reflectance had smaller uncertainty, by giving larger weight to these channels.  234 

The optimal solution of x that minimizes J (Eq. 6) was searched iteratively. By considering 235 
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that our algorithm was applied to various satellite sensors having different wavelengths, 236 

eqs. (6)–(9) were desig 237 

ned to automatically select optimum channels for estimating the aerosol parameters by 238 

introducing a realistic 𝜎𝜎𝑠𝑠, which considers the effect of surface reflectance uncertainty for 239 

each channel.  240 

Finally, the uncertainties of the three aerosol parameters (𝜏𝜏, 𝜂𝜂𝑓𝑓,  and 𝑚𝑚i) 𝐒𝐒𝐱𝐱� were calculated 241 

using the law of error propagation, as follows: 242 

𝑺𝑺𝐱𝐱�  =  (𝑨𝑨𝑇𝑇𝐒𝐒𝐞𝐞−𝟏𝟏𝐀𝐀)−1,                (10) 243 

where A is the Jacobian matrix, and Se is same as in eq. (7), whose elements are 244 

calculated using eq. (9). The three aerosol parameters (𝜏𝜏, 𝜂𝜂𝑓𝑓,  and 𝑚𝑚i ), for which the 245 

uncertainties exceeded a threshold value, were treated as invalid values. 246 

 247 

a. Aerosol models 248 

We used common candidate aerosol models over both land and ocean to retrieve aerosols 249 

consistently over land and ocean. The candidate aerosol models included aerosol types 250 

that were dominant over both ocean and land, and an optimum model was automatically 251 

selected. We assumed that the aerosol model was an external mixture of fine and coarse 252 

particles (𝜂𝜂𝑓𝑓 is the external mixing ratio of the dry volume concentration of fine particles). 253 

We set the fine aerosol model based on the average properties of the fine mode for 254 

category 1–6 by Omar et al. (2005), which provide the global aerosol models using Aerosol 255 
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Robotic Network (AERONET) (Holben et al. 1998) measurements. For the coarse aerosol 256 

model, we set the external mixture of the pure marine aerosol on the basis of the model that 257 

was illustrated by Sayer et al. (2012) and a dust model based on the coarse model of 258 

category 1 (dust) that was illustrated by Omar et al. (2005). We define  𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑 as the external 259 

mixing ratio of the dry volume concentration of dust particles for the coarse model. 260 

Regarding each aerosol size of the fine and coarse models, we used a monomodal 261 

lognormal volume size (rd) distribution, which is as follows: 262 
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,                    (11) 263 

where Cv is the particle volume concentration, rv is the volume median radius, and σ is the 264 

standard deviation. rv is set to 0.143, 2.59, and 2.834 (σ is 1.537, 2.054, and 1.908) for fine, 265 

coarse marine, and coarse dust, respectively, based on the observations by Omar et al. 266 

(2005) and Sayer et al. (2012). Regarding the aerosol shape, we assumed a spherical 267 

model for the fine and coarse marine model, and a non-spherical model for the coarse dust 268 

model. The dust non-spherical parameters were based on a yellow dust model (Nakajima 269 

et al. 1989), which employed a semi-empirical theory by Pollack and Cuzzi (1980) with r = 270 

1.1, x0 = 7, and G = 10 which are parameters of the nonspherical particle scattering theory 271 

defined in the original paper. The aerosol vertical distribution was set to the same 272 

distribution that was used for rural (dominant at 0–2 km), sea-spray (below 2 km), and 273 

yellow sand (4-8 km), for fine, coarse marine, and coarse dust in the STAR code, 274 
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respectively. The real part of the refractive index was set to 1.439, 1.362, and 1.452 for fine, 275 

coarse marine, and coarse dust, respectively, based on Omar et al. (2005) and Sayer et al. 276 

(2012). The imaginary part of the refractive index (mi) was set to 3.0×10-9 and 0.0036 at all 277 

wavelengths for coarse marine, and coarse dust, respectively, based on Sayer et al. (2012) 278 

and Omar et al. (2005). However, mi for the fine aerosol model was perturbed to represent 279 

a nonabsorbing and absorbing aerosol. To decrease the number of derived parameters, mi 280 

varied with 𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑 such that the fine and coarse models exhibited the same 𝜔𝜔
 
at 500 nm. 281 

 282 

b. Lookup Table 283 

To perform model simulations, we used a radiative transfer code called STAR. For rapid 284 

processing, we adopted the lookup table method (Higurashi and Nakajima 1999). The 285 

parameters (𝜌𝜌𝑠𝑠𝑎𝑎, 𝑡𝑡𝑠𝑠𝑠𝑠, 𝑡𝑡𝑠𝑠𝑣𝑣𝑠𝑠𝑠𝑠) in eq. (1) were precomputed for 29 𝜃𝜃0 (0.0, 2.5, 5.0…., and 70.0°), 286 

25 𝜃𝜃 (0.0, 2.5, 5.0…., and 60.0°), 37 𝜑𝜑 (0.0, 5.0, 10.0…., and 180.0°), 2 pressures (1,013 287 

and 616.6 hPa), 8 𝜏𝜏 (0.0, 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, and 2.0), 11 mi for fine mode (𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑  for 288 

coarse mode ), and 4 𝜂𝜂𝑓𝑓  (0.0, 0.33, 0.66, and1.0). We calculated these parameters by the 289 

radiative transfer code for every 1 nm from 300 nm to 2500 nm. These high-resolution 290 

spectral parameters were then weighted using the response function for each sensor. Thus, 291 

we could apply the algorithm to a variety of sensors without recalculation. In this manner, 292 

we effectively applied the same algorithm and candidate aerosol models to various satellite 293 

sensors. 294 
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c. Surface reflectance 295 

The surface reflectance (𝜌𝜌𝑠𝑠𝑠𝑠) in Eq. (1) was calculated based on the method developed by 296 

Fukuda et al. (2013). As for 𝜌𝜌𝑠𝑠𝑠𝑠, we adopted the reflectance that was corrected for Rayleigh 297 

scattering at channel i having the second lowest reflectance at 470 nm within a period of 298 

one month, since the lowest reflectance was occasionally influenced by cloud shadows. In 299 

order to reduce the effect of bidirectional characteristics of the surface reflectance, 𝜌𝜌𝑠𝑠𝑠𝑠 was 300 

obtained for each pixel where sensor geometries are identical, and every hour when the 301 

solar geometries are almost identical for a month. The 𝜌𝜌𝑠𝑠𝑠𝑠 corresponding to observation 302 

pixel and time is used for the retrieval. When the 𝜌𝜌𝑠𝑠𝑠𝑠 at 470 m was observed to be higher 303 

than 𝜌𝜌𝑠𝑠𝑠𝑠 at 640 nm, 𝜌𝜌𝑠𝑠𝑠𝑠 was suspected to be influenced by residual aerosol contamination, 304 

and 𝜌𝜌𝑠𝑠𝑠𝑠 was replaced by the reflectance calculated as a function of vegetation index using 305 

the modified Kaufman method (Fukuda et al. 2013). 306 

 In the calculation of 𝜌𝜌i𝑠𝑠𝑠𝑠𝑠𝑠 over ocean, we added the TOA reflectance resulting from direct 307 

sunlight reflected by the sea surface (sun glitter) to Eq. (1). Sea surface reflectance was 308 

calculated based on the model developed by Cox and Munk (1954), which used observed 309 

wind speed from GANAL data. Only channels longer than 800 nm were used for the 310 

algorithm over ocean to avoid the influence of water-leaving radiance, although all 311 

well-calibrated channels from visible to near-infrared wavelengths were used for the 312 

algorithm over land. 313 

 314 
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2.2 L3 retrieval algorithm 315 

For evaluation purposes, we applied an hourly-combined algorithm developed in a 316 

previous study (Kikuchi et al. 2018) using the L2 retrievals that were mentioned in the 317 

previous section. The hourly-combined algorithm is a method that (1) minimizes cloud 318 

contamination using the difference between aerosol and cloud spatiotemporal variability 319 

characteristics, as well as (2) interpolates the aerosol retrievals using 1 h of data and the 320 

movement of clouds within the hour. Note that an hourly combined aerosol optical property 321 

derived from this algorithm is not an average over one hour, but rather an estimated value 322 

at a certain target time. The algorithm was originally developed for next-generation 323 

geostationary satellites (for example, Himawari-8/9, GOES-R series, and MTG series), 324 

which conduct observations at an interval of 10 or 15 min. Regardless, it can be applied to 325 

the data that was obtained by polar-orbiting satellites (without the capability of observing 326 

more than once in an hour). In this scenario, the algorithm uses only the spatial information 327 

of aerosol and clouds, without using any temporal information. 328 

The hourly combined algorithm derives two types of aerosol optical thickness: 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and 329 

𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝. Initially, 𝜏𝜏 

𝑝𝑝𝑠𝑠𝑑𝑑 at the center pixel is estimated by optimal interpolation of 𝜏𝜏 within a 330 

radius of 12.5 km and past 1 h, while excluding the pixel at (𝑥𝑥0,𝑦𝑦0, 𝑡𝑡0), as follows: 331 

𝜏𝜏 
𝑝𝑝𝑠𝑠𝑑𝑑(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) = ∑ 𝐺𝐺𝑠𝑠𝑛𝑛

𝑠𝑠=1 𝜏𝜏(𝑥𝑥𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠) , (12) 332 

 333 

𝐺𝐺𝑠𝑠 =
1

𝜎𝜎�𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖,𝑡𝑡𝑖𝑖�
2

1
𝜎𝜎𝑒𝑒𝑒𝑒𝑡𝑡(𝑥𝑥𝑜𝑜,𝑦𝑦0,𝑡𝑡0)2 

, (13) 334 

1
𝜎𝜎𝑒𝑒𝑒𝑒𝑡𝑡(𝑥𝑥𝑜𝑜,𝑦𝑦0,𝑑𝑑0)2 = ∑ 1

 𝜎𝜎(𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖,𝑑𝑑𝑖𝑖)2
𝑛𝑛
𝑠𝑠=1 , (14) 335 
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In these equations, 𝜏𝜏(𝑥𝑥𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠) and 𝜎𝜎(𝑥𝑥𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠)2  are 𝜏𝜏  and its error variance at  (𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖, 𝑡𝑡𝑖𝑖), 336 

respectively: n is the total number of all valid 𝜏𝜏𝑎𝑎 within the calculation domain (i.e., 12.5 km 337 

and past 1 h from the center pixel); the inverse of 𝜎𝜎(𝑥𝑥𝑠𝑠,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠)2 is considered a proxy of the 338 

weight, when estimating 𝜏𝜏(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) at the center from the surrounding 𝜏𝜏(𝑥𝑥𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠). (Awaji et 339 

al. 2009). 𝜎𝜎(𝑥𝑥𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠) was calculated in advance as a lookup table. We calculated the 340 

root-mean-square difference of 𝜏𝜏 at a target pixel (𝑥𝑥0,𝑦𝑦0, 𝑡𝑡0) and a pixel (𝑥𝑥𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠) that had 341 

a distance ∆𝐿𝐿 and time difference ∆𝑡𝑡 away from the target pixel and defined as 𝜎𝜎(∆𝐿𝐿,∆𝑡𝑡). 342 

Here, ∆𝐿𝐿 = �(𝑥𝑥 − 𝑥𝑥0)2 + (𝑦𝑦 − 𝑦𝑦0)2 and ∆𝑡𝑡 = 𝑡𝑡 − 𝑡𝑡0 . Distance ∆𝐿𝐿 was set to six slots at an 343 

interval of 2.5 km from 0 to 12.5 km. Time difference ∆𝑡𝑡 was set to six slots for every 10 344 

min from 0 min to 50 min in the past. The target pixels were set to all the valid pixels over 345 

the full disk on the selected days, which resulted in a sufficient amount of data for creating 346 

the lookup table. In the calculation using eqs. (13) and (14), the value of 𝜎𝜎(𝑥𝑥𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠) was 347 

selected from the lookup table of 𝜎𝜎(∆𝐿𝐿,∆𝑡𝑡). Equation (12) implies that the estimated 𝜏𝜏 was 348 

derived using the weighted mean of the surrounding and past 𝜏𝜏 by the inverse of their error 349 

variances. Equation (14) implies that by assuming the inverse of the error variance at each 350 

pixel as the accuracy of the 𝜏𝜏 at each pixel, the estimated accuracy at the target pixel can 351 

be derived using the sum of surrounding and past accuracies. Subsequently, 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 was 352 

derived by: 353 

𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) =  �

𝜏𝜏(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0)
 

𝑚𝑚𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑎𝑎𝑚𝑚 𝑣𝑣𝑎𝑎𝑣𝑣𝑣𝑣𝑣𝑣
 

𝑠𝑠𝑓𝑓 𝜏𝜏(𝑥𝑥𝑜𝑜,𝑦𝑦0,𝑑𝑑0)≤
𝜏𝜏 
𝑒𝑒𝑒𝑒𝑡𝑡(𝑥𝑥𝑜𝑜,𝑦𝑦0,𝑑𝑑0)+2.58𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒(𝑥𝑥𝑜𝑜,𝑦𝑦0,𝑑𝑑0),

𝑜𝑜𝑑𝑑ℎ𝑝𝑝𝑝𝑝𝑒𝑒𝑠𝑠𝑠𝑠𝑝𝑝,
, (15) 354 

 355 
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𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) = �𝜎𝜎(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0)2 + 𝜎𝜎𝑝𝑝𝑠𝑠𝑑𝑑(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0)2, (16) 356 

 357 

where σ(xo, y0, t0) is the error variance at the central pixel, calculated by the extrapolation of 358 

the lookup table. 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) is the estimation error of 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. Equation (15) assesses that 359 

𝜏𝜏�𝑥𝑥𝑜𝑜, 𝑦𝑦0, 𝑡𝑡0� is cloud-contaminated, if it exceeds the upper limit of 99% confidence interval for 360 

𝜏𝜏 
𝑝𝑝𝑠𝑠𝑑𝑑  and treats 𝜏𝜏 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  as a missing value. 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  also becomes a missing value when 361 

𝜏𝜏�𝑥𝑥𝑜𝑜, 𝑦𝑦0, 𝑡𝑡0� is missing at (𝑥𝑥0,𝑦𝑦0, 𝑡𝑡0). When 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is a valid value, the Ångström index α of L2 is 362 

adopted as αpure. To summarize, the L3 pure product is a collection of 𝜏𝜏 observations with 363 

minimum cloud contamination. 364 

Further, 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) is derived every 10 minutes for the past 1 hour and is used to derive 365 

𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝. 366 

𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) = ∑ 𝐺𝐺𝑠𝑠𝐺𝐺

𝑠𝑠=0 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑠𝑠 ,𝑦𝑦𝑠𝑠 , 𝑡𝑡𝑠𝑠)     (17) 367 

𝐺𝐺𝑠𝑠 =
1

𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒(𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖,𝑡𝑡𝑖𝑖)2
1

𝜎𝜎𝑚𝑚𝑒𝑒𝑝𝑝𝑚𝑚𝑒𝑒𝑚𝑚(𝑥𝑥𝑜𝑜,𝑦𝑦0,𝑡𝑡0)2 
                 (18) 368 

1
𝜎𝜎𝑚𝑚𝑒𝑒𝑝𝑝𝑚𝑚𝑒𝑒𝑚𝑚(𝑥𝑥𝑜𝑜,𝑦𝑦0,𝑑𝑑0)2

= ∑ 1
 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒(𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖,𝑑𝑑𝑖𝑖)2

𝐺𝐺
𝑠𝑠=0     (19) 369 

where 𝜎𝜎𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑑𝑑(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) is the estimation error of 𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝, N is the total number of the 𝜏𝜏 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 370 

pixels that were taken into account, 𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) is different to 𝜏𝜏 

𝑝𝑝𝑠𝑠𝑑𝑑(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0), in that the 371 

calculation of 𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) includes the target pixel (𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0), whereas 𝜏𝜏 

𝑝𝑝𝑠𝑠𝑑𝑑(𝑥𝑥𝑜𝑜,𝑦𝑦0, 𝑡𝑡0) 372 

does not. Further, 𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝could be derived even if the observation at the target was missing, 373 

provided that there was enough 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 . For Ångström index α, the same optimum 374 

interpolation method used in eqs. (17)–(19) was applied to αpure, and the calculated value 375 
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was set to αmerge in a similar manner as depicted in the calculation of 𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝. Overall, the L3 376 

merge product was derived even if the observation value at the center pixel was missing, 377 

under the condition that 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 in the surroundings is sufficient. 378 

 379 

3. Results and discussion 380 

3.1 Application result to Himawari-8/AHI 381 

We applied the methods described in section 2 to the Himawari-8/AHI. We retrieved 𝜏𝜏, 𝜔𝜔, 382 

and α at an interval of 10 min from the calibrated L1 data sub-sampled at 0.05° using the 383 

method in section 2.1. We used channels 1 (0.46 µm), 2 (0.51 µm), 3 (0.64 µm), 4 (0.86 384 

µm), and 5 (1.6 µm) over land, and channels 4 and 5 over ocean. We refrained from using 385 

channel 6 (2.3 µm) because it exhibited a relatively large difference between the observed 386 

and simulated radiance (Bessho 2016). Subsequently, we retrieved L3 data every 1 h from 387 

six snapshots of L2 data within 1 h using the method in section 2.2. Although cloud 388 

screening was conducted in the L2 process, the L3 process was applied for more rigorous 389 

screening. Figure 2 depicts the estimated L2 𝜏𝜏 and α at 0200 UTC on May 19, 2016, when 390 

the aerosol originated from wildfires in proximity to Lake Baikal in Russia reached to Japan. 391 

The high 𝜏𝜏 was estimated over land and ocean in northern Japan, corresponding to 392 

aerosol transport from the continent. The estimated retrievals indicated nearly continuous 𝜏𝜏 393 

and α over land and ocean. In Fig. 2, high α (>1.6) corresponded to the areas of high 𝜏𝜏 394 

(>1.0), which indicates that the wildfire smoke consisted mainly of fine particles. This 395 
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finding is consistent with the AERONET observation at Hokkaido University (43.08° N, 396 

141.34° E) on May 19, 2016, where the α between 440 and 870 nm was observed to be 397 

approximately 2 (Supplement1). The average 𝜎𝜎𝑠𝑠2 values on the full disk over land at 0200 398 

UTC on May 19, 2016 were estimated to be 0.000031, 0.000040, 0.000089, 0.000596, and 399 

0.000468 at channels 1, 2, 3, 4, and 5, respectively; thus, among these channels, channel 400 

1 had the largest weight. The average 𝜎𝜎𝑠𝑠2 values over ocean were 0.000018 and 0.000027 401 

at channels 4 and 5, respectively; thus, between these channels, channel 4 had the largest 402 

weight. 403 

Figure 3 depicts the estimated L2 𝜏𝜏, L3 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, and L3 𝜏𝜏 

𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 at 05 UTC on April 25, 2016, 404 

when yellow dust was observed at most of the observation points in Japan. We observed a 405 

high aerosol optical thickness estimated over the Yellow Sea and Japan Sea from China. 406 

As in the case of Fig. 2, a nearly continuous 𝜏𝜏 over land and ocean could be observed in 407 

Fig. 3. Figure 3 also depicts that the high 𝜏𝜏 in L2 (e.g., over the Korean Peninsula or ocean 408 

in the vicinity of the cloud) was caused by the local noise or insufficient cloud screening and 409 

was successfully eliminated in L3 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 . We also recognized that 𝜏𝜏  was interpolated 410 

smoothly at 𝜏𝜏 
𝑠𝑠𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 in some areas (e.g. 136°E and 42°N), even where 𝜏𝜏 was eliminated at 411 

𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝. Accordingly, L3 successfully minimized cloud contamination and compensated for the 412 

missing observation to the maximum extent. 413 

3.2 Evaluation 414 

We conducted a preliminary evaluation of our method by comparing the estimated 𝜏𝜏, and 415 
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𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 from Himawar-8/AHI with the 𝜏𝜏 products from MODIS and AERONET observations. 416 

The detailed evaluation for selecting the aerosol model, as well as the retrievals focused on 417 

heavy aerosol loadings and strongly absorbing aerosols, will be required in future.  418 

a. Comparison with MODIS 419 

We used 𝜏𝜏 from the MODIS L2 aerosol product (MOD04, MYD04) on board the NASA 420 

EOS Aqua and Terra spacecraft. We used the AHI 𝜏𝜏  data within 5 min of MODIS 421 

observation and averaged over the four pixels surrounding the MODIS observation points. 422 

We only used the 𝜏𝜏 data ranging from 0.0 to 2.0. In Fig. 4, the L2 𝜏𝜏 and L3 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 values 423 

were estimated using our method from Himawari-8/AHI in July 2016, and were compared to 424 

MODIS 𝜏𝜏 products over ocean and land. Over ocean, 𝜏𝜏 and 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 from our estimation 425 

were consistent with MODIS 𝜏𝜏 products. The correlation coefficients were 0.891 and 0.907 426 

for 𝜏𝜏 and 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, respectively; the mean biases were 0.035 and 0.029 for 𝜏𝜏 and 𝜏𝜏 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 427 

respectively; and the root-mean-square differences were 0.057 and 0.051 for 𝜏𝜏, and 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 428 

respectively. In addition, 𝜏𝜏 and 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 from our estimation were consistent with the MODIS 429 

𝜏𝜏 products over land. The correlation coefficients for 𝜏𝜏 and 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 were 0.893 and 0.899, 430 

respectively; their root-mean-square differences were 0.132 and 0.129, respectively; and 431 

their mean biases were both -0.002. In general, the 𝜏𝜏 values at L3 were more consistent 432 

with MODIS 𝜏𝜏 products, in comparison to the L2 𝜏𝜏 values due to strict cloud screening. 433 

The larger root-mean-square differences over land (0.132 and 0.129 for 𝜏𝜏 and 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 , 434 

respectively), in comparison to those observed over ocean (0.057 and 0.051), are most 435 
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likely to be due to the large uncertainty of 𝜌𝜌𝑠𝑠𝑠𝑠 over land. One of the reasons for the 436 

uncertainty of 𝜌𝜌𝑠𝑠𝑠𝑠 is that we applied identical coefficients for the modified Kaufman method 437 

to all regions. In future, the estimation of surface reflectance over land is expected to 438 

improve because we can calculate the coefficients at each region after sufficient AHI 439 

observations over years. Additionally, the use of multi-angle viewing from multiple sensors 440 

on board geostationary and polar-orbiting satellites should improve the estimation of 𝜌𝜌𝑠𝑠𝑠𝑠. 441 

Furthermore, the evaluation of the effect of bidirectional characteristics of surface 442 

reflectance on the retrieved parameter is necessary, although the effect is minimized by 443 

using almost identical geometries. The other reason for the uncertainty of the estimated 𝜏𝜏 444 

over land and ocean is that the selected mi (𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑) was largely determined by a prior estimate 445 

of mi (𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑) (e.g. supplement2), since the observed reflectance at the AHI channels had less 446 

sensitivity to mi ( 𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑 ). We expect to estimate a more realistic mi ( 𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑 ) with the 447 

complementary use of other satellite sensors, such as GCOM-C/SGLI, whose observation 448 

TOA reflectance is sensitive to aerosol absorptions at near-ultraviolet spectral region. 449 

 450 

b. Comparison with AERONET 451 

We compared the estimated 𝜏𝜏 and 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 from Himawar-8/AHI to 𝜏𝜏 from AERONET. The 452 

AERONET 𝜏𝜏 was derived from Level 2.0 quality-assured direct sun algorithm data (O’Neill 453 

et al. 2003). In this study, the 60 AERONET sites on the full disk of Himawari-8 were used, 454 

and the 19 sites whose surface reflectance was spatially uniform were selected for the 455 
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evaluation of retrievals. We used the AERONET 𝜏𝜏 data averaged over 10 min of AHI 456 

observation time. For our retrieval data, we used 𝜏𝜏 and 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, estimated from AHI L1 457 

radiance data sub-sampled at 0.02° nearest to AERONET sites. Figure 5 depicts the 458 

comparisons at Baeksa and Taehwa in Korea, which were typical examples, although their 459 

characteristics occasionally differed among AERONET sites. Overall, the estimated 𝜏𝜏 and 460 

𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 from Himawar-8/AHI successfully represented the time variation of 𝜏𝜏 observed from 461 

AERONET. For example Fig. 5(b) depicts that both values of 𝜏𝜏 gradually decreased from 462 

the beginning to the middle of May, and then increased toward the end of May. Further, they 463 

depicted a decreasing and increasing trend at the beginning of June. Some overestimated 464 

𝜏𝜏 values were present at L2, which was most likely due to residual cloud contamination, 465 

and improved in 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 
through a strict cloud screening process. Figure 6 depicts the 466 

probability density distribution of L2 𝜏𝜏 and L3 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝from AHI and AERONET at all 19 467 

spatially uniform sites. The correlation coefficients for L2 𝜏𝜏 and L3 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 were 0.561 and 468 

0.590, respectively; their root-mean-square differences were 0.174 and 0.095, respectively; 469 

their mean biases were 0.094 and 0.013, respectively; and their slopes (y-intercepts) of the 470 

fitted lines were 0.991 (0.095) and 0.802 (0.045), respectively. Two types of cases were 471 

observed in Fig. 6 (a): L2 𝜏𝜏 values from our estimation were consistent with AERONET 𝜏𝜏 472 

products, and the values were overestimated. In general, the L3 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 values were more 473 

consistent with AERONET 𝜏𝜏 products, in comparison to the L2 𝜏𝜏 values due to strict cloud 474 

screening. However, there is still many points that were overestimated in L3 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, and 475 
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should be investigated in the future study. In general, these comparisons confirmed that the 476 

estimated 𝜏𝜏 was consistent with the 𝜏𝜏 that was retrieved from AERONET at the pixels 477 

without cloud contamination. The cloud-contaminated pixels were eliminated in the L3 478 

process. 479 

 480 

3.3 Comparison of estimated 𝜏𝜏 from Himawari-8/AHI and Aqua/MODIS 481 

We aimed to utilize multiple sensors including polar orbit and geostationary satellites to 482 

retrieve consistent aerosol properties globally by developing a common aerosol retrieval 483 

algorithm among the sensors. As the initial step of this process, we applied our algorithm to 484 

Aqua/MODIS and compared the results to those from AHI to investigate the consistency of 485 

𝜏𝜏 among the two sensors. Note that the MODIS 𝜏𝜏 used in section 3.2 was obtained from 486 

NASA. In this section, however, we retrieved MODIS 𝜏𝜏 using the algorithm described in 487 

section 2.1. In this study, we compared 𝜏𝜏 over ocean because we primarily focused on 488 

aerosol distribution over ocean. We used the MODIS Level-1B radiance data sub-sampled 489 

at the same location as the AHI 0.05° data in 2016, and selected the AHI data within 5 min 490 

of the MODIS observation. We used all MODIS channels from visible to near-infrared 491 

wavelengths [1 (0.620–0.670 µm), 2 (0.841–0.876 µm), 3 (0.459–0.479 µm), 4 (0.545–492 

0.565 µm), 5 (1.230–1.250 µm), 6 (1.628–1.652 µm), 7 (2.105–2.155 µm), 8 (0.405–0.420 493 

µm), and 9 (0.438–0.448 µm)] over land, and channels 2, 5, 6, and 7 over ocean. The L3 494 

algorithm in section 2.2 was not applied to MODIS data because we only used the L2 495 
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Himawari-8/AHI pixels, which were identified as clear sky by the L3 cloud screening 496 

process. Figure 7 shows the estimated L2 𝜏𝜏  from MODIS and AHI observed 497 

simultaneously on May 19, 2016, using the same method described in section 2.1. 498 

Although the retrieval result was rather sparse because it was covered by cloud or was 499 

beyond the scope of MODIS observation, a similar spatial distribution of 𝜏𝜏  was 500 

successfully retrieved over Asia and Oceania from MODIS and AHI. Figure 8 shows the 501 

probability density distribution of 𝜏𝜏  estimated from Aqua/MODIS (vertical axis) and 502 

Himawari-8/AHI (horizontal axis) for the match up pixels from April to June in 2016. Only 503 

the pixels where 𝜏𝜏 was estimated to be valid both from MODIS and AHI were considered. 504 

The total number of valid data was 16,798,761. The value of 𝜏𝜏 estimated from AHI was 505 

generally consistent with that from MODIS. However, 𝜏𝜏 estimated from AHI showed a 506 

slightly larger value than that from MODIS. Given that these two sensors observed the 507 

same aerosol from different viewing angles, we further investigated the difference in 𝜏𝜏 508 

caused by variation of viewing geometry. Figure 9(a) shows the mean scattering angle 509 

dependency of the 𝜏𝜏 ratio estimated from AHI to MODIS over the period of 3 months and 510 

AHI full disk. We only used the data whose cone angle was larger than 40° to avoid the sun 511 

glint pixel, where 𝜏𝜏 was estimated but the error was large because of the large uncertainty 512 

of the estimated sea surface reflectance. Few data were obtained at the MODIS scattering 513 

angles of 155–180° and the AHI scattering angles of 100°–120°, where the cone angle was 514 

larger than 40° for either MODIS or AHI. The dotted line depicts the points where the 515 
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scattering angle of AHI exactly matched that of MODIS. On this line, the ratio should ideally 516 

be equal to 1 because AHI and MODIS observe the same aerosol from the same scattering 517 

angle. However, we found that the ratio was generally larger than 1 on the dotted line in Fig. 518 

9(a). This finding was consistent with the tendency of 𝜏𝜏 from AHI a slightly larger value 519 

than MODIS in Fig. 8. The ratio was less than 1.0 (i.e., 𝜏𝜏 from AHI was smaller than that 520 

from MODIS) at the AHI scattering angle of 150–180° and MODIS scattering angle of 80–521 

120°. However, the ratio was larger than 1.0; that is, the 𝜏𝜏 from MODIS was smaller than 522 

that from AHI) at the area where the MODIS scattering angle was larger than the AHI 523 

scattering angle, at a MODIS scattering angle over 120°. This finding suggests the 524 

tendency of 𝜏𝜏 to be underestimated at the backscattering direction (or overestimated in 525 

other directions), regardless of sensor. To clarify this proposal, we depict the cross section 526 

of the 𝜏𝜏 ratio estimated from AHI to MODIS at the MODIS scattering angle of 100° and the 527 

ratio from MODIS to AHI at the AHI scattering angle of 100° in Figs. 9(b) and 9(c), 528 

respectively. The 𝜏𝜏 ratio from AHI is relatively low at AHI scattering angles over 140° in Fig. 529 

9(b), and the 𝜏𝜏 ratio from MODIS is relatively low at MODIS scattering angles over 130° in 530 

Fig. 9(c). These observations support our suggestion that 𝜏𝜏 tends to be underestimated at 531 

the backscattering direction (or overestimated in other directions), regardless of the sensor. 532 

In single-scattering approximation, the path reflectance was proportional to 𝜏𝜏, the aerosol 533 

scattering phase function 𝑃𝑃𝑠𝑠𝑎𝑎(𝜃𝜃0,𝜃𝜃,𝜑𝜑), and 𝜔𝜔: 534 

𝜌𝜌𝑠𝑠𝑎𝑎(𝜃𝜃0,𝜃𝜃,𝜑𝜑) = 𝜌𝜌𝑠𝑠𝑠𝑠(𝜃𝜃0,𝜃𝜃,𝜑𝜑) + 𝜔𝜔𝜏𝜏𝑃𝑃𝑠𝑠𝑎𝑎(𝜃𝜃0,𝜃𝜃,𝜑𝜑)/4𝜇𝜇𝜇𝜇0,       (20) 535 
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where 𝜌𝜌𝑠𝑠𝑠𝑠(𝜃𝜃0,𝜃𝜃,𝜑𝜑) is the path reflectance caused by molecular scattering at a given 𝜃𝜃0, 𝜃𝜃 536 

and 𝜑𝜑. 𝜇𝜇 and 𝜇𝜇0 are cosines of 𝜃𝜃 and 𝜃𝜃0. Given that the second term of eq. (1) was small 537 

over ocean, except sun glitter, and 𝜌𝜌𝑠𝑠𝑠𝑠(𝜃𝜃0,𝜃𝜃,𝜑𝜑) in eq. (20) can be calculated almost 538 

precisely, the underestimated 𝜏𝜏 at the backscattering direction is likely to be induced by the 539 

overestimation of 𝑃𝑃𝑠𝑠𝑎𝑎 at the backscattering direction over ocean. One possible reason for 540 

the overestimation of 𝑃𝑃𝑠𝑠𝑎𝑎  is that the spherical model, which has a higher 𝑃𝑃𝑠𝑠𝑎𝑎  at the 541 

backscattering direction than the non-spherical model, tends to be selected over ocean; 542 

since we set 0 as a prior estimate of 𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑 over ocean, which means that the coarse aerosol 543 

model consists of spherical marine aerosol. The selected 𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑 is largely determined by 544 

prior estimates of 𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑, especially over ocean, where the observed reflectance is not as 545 

sensitive to mi (𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑). Although estimating realistic mi (𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑) values using AHI and MODIS 546 

only is difficult, the coupled use of these sensors can guide efforts to select the shape of 547 

aerosols (spherical or non-spherical) in future studies. Another possible reason is the 548 

inappropriate assumption of aerosol size distribution because 𝑃𝑃𝑠𝑠𝑎𝑎  depends on size 549 

distribution. Considering that many assumptions exist in aerosol models (including size 550 

distribution), future studies should investigate the main source of underestimation in the 551 

backscattering direction. The validation of α  and 𝜔𝜔 in future studies should contribute to 552 

the investigation of the cause of the underestimation, and as well as improvement of the 553 

retrieval. 554 

 The current study demonstrated the capability of the developed common retrieval 555 
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algorithm to retrieve aerosol properties from both geostationary and polar-orbiting sensors. 556 

Furthermore, by comparing the applied results from different sensors with varying 557 

observation geometries, the weakness of the algorithm (e.g., sphericity or size distiribution 558 

of aerosol model) was identified for the future improvement of algorithm settings. 559 

 560 

4. Summary 561 

We developed a common retrieval algorithm to estimate 𝜏𝜏, 𝜔𝜔, and α for various satellite 562 

sensors over both land and ocean, based on the method developed by Higurashi and 563 

Nakajima (1999) and Fukuda et al. (2013). We derived three aerosol parameters (𝜏𝜏, 𝜂𝜂𝑓𝑓, and 564 

mi), which minimized the object function J (Eq. 6) using the observed and simulated TOA 565 

reflectances. To apply the algorithm to various satellite sensors (with different wavelengths) 566 

and over both land and ocean (with different surface reflectance spectra), we introduced an 567 

uncertainty in the TOA reflectance resulting from the uncertainty of surface reflectance at 568 

each channel to the object function. The optimum channels for aerosol retrieval were 569 

automatically selected using the object function. We also used the same candidate aerosol 570 

models over land and ocean. Furthermore, we applied the same algorithm and candidate 571 

aerosol models to various satellite sensors without recalculation by pre-calculating the 572 

parameters for every 1 nm from 300 to 2500 nm and weighting them using the response 573 

function for each sensor. 574 

 We applied the method to the Himawari-8/AHI and retrieved 𝜏𝜏, 𝜔𝜔, and α every 10 min 575 
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( “L2” scheme). For evaluation, we also applied the hourly-combined algorithm developed 576 

in a previous study to minimize cloud contamination (“L3” scheme) using six snapshot 577 

retrievals of L2. The high 𝜏𝜏 corresponded to aerosol events that originated from wildfires 578 

and yellow sand. We could estimate the approximate continuous 𝜏𝜏 over land and ocean. 579 

We also confirmed that L3 successfully minimized cloud contamination and compensated 580 

for the missing observation to the maximum extent. 581 

 To evaluate our results, we compared our estimations of 𝜏𝜏 with products from MODIS and 582 

AERONET ground observations. The comparisons showed that the values of L2 𝜏𝜏 and L3 583 

𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 from our estimation were consistent with the MODIS 𝜏𝜏 products. We also found that 584 

the estimated L2 𝜏𝜏 and L3 𝜏𝜏 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 from Himawar-8/AHI successfully represented the time 585 

variation of 𝜏𝜏 observed from AERONET. 586 

 As our first step, since our ultimate aim was to integrate multiple imaging sensors to 587 

retrieve consistent aerosol properties globally, we applied our algorithm to Aqua/MODIS 588 

and then compared the results to those from Himawari-8/AHI over ocean. These two 589 

sensors can observe the same aerosol from different viewing angles. Therefore, we 590 

investigated the difference in 𝜏𝜏 caused by the variation in the scattering angle. We found 591 

the possible underestimation in 𝜏𝜏 at the backscattering direction. This result suggests that 592 

the phase function of aerosol was overestimated at the backscattering direction over ocean. 593 

The multiple uses of the sensors on board different satellites provide the observation of the 594 

same aerosol from different viewing geometries. The comparison study demonstrated the 595 
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possibilities of identifying a weakness in the algorithm, including assumptions in the aerosol 596 

model, by applying a common algorithm that was developed in this study. The information 597 

will be useful in the future improvement of the algorithm. Furthermore, the combined 598 

analysis of geostationary and polar-orbiting satellites enables the verification and 599 

adjustment to more appropriate models over a wide region in different local times. 600 

 We should also assess the impact of the assumed altitude distribution of the absorbing 601 

aerosol to the retrieval values by using lidar observations. As more satellite data are 602 

collected, surface reflectance could be estimated more precisely. Finally, we plan to apply 603 

our algorithm to various imaging sensors including polar-orbiting and geostationary 604 

satellites after the launch of GCOM-C/SGLI, GOSAT-2/CAI-2, and EarthCARE/MSI to 605 

provide a consistent set of 𝜏𝜏, 𝜔𝜔, and α. 606 

 607 

Supplement 608 

Supplement 1 shows α between 440 and 870 nm on May 19, 2016 at the AERONET 609 

observation at Hokkaido University (43.08° N, 141.34° E). Supplement 2 shows the 610 

estimated 𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑 on the full disk at 0200 UTC on May 19, 2016, where prior estimates of 611 

𝜂𝜂𝑐𝑐𝑑𝑑𝑠𝑠𝑑𝑑 were 0.5 and 0 over land and ocean, respectively.  612 
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