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Abstract

:

The retrieval of the aerosol optical thickness (AOT) from remotely-sensed data relies on the adopted aerosol model. However, the method of this technique has been rather limited because of the high variability of the surface albedo, in addition to the spatial variability in the aerosol properties over the land surfaces. To overcome unsolved problems, we proposed a method for the visibility-derived AOT estimation from SKYNET-based measurement and daytime satellite images with a custom aerosol model over the Chiba area (35.62° N, 140.10° E), which is located in the greater Tokyo metropolitan area in Japan. Different from conventionally-used aerosol models for the boundary layer, we created a custom aerosol model by using sky-radiometer observation data of aerosol volume size distribution and refractive indices, coupled with spectral response functions (SPFs) of satellite visible bands to alleviate the wide range of path-scattered radiance. We utilized the radiative transfer code 6S to implement the radiative transfer calculation based on the created custom aerosol model. The concurrent data from ground-based measurement are used in the radiative analysis, namely the temporal variation of AOT from SKYNET. The radiative estimation conducted under clear-sky conditions with minimum aerosol loading is used for the determination of the surface albedo, so that the 6S simulation yields a well-defined relation between total radiance and surface albedo. We made look-up tables (LUTs) pixel-by-pixel over the Chiba area for the custom aerosol model to retrieve the satellite AOT distribution based on the surface albedo. Therefore, such a reference of surface albedo generated from clear-sky conditions, in turn, can be employed to retrieve the spatial distribution of AOT on both clear and relatively turbid days. The value for the AOTs retrieved using the custom aerosol model is found to be stable than conventionally-used typical aerosol models, indicating that our method yields substantially better performance.
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1. Introduction


Atmospheric aerosol has a pivotal role in both air pollution and radiation budget studies [1,2,3]. Since aerosol optical thickness (AOT) plays an important role in describing the exchange of radiation between ground and atmosphere, the precise monitoring of its spatiotemporal changes is indispensable for a better understanding of the influence of both natural and anthropogenic activities [4,5,6]. Moreover, the distribution of aerosol properties and their variability is essential to understand their lifetime and behavior (including its emission, transport, and deposition) in the atmosphere, and thereby reveal their influence on the climate system.



Although AOT retrievals have widely been estimated from the radiative transfer RT code-based physical models and in-scene-based corrections [7], there still exist several inherent limitations. One of the greatest challenges of this latter method is the measurement of AOT that can vary both spatially and temporally even under clear-sky conditions. The accuracy of atmospheric correction can be adversely affected by the errors of AOT distribution. To eliminate atmospheric effects, previous studies mainly applied the RT code-based models (RTMs) [8], such as the Second Simulation of a Satellite Signal in the Solar Spectrum (6S) and MODerate resolution atmospheric TRANsmission (MODTRAN) [9]. The RT code-based method, on the other hand, suffers from the lack of a priori, physical information to perform atmospheric corrections, especially when applied to low spectral resolution, multispectral sensors [10]. In urban areas with a complex underlying surface, such as the Chiba area, a low spatial resolution AOT is unable to meet the environmental monitoring needs. Although high spatial resolution satellite images can be useful for obtaining AOT distribution in wide regions, the lack of accurate knowledge on the optical characteristics of surface reflectance often leads to uncertainties in the retrieval of AOTs [11]. Furthermore, physical parameters generated by the specific aerosol model must be recomputed every time the aerosol model is changed, creating the best suitable aerosol model is relatively rare.



Fortunately, during the past two decades ground-based remote sensing networks, namely Sky-radiometer Network (SKYNET), have been rapidly expanded throughout the world [12,13,14,15,16]. The strength of these networks is the ease of acquiring information from the ground through the standardization of measurements and data processing, which allows multi-year studies. Since AOT is an indicator of air pollution, this advantage is particularly important in East Asia, because in most countries, including Japan, air pollution has increased in recent years, whereas the trend analysis using aerosol optical properties from ground-based remote sensing networks could use much longer data [17,18,19,20,21]. Ground-based measurements are especially well suited for detailed long-term monitoring of the AOTs at a particular location [22,23,24]. The variability characterized by such measurements is strongly site-specific and the spatial coverage offered by ground-based networks is not necessarily sufficient to evaluate the variability at a scale that is significant for the climate. In this regard, satellite-based measurements have the advantage of broad and continuous observation, with the ability to collect large-range aerosol information and obtain their yearly spatiotemporal distributions [25]. Therefore, it is useful to fully grasp the large-scale-coverage distribution of aerosol particles and even retrieve the movement of aerosol optical properties from both ground stations and satellite images [26,27,28].



In this study, we retrieved AOT from SKYNET with a custom aerosol model and gave some spatiotemporal analyses of aerosols in Chiba, Japan. Instead of the conventional aerosol models (rural, urban, and maritime), we created a custom aerosol model by using SKYNET-based observation data combing with spectral response functions (SPFs) of satellite visible bands. We utilized the radiative transfer code 6S with the created custom aerosol model for generating surface albedo from a clear test image of Himawari-8. A specific place has the same surface optical properties at the same observation time so that the clear-day image observed in a season is utilized to optimize the reflectance distribution. The radiative transfer code is operated under plausible atmospheric conditions, and the clear test image is prepared by applying the AOT distribution based on the radiation transfer calculation. We made LUTs over the Chiba area to retrieve AOTs based on the reference surface albedo. Section 2 describes the study area and the datasets we used. Section 3 provides the method to derive the AOT spatiotemporal variability and aerosol retrieval process. Section 4 shows qualitative and quantitative results. Section 5 and Section 6 presents the discussion and conclusions, respectively.




2. Research Area and Datasets


2.1. Research Area


The measurements were conducted under clear-sky conditions at the Center for Environmental Remote Sensing (CEReS 35.62° N, 140.10° E), Chiba University. The Chiba campus is located about 30 km south of central Tokyo, along the east coast of Tokyo Bay, as illustrated in Figure 1. Long-term ground-based measurement of aerosol optical properties and monthly sampling of aerosol particles have been conducted at CEReS. This observation site is located on the east side of Tokyo Bay, surrounded by urban or industrial districts. East and southward, however, there are extended regions of farmland or forest. Since the observation site (CEReS) is located around 3 km from the seashore along the eastern side of Tokyo Bay, the atmospheric aerosols are influenced by both maritime and urban particles during seasonal change [29]. This situation makes observation site ideal for covering the influence of both urban aerosols (predominantly from the northside and east side of the site) and maritime aerosols (predominantly from the southside and westside of the site).




2.2. SKYNET-Based Observation


The data reported in this study are based on continuous observations using SKYNET data. SKYNET is a ground-based network of sky-radiometer that is used to retrieve direct solar irradiance and radiance, providing long-term and continuous datasets of spectral AOTs with low uncertainty (less than 0.02) in a global range [30,31]. It can carry out spectral measurements of spectral direct and diffuse intensities at predefined scattering angles and wavelengths. Figure 2 shows the sky-radiometer sites as recognized by the International SKYNET Committee (ISC). Users established regional sub-network groups in China, Europe, India, Japan, South Korea, Mongolia, and Southeast Asia for data analysis and formed the ISC to discuss international collaboration issues [13]. The SKYNET obtained solar direct radiance at seven standard wavelengths for 340, 380, 400, 500, 675, 870, and 1020 nm, which was processed by sky-radiometer (Model: POM-02) [32,33,34]. The con-current data from ground-based measurements are used in the analysis, namely the temporal variation of AOT from a sky-radiometer located at the rooftop of CEReS, Chiba University. In this study, the custom aerosol model is optimized with the help of sky-radiometer coupled with the satellite data. We mainly used AOT values and refractive index data with various standard wavelengths derived from sky-radiometer. The values of the AOT and Ångström exponent are determined for cloudless sky conditions during 15 h between 5:00 Japan Standard Time (JST) to 19:00 JST. (SKYNET data site: http://atmos3.cr.chiba-u.jp/skynet/data.html, accessed on 16 June 2021). As the advanced Himawari imager (AHI) sensor retrieved AOTs is at 550 nm, for unified comparison, SKYNET-based observations at 500 nm and 675 nm were used to estimate the AOT value at 550 nm based on the Ångström index equation [35].




2.3. Himawari-8 AHI


We used Himawari-8 image data to test the performance of the custom aerosol model. We described the analysis of spatiotemporal AOTs from multi-temporal images of the Himawari-8 geostationary meteorological satellite, which enabled us to better investigate the variability over a wide area. Himawari-8 is one of Japan’s new geostationary satellites that has been operated by the Japan Meteorological Agency (JMA) since July 2015 [36]. The Advanced Himawari Imager (AHI) sensor onboard Himawari-8 is superior to conventional imagers, as it has more visible and near-infrared wavelength bands, thereby enabling higher-dimensional terrestrial environment monitoring [37]. As a geostationary satellite, Himawari-8 records the surface and atmosphere of the earth at approximation 35,800 km high above the equator at around 140° E [38]. It also has a low spatial resolution of 500–2000 m but is capable of monitoring aerosol variations at the high temporal resolution of 2.5 min for the Japan area [39]. As compared with the observation from the low-Earth orbit such as MODIS, the advantage of Himawari-8 is the availability of much more frequent data, 10 min for the full disk [40]. The spectral response function (SRF) for the AHI sensor onboard this satellite, was used for the radiative transfer simulations.



In this study, we focused mainly on the daytime images of three visible bands centered at 0.47, 0.51, and 0.64     μ m    and applied the procedure of atmospheric correction on these bands to extract the information pertinent to the direct scattering of solar radiation from the land surface. Himawari-8 image data provided by CEReS was used. The CEReS data are generated by applying further geometric corrections to JMA data aiming at potential application to land surface observations, which require high geolocation accuracy [41,42,43]. Table 1 provides the relevant details on the used clear-sky test images from AHI observations.




2.4. Landsat-8 OLI


As auxiliary data, Landsat-8 Operational Land Imager (OLI) imagery was chosen for accuracy validation against the AOTs retrieved from the Himawari-8 AHI in this study. OLI is one of the sensors with multi-spectral bands onboard the Landsat-8 satellite, which was collected at a spatial resolution of 30 m with a reported circular positional error of 12 m [44]. In this study, cloudless OLI images of Landsat-8 visible bands from January to December in 2018, 2019, and 2020 were selected from the US Geological Survey (USGS: https://earthexplorer.usgs.gov/, accessed on 16 June 2021). The Himawari-8 satellite overpasses at 02:40 UTC, and the Landsat-8 satellite overpasses at 02:36 UTC. Assuming the local AOTs does not change significantly in a short period, the Landsat-8 OLI aerosol properties are used to validate the Himawari-8 AHI retrieved AOTs.





3. Materials and Methods


3.1. Custom Aerosol Model


The accuracy of AOTs retrieval depends on using the appropriate aerosol model. Moreover, the selection of the aerosol model directly affects the results of reference reflectance estimation. Since the location of Chiba city is along the Tokyo Bay, in the south part of the greater Tokyo metropolitan area, the aerosol property there is a mixture of urban and maritime aerosols [45]. Generally, northwest winds in the winter season cause the dominance of urban aerosols, whereas southwest winds in the summer season are that of sea salt particles. It is unacceptable to fix aerosol models from the empirical information for each observation case.



In this study, we employed the custom aerosol model for optimizing the matching result, which is defined by its size distribution functions (SDs), having its own complex refractive index dependent on wavelength and its own mono-modal lognormal size distribution. Major inputs optimized for the custom aerosol model are (i) spectral response functions (SPFs) of satellite visible bands, (ii) the real (mr) and imaginary (mi) part of the complex refractive index, (iii) aerosol volume size distribution, (iv) A list of radius from sky-radiometer (   μ m   ), and (v) A list of     d V   d log  ( r )       measurements from sky-radiometer for the radiuses as former (cm3/cm2/   μ m   ). In the custom aerosol model, the aerosol shape is assumed to be spherical, and the size distribution can be described by the lognormal model. Each component has a complex refractive index (real and imaginary parts may be wavelength dependent, but must be controlled by two parameters) and size distribution parameters (mode radius and width of the distribution). Although the actual aerosol mixture is usually more complex, the custom aerosol model forms a “quasi-complete” basis for aerosol parameterization, in that optical parameters of most aerosols, can be reasonably reproduced by linear combinations of the basis, even if the real situation of particle mixing is more complex.




3.2. Radiative Transfer Handled by 6S


Atmospheric aerosol remote sensing retrieval is conducted using the interrelationship between the observed atmospheric top radiance and surface reflectance. The estimation of the surface reflectance is one of the essential challenges in retrieving land aerosols from imagers. From the viewpoint of atmospheric studies, the precise knowledge of the surface albedo leads to the possibility of deriving the AOT distribution. The AOTs retrieval method developed in this study is based on a constructed look-up tables (LUTs) that calculated for plausible values of both AOTs and the surface reflectance for each of the AHI bands. For constructing LUTs, the surface reflectance at each wavelength is assumed to change between 0.05 (water body) and 0.6 (urban area), depending on the pixel location. In this study, the 6S radiative transfer model (Second Simulation of the Satellite Signal in the Solar Spectrum), which is based on the estimation of aerosol models for the boundary layer and the atmosphere radiation transmission process during the Sun–Ground–Sensor, was selected [46]. It is used with a spectral resolution of 2.5 nm, which can greatly improve the calculation accuracy of scattered aerosols and molecules, and radiation absorption characteristics [47]. The advantage of using the 6S model is its ability to estimate direct and diffuse components using a limited number of inputs for any spectral band within the entire solar domain [48].



Figure 3 illustrates radiance components required in the process of radiative transmission schematically. Among the four components, three components (direct reflection    L  g d    , indirect reflection    L  g i    , and path-radiance involving the surface scattering     L  p m    ) are dependent on the surface albedo values, while the    L 0    stands for the path radiance that is dependent only on the atmospheric conditions.



The major output from the 6S calculation is the total radiance, which can be expressed as:


   L  t o t a l    (  ρ ,  ρ ¯  ,  τ  550    )  =  L  g d    (   τ  550    )  × ρ +  L  g i    (   τ  550    )  × ρ ×  ρ ¯  +  L  p m    (   τ  550    )  ×  ρ ¯  +  L 0   (   τ  550    )   



(1)







Then,


   L  t o t a l    (  ρ ,  τ  550    )  =  L  o b s    (  D N  )   



(2)




where    L  g d      and    L  g i      represent the radiance reflected from the surface pixel directly and indirectly, respectively;    L  p m      refers to the path radiance due to multiple scattering;    L  p s     is the path radiance due to single scattering;    L 0     is the path radiance from the single and multiple scattering in the atmosphere;  ρ  and   ρ ¯   are the reflectance of the target pixel and the average reflectance around it. The values of     L  g d    ,    L  g i    ,    L  p m      and    L 0     can be estimated from the 6S simulation. For each band, pixel-by-pixel values of the observed radiance    L  o b s     can be calculated from the digital number (DN) values. In the present analysis, we omitted the consideration of the adjacency effect (  ρ    =   ρ ¯  ). The components    L  p s      and    L  p m      do not depend on the ground reflectivity, and are determined solely by the atmospheric scattering. Thus, we have    L 0     =    L  p s      +     L  p m    . In the calculation of    L  t o t a l      using Equation (2), the reflectance dependence of each radiance component is determined by atmospheric conditions, the optical thickness at 550 nm,    τ  550    , and the aerosol model specified for the 6S calculation. The aerosol model determines the wavelength dependence of the aerosol extinction.



Figure 4 shows the various period results of the radiance components estimated from the 6S simulation, where surface reflectance is unity and ground reflected radiance is the dominant component of total radiance. The parameters required for the 6S radiative transfer code mainly include geometric parameters for the sun and satellite sensor, atmospheric model, aerosol type, solar angles, and aerosol optical thickness at 550 nm (Table 2). Both the sun zenith and sun azimuth are determined according to the selected Himawari-8 AHI data, and the specific values are shown in Table 1. The AOTs at 550 nm is widely used to describe the aerosol loading based on physical estimation [49]. As for the atmospheric model needed for the evaluation of Rayleigh scattering, we used the mid-latitude summer model between July and October, and the mid-latitude winter model during the other season. Auxiliary input parameters are the time and day of the year as well as the observation geometry, namely, the altitude of the observer, and latitude/longitude of the surface area. The AOT values for each wavelength provided from the sky-radiometer data at the time of satellite observation.



The Himawari-8 AHI acquisition date determines the atmospheric model, the Mid-Latitude Summer model covers July to October, and the Mid-Latitude Winter model during other seasons. The built-in aerosol models in the 6S radiative transfer model include custom, rural, maritime, and urban aerosol models. The AOTs were set to 0~1.0 for the 6S simulation, and the interval was 0.1. The first value was set to 0.1, because the 6S radiative transfer model calls an error when the AOT is 0, so it was modified to approximately 0. Under the cloudless sky, the AOT is generally below 1.0, and when the aerosol loading is small, satellite observations are mainly derived from surface reflectance. Therefore, it is crucial to determine the surface reflectance accurately to obtain high-quality aerosol properties from satellite observations.



Observed radiance can be further classified into the following three categories. (1)     L  a t m    : components scattered only in the atmosphere (   L  p s    ,    L  p m    ), (2)     L  e n v    : component reflected around the target (   L  p m    ’), and (3)     L  t a r    : component reflected around the target area (     L  g d    ,    L  g i    ,    L  g i    ’), respectively.


   L  a t m   =  1 π      ∫     S  ( λ )   E λ   μ s   T g λ   (   θ s  ,  θ v   )   ρ λ a  d λ     ∫     S  ( λ )  d λ    



(3)






   L  e n v   =  1 π      ∫     S  ( λ )   E λ   μ s   T g λ   (   θ s  ,  θ v   )     T λ   (   θ s   )   t d λ  (  θ v  ) ≺  ρ λ  ≻   1 − ≺  ρ λ  ≻  s λ    d λ     ∫     S  ( λ )  d λ    



(4)






   L  t a r   =  1 π      ∫     S  ( λ )   E λ   μ s   T g λ   (   θ s  ,  θ v   )     T λ   (   θ s   )   e  −  τ   μ v       ρ λ    1 − ≺  ρ λ  ≻  s λ    d λ     ∫     S  ( λ )  d λ    



(5)




where   S  ( λ )     indicates filter function,    E λ     is solar irradiance at the top of the atmosphere.    t d λ   ,    T λ     and    T g λ     represent diffuse transmittance, transmittance and transmittance of gas molecule absorption respectively.     s λ     denotes spherical albedo.    ρ λ     and    ρ λ a  d   demonstrate ground surface reflectance and atmospheric reflectance.  λ  is wavelength and  θ  is zenith angel. Atmospheric correction parameters are formulated as follow:


   ρ i *  =   π  L  o b s     E  μ s     



(6)






   ρ  a p  ′  =    ρ i *  −  ρ  a t m      T g   (   θ s  ,  θ v   )  T  (   θ s   )  T (  θ v  )    



(7)






   ρ  a p   =    ρ  a p  ′    1 +  ρ  a p  ′  s    



(8)




where    ρ i *     indicates input reflectance of 6S before correction.    ρ  a p      demonstrates apparent reflectance after correction.




3.3. Process of AOT Retrieval


We selected the clear-day image observed on a day with small aerosol loading for the determination of the pixel reflectance in the Chiba area. The present observations using the SKYNET have been carried out on cloud-free days. Thus, the observed aerosol quality does not necessarily represent the “typical” seasonal features of aerosol particles in the region, especially during the rainy season from June to July in Chiba. Nevertheless, the analysis of such a dataset is meaningful for obtaining basic reference of surface reflectance under clear-sky conditions, just as found in the cloud-free images from satellite observations. Here, we only selected the data with    τ  550     > 0.06, since very small aerosol loading leads to large uncertainties in the determination of these aerosol optical parameters. When the value of AOT is small (0.06 <    τ  550     < 0.1), the 6S simulation yields a well-defined relation between      L  t o t a l     and  ρ . Thus, a reasonable distribution of  ρ  (i.e., a surface albedo map) can be determined from the condition of    L  o b s      =     L  t o t a l    . To take the possible change of the  ρ  distribution into account we prepared such a clear image for each season. Then, we constructed a LUT to retrieve the AOTs for each pixel based on the pixel reflectance distribution. For each visible band, the pair of ( ρ ,  τ ) is calculated from DN pixel-by-pixel and stored in a LUT. The optical thickness  τ  can be specified by the AOT at 550 nm (   τ  550    ), since the aerosol model dictates the dependence on the wavelength. This simulation is conducted by the 6S code, the range of  τ  being varied from 0 to 1 with a step of 0.1. In the application of the LUT, interpolation with a resolution of 0.01 is undertaken for  τ . The value of AOTs can be obtained from the sky-radiometer data, together with the custom aerosol model (i.e., the wavelength dependence of AOT) for each test image. The application of a similar procedure to Landsat-8 imagery will be useful for investigating how the pixel size affects the accuracy of the atmospheric correction. Furthermore, the availability of Himawari-8 images every 10 min enables the study of bi-directional reflectance distribution function (BRDF) for the urban environment.





4. Results


4.1. Look Up Tables


Figure 5 represents the results with custom aerosol size distribution models, and the comparison among  ρ ,    ρ  a p    , and    τ  550     obtained from the 6S simulation. The geometry is for the image of the Chiba area observed on 6 January 2020, when the aerosol loading was relatively small (   τ  s p     = 0.1 at 550 nm). The upper panels show the relationship between the apparent reflectance (   ρ  a p    ) and the surface reflectance ( ρ ) for various values of AOTs at 550 nm (   τ  550    ). The lower panels, on the other hand, show the relation between the surface reflectance and AOT at 550 nm for various values of apparent reflectance. In general,    ρ  a p    - ρ  relationship changes with the wavelength. Here the result is shown only for Himawari-8 band 1. The sky-radiometer data observed at CEReS is used to constraint the aerosol model through the wavelength dependence of AOTs, and this study assumes a custom aerosol model can be applied to the whole Kanto area based on surface albedo under clear-sky conditions.



An important aspect found in Figure 5 is that the difference among aerosol models appears in the region of large optical thickness. When  τ  is small, on the contrary, it is possible to retrieve the value of target albedo  ρ  that is more or less independent of the aerosol model. For the clear-sky condition (no cloud), the main contribution to the AOTs comes from the lower troposphere, especially from the boundary layer. The result is that custom aerosol models depend less on the aerosol model when  τ  is low, which indicates our method maintained low uncertainty in most cases. Under such a condition, the assumption that a value of the AOT measured by a sky-radiometer at a certain location within a satellite image represents the area is considered to be reasonable. This assumption is used here to derive the distribution of the surface albedo  ρ . Hereafter, this albedo distribution will be referred to as the “ ρ  map”. In this manner, the process of atmospheric correction is accomplished. As also inferred from Figure 5, the accuracy of  τ  can be estimated from the accuracy of  ρ . As demonstrate from LUTs, more or less similar values of the surface albedo  ρ  can be obtained regardless of the type of aerosol model assumed in the atmospheric correction process.




4.2. Reference of Surface Albedo


In general, the surface albedo is a key parameter for satellite AOT retrievals. It is used to differentiate between signals from aerosols and the land surface. Kaufman et al. [50] found that an error of 0.01 of the surface albedo will lead to an AOT error of ~0.1. In this study, the surface reflectance was calculated using the minimum albedo over each season and the 6S radiative transfer code. The cloud shadows and terrain can lead to incorrect values of the minimum reflectance and can ultimately impact the retrieved AOT accuracy, so we chose clear-sky condition data for the test. For each pixel, we assumed the surface albedo value given in the  ρ  map obtained from the clear-day image: thus, the AOT for that pixel can be determined from the pixel DN value using the LUT for custom aerosol model. The radiance    L  o b s     observed by a satellite sensor is given as a digital number (DN), e.g., a value between 0 and 255 in the case of an 8-bit sensor. This study defined    L  o b s     as a function of the DN, which, in turn, is related to the target albedo  ρ  and the optical thickness  τ :


   L  o b s   = f  (  D N  )  ,   D N = g  (  ρ , τ  )   



(9)




where the function  f  is determined from the sensor calibration, and the function g is given once the geometry of the satellite observation and the aerosol model is specified. Since the albedo of the surface is the key parameter in the AOTs retrieval, its accuracy directly affects the accuracy of the AOT distribution. We used the measurement of surface albedo under the clear-sky conditions as the reference, the minimum average DN for each pixel from Himawari-8 band 1 images (during 2018 to 2020) are shown in Figure 6. Seasonal variations are clearly seen for DN-pixel estimation. The curves are calculated for between 20 to 120, which define the dominant DN range in the Himawari-8 band 1 images. The value below 50 illustrates sea area, on the other hand, 50 to 120 indicates land area. It can be seen that the surface albedo value in the sea area is about ±0.005 and the accuracy is ±10% in the ratio, and the surface albedo value in the land area is about ±0.01 and the accuracy is ±5% in the ratio. When the value of  τ  is small, a unique value of the surface albedo  ρ  can be determined regardless of the choice of the aerosol model.



The surface albedo “ ρ  map” is used to evaluate the AOT distribution from the satellite image observed on a relatively turbid day in the same season as the clear day. This  ρ  map is used as a reference to retrieve the AOT distribution in the same season. We used the clear-day image observed on a day with small aerosol loading for the determination of the pixel reflectance in the Kanto area (34.75–36.50° N, 139.5–141.0° E). The functional relationship shown in LUT is used to obtain the value of  τ  from the known values of    ρ  a p     and  ρ  in this case. The resulting distribution of the AOTs will be referred to as the “ τ  map”. In band 1, the dominant range of  ρ  is between 0.1 and 0.2, and these small values are mainly located in both the sea area in Tokyo Bay and inland. Pixels with high  ρ  values surround Tokyo Bay, including the artificial island (named Sea Firefly) on the east side of the bay. A region with high  ρ  is also found in the sea area, presumably indicating the presence of haze. In order to avoid such an effect of local weather conditions, it is desirable to employ a number of images obtained on different days to construct the  ρ  map.



A comparison of    ρ  c l e a r        images from the different aerosol models are shown in Figure 7. In the case of    ρ  c l e a r      < 0.06, high albedo values are observed in both rural and custom models. When    ρ  c l e a r      ≥ 0.06, low albedo values are observed in those three aerosol models. If no irregularities in the data are responsible for these low albedo values, the most plausible cause would be the local weather. The urban aerosol model is different from the other three models. This is ascribable to the larger absorption coefficient incorporated in the urban model than in other models. For example, when the relative humidity is less than 70%, the single scattering albedo is 0.64 at 550 nm for the urban model, whereas it is about 0.9 for the rural, maritime, and custom models.




4.3. Spatiotemporal Analysis and Characteristics of AOT Distribution


AOTs is defined as the integrated extinction coefficient of a suspended aerosol over the atmospheric vertical column; thus, AOTs can represent the concentration of aerosol particles and reflect the degree of air pollution indirectly [51]. Based on the obtained AOT retrievals, the spatiotemporal analysis of AOTs in the Chiba area was carried out in this study. The seasonal average AOTs in Chiba was calculated per pixel as shown in Figure 8 (the locations of CEReS are indicated by dots). In order to derive the distribution of AOTs, we chose images that are mostly free from the effect of clouds, but considerably affected by aerosols. For each pixel, the determination of    τ  550      is straightforward, since the LUTs calculated as mentioned above can be used to derive    τ  550      from each pixel using the corresponding DN (from the satellite data) and  ρ  (from the     ρ  c l e a r     image) values. The aerosol distribution map ( τ  map) is constructed from the image observed on January 6, 2020. The Himawari-8 satellite images covering the region of Chiba were selected from 2020 for AOT retrieval with the combination of the custom aerosol model. Based on the spring (March, April, and May); summer (June, July, and August); autumn (September, October, and November); winter (December, January, and February), panels (a) to (d) illustrate the AOT distributions retrieved over the Chiba area from Himawari-8 visible images (band 1), assuming aerosol model as custom and geometrical condition for around 10:30 JST.



For the AOTs of the Chiba area in the seasons, it showed relatively high distribution in the north and west, low spatial distribution in the south and east, especially in the spring and summer. The seasonal variation of the retrieved parameters indicates the major impacts of dust particles in spring, sea salt particles in summer, and anthropogenic fine particles in winter. The results indicated that our method could simultaneously invert the spatial distribution of aerosols in the dark-pixel and bright-surface areas, with satisfying continuity. The aerosol model employed for this study is the custom. Since the relationship among the parameters varies according to the model, the value of  τ  changes even if the same pair of the input parameter (   ρ  a p    ,    ρ  ) is used. The result of AOT distribution seasonal changes is shown in Figure 8, in which the value of  τ  is mapped in a range of 0 and 0.4. The optical thickness over most parts of the sea area in Tokyo Bay is found to be 0.2 or smaller.



The comparison of values of AOTs retrieved at 550 nm is shown in Figure 8 for pixels over both the Chiba city area and Tokyo Bay area. The AOT from Himawari-8 varies in the range 0.1~0.3 under relatively clear-sky conditions. The concurrent values from the sky-radiometer observation are < 0.2in January and <0.3 in July. To illustrate the performance on a hazy day, we used a retrieval result obtained over the Chiba area on 2 July 2020 as an example, which is shown in panel (c). The spatial trends of the Himawari-8 AHI, and sky-radiometer results exhibit good consistency. Low AOT values of less than 0.2 are found from December to January. In these winter months, relative humidity (RH) is relatively low in the daytime (on average, RH ¼ 34%) under stable, clear weather conditions. From February to April, AOT gradually increases, and values up to 0.2~0.3 last until September or October. High values of the Ångström exponent of 1.2 to 1.8 are observed during October and February from the sky-radiometer, while smaller values less than 1.0 are observed from March to May, and from July to August. The AOT values at both visible bands under hazy conditions are higher than those on a clean day. Asian dust and sea-salt particles (both are mostly coarse-mode particles) are aerosols that could give rise to such small values of Ångström exponent. Low values of Ångström exponent in spring months (March–May) are presumably ascribed to Asian dust particles [52]. In fact, a number of Asian-dust events in the spring period have been reported. For the summer months (July–August), sea-salt particles are considered influential to aerosol properties because of the westerly/southwesterly winds from the direction of Tokyo Bay. Regions with low AOTs appeared in the west of the south. Southern Chiba has sparse population densities, high degrees of urban greening, and relatively few factories. On the contrary, the relatively high value of ~0.2 appeared in the westmost region of Chiba (Tokyo), with the high concentrations of population and business activities. In the urban center area, the average AOTs was always relatively small, which may be because large factories such as power and chemical plants that can produce substantial amounts of pollutants are not located in the city center but on the edge of the city suburbs, and the observation time of the Himawari-8 AHI is 10:30 local time (JST). At this time, a considerable period passed since the peak period of work (around 09:00 JST). Under sunny and stable weather conditions, the pollutant gases mixtures with some particulate matters released by automobiles are influenced by heat force and vertical mixing as the temperature increases, resulting in aerosols that are easy to diffuse. Moreover, the areas with high AOTs in an urban city may be due to a large amount of solid dust produced by the local calcium carbonate plant during mining processes entering the atmosphere and combining with water molecules to form aerosol particles.



The wind direction is also one of the important factors for AOTs loading, especially in winter and summer. Major winds come from the northwest direction in winter and southwest direction in summer, transporting aerosols from Tokyo Bay. The AOT values of Tokyo Bay are lower than Chiba City, especially in winter. Northwest winds in winter generally cause the dominance of urban aerosols, and southwest winds in summer are that of sea salt particles. The seasonal variation of the retrieved AOTs indicates the major impacts of sea salt particles in summer, fine anthropogenic particles, and dust particles in winter. Furthermore, the seasonal trend is related to wind directions based on the whole year’s observation over the Chiba area. This study has examined the wavelength dependence of AOTs and found the applicability of a custom aerosol model for each season, especially the case of turbid days in summer. The choice of the image is relatively rare because of the rainy season, the number of cloudless satellite data is limited from mid-June to late-July. The seasonal variation of the retrieved parameters indicated the major impacts of dust particles in spring, sea salt particles in summer, and anthropogenic fine particles in winter.



Figure 9 shows the histograms of the  τ  distribution for Himawari-8 band 1. Aerosol models are rural, maritime, urban, and custom. The resolution of  τ  is 0.1 in the simulation. The average value of pixels in CEReS was 0.387 for the custom model, 0.365 for the maritime model, 0.354 for the rural model, and exceeded 1 for the urban model. The distribution turns out to be more compact for the urban model than for the other aerosol models (Figure 7 and Figure 9). We reconciled different passive remote sensing points of view and found that the AOT results observed under the urban model are larger than the values of the maritime model and rural model, which indicates that the urban model is not suitable for analyzing aerosol over the Chiba area. The result over the sea area is of course not free from the effect of the wind, since the albedo is dependent on the wind speed. The AOTs is somewhat larger along the seashore. The value of  τ  is under-estimated due to the presence of haze in the lower left part of Figure 9. On the artificial island, this study obtains  τ  > 0.2 because of the large  ρ . High  ρ  values are also found in the urban area (near the center in Figure 9) for all aerosol models. The distribution, however, is not necessarily correlated with the  ρ  map. In the vegetation areas inland, aerosol loading is relatively small, though the albedo values are similar to those in the sea region. It is possible that the aerosol model may change locally. During the winter season, the northwest wind prevails due to the pressure pattern (high in the west and low in the east), leading to the relative dominance of the inland (polluted) aerosols rather than the maritime aerosols.





5. Discussion


5.1. Accuracy Validation


To evaluate the performance of the custom aerosol model, the Himawari-8 AHI retrieved AOTs were validated against conventionally-used typical aerosol models in the Chiba area. For further comparison, the AOTs derived from Himawari-8 were also compared with the SKYNET observation data. The absolute errors created from the conventionally-used typical aerosol models, using the difference in albedo values from the custom aerosol model (right axis) and the relative error (left axis) for each digital number as indicated in Figure 10. Error and relative error are calculated by Equations (10) and (11):


    ρ  r u r a l   −  ρ  c u s t o m     ,    ρ  m a r i t i m e   −  ρ  c u s t o m     



(10)






      ρ  r u r a l   −  ρ  c u s t o m      ρ  r u r a l     × 100 %   ,      ρ  m a r i t i m e   −  ρ  c u s t o m      ρ  m a r i t i m e     × 100 %   



(11)







For this part of the study, the custom aerosol model was used to calculate the error for comparison purposes. Figure 10 also clearly illustrates that the AOTs error increases as the DN value increases. In inland areas (DN > 50), the error between rural and maritime aerosol models may exceed 0.01~0.03. When the relative values for the error of the AOTs is small (<0.005), the absolute values for the error of the derived AOTs is always below 0.1. There is almost no difference in the relative errors from the rural and maritime aerosol models, and it seems that there is no effect. On the contrary, the relative error has a significant impact on the AOTs’ accuracy when DN is less than 50 (sea area). In this case (DN < 50), both rural and maritime aerosol model can lead to relative errors >10% or >70% for derived AOTs. As can be seen from the functional relationship between the ground surface albedo and the optical thickness in LUTs, the dependence on the aerosol model is insignificant when  τ  is low. High uncertainties were found for the conventionally-used typical aerosol models as shown in Figure 10, in contrast, the custom aerosol model is characterized by a small single scattering albedo (strong absorption) and SPFs, which yielded an error with much less bias. The errors of AOT retrieved are found to be stable than conventionally-used typical aerosol models, indicating that our method has achieved good performance.



Custom aerosol model-based AOT retrievals are comparable to SKYNET observation data as the ground truth (Figure 11). There is a good agreement between the AOT distributions from the coupled analysis of yearly mean values estimated from sky-radiometer and retrievals of Himawari-8 (0.1~0.3). Figure 12 shows the temporal variation of AOTs observed with the sky-radiometer from 2018 to 2020. Especially when the sun altitude is low, the temporal change of the AOT values provided the satisfying matches to the sky-radiometer. The similar behavior to the sky-radiometer, suggesting that there is a qualitative agreement between AOTs generated from the custom aerosol model-based method. The difference from the urban model is more significant than that of the rural and maritime models, but it is about 0.01 to 0.02 corresponding to the sea area and land area (Figure 7). Thus, the overall agreement between the results of the ground-based measurements is satisfactory with the values estimated from Himawari-8 AHI, especially under custom, rural, and maritime aerosol models with AOT < 0.4 in the Chiba area. Those results proved the feasibility of retrieving AOTs based on SKYNET observations.



Aerosol particles change rapidly under the influence of meteorological conditions, especially wind speed, humidity, and air temperature [53]. Aerosol loading is very small in winter due to the formation of the nocturnal boundary layer. Thus, at the surface level, high-level air pollution is often reported in winter, including the influence of PM2.5 from anthropogenic emission sources. In spring, higher wind speeds often result in a more turbid atmosphere near the surface area. As shown in Figure 8, higher aerosol loading occurs in summer and autumn. The effect of the hygroscopic growth of aerosol particles is effective in summer because of the high RH. The opposite tendency prevails in spring and winter. Small values of the Ångström exponent (ranging from 0.5 to 1.0) are also observed from March to April, under the influence of Asian dust. In general, close relations can be found between the Ångström exponent and wind system. The relative importance of the transported particles changes in accordance with the wind speed and large values of the Ångström exponent is often associated with fine-mode particles from local, anthropogenic aerosol sources. Wind direction is also influential. The south wind from Tokyo Bay leads to the prevalence of large size, sea salt particles. Relatively small values of the Ångström exponent are observed when the strong wind from the southwest direction transports sea-salt particles. In the 6S radiative transfer simulation, such influence of thin cirrus must be removed to properly evaluate the influence of aerosol particles in the lower troposphere. The continuous estimation of AOTs near the surface is considered to be useful for studying sources and sinks of aerosol particles in relation to the monitoring of the local environment.




5.2. A Case Analysis of Landsat-8 OLI


In this study, the combination of the ground-based and satellite-based measurements for the Landsat-8 OLI was tested. The AOTs retrieved from the Landsat-8 OLI at a medium-high spatial resolution of 30 m can provide a more detailed aerosol spatial distribution. The retrieved AOTs using custom aerosol model had good consistencies, Figure 13 shows a tentative result of AOT distributions for the visible images from Landsat-8 OLI visible bands observed on 6 January 2020.



Although the availability of clear-sky images from Landsat-8 is limited because of its long revisit time (16 days) [54,55], the fine resolution of its imagery (30 m per pixel) will be useful for dealing with the mixel (mixed pixel) problem inevitable for Himawari-8 imagery. The AOTs from Landsat-8 band 2 (482 nm) varies in the range 0.1~0.2, which reasonably agrees with the result found for Himawari-8 band 1 (470 nm). To reduce the error caused by the differences in spatial resolution between the aerosol products and retrieved AOTs, the retrieved AOTs with a spatial resolution of 30 m were resampled to 3 km, and the validations were matched spatially and temporally. Overall, the AOTs retrieved from the Landsat-8 OLI data can validate characteristics of aerosol distributions and better analyze the effects on AOTs of the meteorological conditions and other pollution sources. Therefore, the method proposed in this study can not only take advantage of the high retrieval accuracy of the Himawari-8 AHI, but also various satellite sensors.





6. Conclusions


In this study, we described the custom aerosol model for the extraction of the AOT distributions around the Chiba area from sky-radiometer with sufficient accuracy. We retrieved the spatiotemporal distribution of AOT with both SKYNET-based and satellite-based measurements, successfully examined the wavelength dependence of AOTs, and found the applicability of a custom aerosol model from the case studies in the Chiba area. The main conclusions were as follows:




	
The AOT values in the Chiba area tend to be large (about 0.3) in spring due to the influence of yellow sand and air pollutants flying from the continent, and small (0.2 or less) in winter, matching the ground observation values. In this way, it was found that the optical characteristics of the surface albedo are considered to be an accurate reference to retrieve AOTs.



	
The sky-radiometer data observed at CEReS is used to constraint the aerosol model through the wavelength dependence of AOTs, and we assumed custom aerosol model can be applied to the whole Kanto area based on surface albedo under clear-sky conditions. Additionally, the reference of surface albedo generated from clear-sky conditions can be employed to retrieve the spatial distribution of AOTs not only on clear but also relatively turbid days.



	
The method proposed in this study can be used to establish a good reference for the analysis of various visible satellite images such as Himawari-8/AHI or Landsat-8/OLI to evaluate the AOT distribution over the Chiba area and potentially over similar urban areas.



	
The versatility and reliability of the SKYNET-based measurement have provided information valuable for radiation studies, including the validation of satellite data. The validation results indicate that the proposed method can effectively generate reliable AOT distribution results.








We demonstrated how the ground-based remote sensing network with the custom aerosol model can be exploited for the detailed study of AOT distributions via high-temporal resolution imagery from satellite images. Although there is still room for improvement under thick cloud conditions, the SKYNET-based measurement with the custom aerosol model can lead to acceptable results.
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Figure 1. Study area and location of the SKYNET site in Chiba University (35.62° N, 140.10° E), Japan. The observation site at Chiba University is located in the urban Chiba area, about 30 km southeast of Tokyo. 






Figure 1. Study area and location of the SKYNET site in Chiba University (35.62° N, 140.10° E), Japan. The observation site at Chiba University is located in the urban Chiba area, about 30 km southeast of Tokyo.



[image: Atmosphere 12 01144 g001]







[image: Atmosphere 12 01144 g002 550] 





Figure 2. Map of the global SKYNET sites. 
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Figure 3. Radiances observed with a satellite sensor. 
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Figure 4. Radiance components estimated from 6S simulation. Time series around noon (10:30, 12:30, 14:30, and JST) are plotted with    L 0   ,      L  g d    ,    L  g i    , and    L  p m      at the CEReS site and built-in custom aerosol model (Data are from 2020). 
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Figure 5. LUTs calculated from the custom aerosol model, demonstrate the  ρ - τ  relationship for custom aerosol model calculated for Himawari-8 band 1 image on 6 January 2020. The top panels show the relation between  ρ  and     ρ  a p    , while bottom panels indicate the relation between  ρ  and    τ  550    . 
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Figure 6. The DN-pixel transformation curve from the custom aerosol model for a particular value of  τ  as measured by the sky-radiometer. 
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Figure 7. Comparison of    ρ  c l e a r        map from custom aerosol model and conventionally-used typical aerosol models (data from 2020). 
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Figure 8. Spatial distributions of the AOT retrieved from the Himawari-8 band 1 on clear-sky conditions: 6 January 2020 (a), 4 April 2020 (b), 2 July 2020 (c), and 2 October 2020 (d). All of the satellite images are acquired at 10:30 JST. 
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Figure 9. Comparison of  τ  map from custom aerosol model and conventionally-used typical aerosol models (data from 2020). 
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Figure 10. Error estimation of the custom aerosol model, comparing with maritime and rural aerosol models. The absolute values and the relative values for error created from conventionally-used typical aerosol models as illustrated on right axis and left axis, respectively. 
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Figure 11. Yearly mean values of AOTs observed with the sky-radiometer from various wavelengths (data are from 2018, 2019, and 2020, respectively). 
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Figure 12. Temporal variation of AOTs observed with the sky-radiometer from various wavelengths (data are from 2018, 2019, and 2020, respectively). 
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Figure 13. AOT distributions from Landsat-8 on 6 January 2020. The location of CEReS is indicated by the red dot, where the AOT values have been calculated. 
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Table 1. Datasets of the Himawari-8 AHI image angle profile.
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	Date
	Solar Azimuth/°
	Solar Elevation/°
	Solar Zenith/°





	6 January 2020
	159.80
	29.01
	0.485



	4 April 2020
	146.06
	55.63
	0.825



	2 July 2020
	122.86
	69.37
	0.936



	2 October 2020
	157.11
	48.16
	0.745



	4 January 2019
	160.06
	28.89
	0.483



	6 April 2019
	145.81
	56.09
	0.830



	31 July 2019
	130.30
	65.66
	0.911



	9 October 2019
	158.84
	46.02
	0.719



	2 January 2018
	160.32
	28.78
	0.482



	20 April 2018
	142.54
	61.04
	0.875



	4 July 2018
	122.99
	69.25
	0.935



	28 October 2018
	162.61
	39.58
	0.637
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Table 2. Input variables and parameters for 6S model.
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	Variables
	Input Parameters





	Solar zenith angle
	From 0 to 72, step 6



	View zenith angle
	From 0 to 72, step 6



	Relative azimuth angle
	From 0 to 180, step 12



	Atmospheric model
	Mid-latitude winter/summer



	Aerosol Type
	Custom, Rural, Maritime, Urban



	Aerosol Optical Thickness (AOT@550 nm)
	From 0 to 1, step 0.1



	Spectral condition
	SRF of Himawari-8 visible bands
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