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Abstract
Aerosol properties, including aerosol optical thickness (AOT) and fine-mode fraction
(FMF), are important physical data and are fundamental for climate studies. A
minimum albedo aerosol retrieval method (MAARM) was developed for the retrieval
of aerosol properties based on the new-generation geostationary meteorological
satellite Himawari-8. This method is based on the albedo data which is directly
obtained from the Himawari-8 and can successfully output AOT, FMF, and the
Angstrom exponent (AE) directly. As part of the MAARM, a modified radiative
transfer equation was proposed that considers the impact of aerosol multiple scattering.
Through comparisons with output from the Second Simulation of a Satellite Signal in
the Solar Spectrum radiative transfer code, the modified radiative transfer equation
achieved a high accuracy for the aerosol reflectance calculation (~5%). Aerosol
Robotic Network (AERONET) retrievals from three sites in Beijing and its
surrounding area for the year 2016 were used to validate MAARM aerosol retrievals.
Fifty-seven percent, 57%, and 56% of derived AOT values fell within the estimated
error envelope at the Beijing, the Chinese Academy of Meteorological Sciences
(CAMS), and Xianghe AERONET stations, respectively. In addition, 36% (58%) of
MAARM-derived FMF values fell within the +£10%AERONET FMF envelope (the
+25%AERONET FMF envelope). Overall, an improvement was achieved by the
MAARM in retrieving AOT, FMF, and AE compared with Himawari-8 standard
aerosol property retrievals; however, there remains a distinct lack of skills in
determining FMF and AE and their use from the MAARM retrieval is not
recommended at this time. Given that the Himawari-8 satellite provides observations
at 10-min intervals, the MAARM is capable of monitoring the spatial distribution of

and variation in aerosol properties with a high temporal resolution.
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1. Introduction

Aerosols are known to have a substantial effect on the earth’s energy balance and
on climate change (Penner et al., 1992; Ramanathan et al., 2001). Most aerosols
influence the climate through the scattering and absorption of solar radiation, and
strongly absorbing aerosols may have a large impact on the hydrological cycle by
warming the atmosphere (Ramanathan et al., 2007). Aerosols are also important
because of their adverse effects on human health (Pope 11l et al., 2002) and air quality
(Zaman et al., 2017; Liu et al., 2018). Anthropogenic aerosols can easily absorb some
heavy metals and organic matter, and as a result, increase mortality rates and
aggravate respiratory symptoms in exposed populations (Bell et al., 2007; Luo et al.,
2016). Therefore, an assessment of the effects of aerosols on the climate and human
activities requires information regarding both the amount of aerosols present and the
proportion of anthropogenic aerosols (Russell et al., 2010).

Jethva et al. (2014) showed that the fundamental aerosol parameter that primarily
determines the strength and sign of radiative forcing is the aerosol optical thickness
(AOT). The AQOT is a measure of the wavelength-dependent aerosol extinction in the
atmospheric column. For anthropogenic aerosols, Bellouin et al. (2005) reported that
the fine-mode fraction (FMF) can be used to separate man-made aerosols from natural
ones, and that anthropogenic aerosols are associated with FMFs larger than 0.83+£0.05

while natural aerosols are associated with FMFs smaller than 0.35+0.05. Thus, an

accurate estimation of these aerosol properties is fundamental for climate studies and
the evaluation of anthropogenic impacts.

There are currently two common ways to obtain data regarding aerosol properties:
one way is to make ground-based measurements such as what is done by the Aerosol
Robotic Network (AERONET) and the other way is to make spaceborne observations.
The AERONET is a globally distributed network of Sun photometers that measures
directly transmitted solar radiation during daylight hours (Holben et al., 1998). Many
studies have shown that AERONET can provide highly accurate aerosol property data.
The uncertainty for AOT is 0.01-0.02 (Eck et al., 1999) and 0.1 for the FMF (O'Neill
et al., 2001, 2003). However, AERONET is based on point measurements and has a
much smaller spatial coverage than do satellites.

Space-based remote sensing techniques for measuring aerosol properties have
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been developed (Alvim et al., 2017; Sun et al., 2017). Satellites provide information
regarding the spatial distribution of aerosols from regional to global scales. Several
satellites have successfully recorded official aerosol property data. The Moderate
Resolution Imaging Spectroradiometer (MODIS) is considered to be effective in
obtaining AOT information and the MODIS Atmosphere Level 2 aerosol product has
also been widely used (Remer et al., 2005). It has three aerosol retrieval algorithms:
the Dark Target (DT) land algorithm, the DT ocean algorithm, and the Deep Blue (DB)
algorithm. AOT, FMF, and Angstrém exponent (AE) data can be extracted from the
MODIS aerosol product. Only the DT algorithm provides FMF outputs. However, the
MODIS FMF is unreliable over land, as has been shown in many studies (Bellouin et
al., 2005; Levy et al., 2007, 2010). To overcome this limitation, Yan et al. (2017)
proposed a look-up table (LUT) spectral deconvolution algorithm (LUT-SDA) method
for the FMF retrieval, which has been successfully applied to MODIS data.

In recent years, due to rapid urbanization all over the world, especially in Asia,
haze has become a serious problem in many countries. The DT algorithm
underestimates haze aerosol loading (Tao et al., 2012). One reason is that the aerosol
model on hazy days is different from that on less polluted days so the default aerosol
model in the DT land algorithm of MODIS AQOT products may not be suitable (Yan et
al., 2016). The information required to model aerosol properties is best obtained from
ground based observation. But in many developing countries, there are a limited
number of ground-based aerosol monitoring stations. Bilal et al. (2013) developed a
Simplified high-resolution Aerosol Retrieval Algorithm for MODIS data that does not
use aerosol model information as input and assumes that the aerosol reflectance is
calculated using a single scattering approximation. However, Antoine and Morel
(1998) reported that notable differences exist between single scattering and multiple
scattering approximations for aerosols in the visible spectrum.

In addition to MODIS, the Ozone Monitoring Instrument, the Advanced
Along-Track Scanning Radiometer, the Suomi National Polar-orbiting Partnership
Visible Infrared Imaging Radiometer Suite, and the Multi-angle Imaging
Spectroradiometer can also provide aerosol data (Ahn et al., 2008; Huang et al., 2016;
Kahn et al., 2010; Patadia et al., 2013; Rodriguez et al., 2010; Torres et al., 2007).
However, the temporal resolution of these satellites is low (one observation per day)

so they cannot be used to determine hourly aerosol property variability.
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Himawari-8, Japan’s new-generation geostationary meteorological satellite
(Bessho et al., 2016), was launched on 7 October 2014 and entered operational service
on 7 July 2015 at 140°E, covering East Asia and the Western Pacific Region
(Sekiyama et al., 2016). The Advanced Himawari Imager onboard Himawari-8 has 3
spectral bands in the visible, 3 bands in the near-infrared and shortwave-infrared, and
10 bands in the thermal-infrared (Murakami, 2016). Himawari-8 has a high temporal
resolution (10 min) and can provide multiple observations for a single location, which
makes it suitable for monitoring aerosol variations.

We propose an algorithm called the minimum albedo aerosol retrieval method
(MAARM) to retrieve aerosol properties using data from the Himawari-8 satellite.
The method that we have developed integrates a modified radiative transfer equation
and the LUT-SDA, and can output AOT, FMF and AE directly. In addition, the
proposed algorithm includes the following features: (1) it considers the impact of
multiple scattering for aerosols and is computationally efficient, and (2) this algorithm
uses the Himawari-8 albedo data to calculate surface reflectance, in contrast with
other methods that use the MODIS surface reflectance product (MODO09) as input
(Bilal et al., 2013; Li et al., 2013; Sun et al., 2015; Wu et al., 2016). The only data
source for the retrieval of aerosol properties is Himawari-8 measurements. The
retrieved AOT, FMF, and AE were compared with AERONET retrievals and the
current Himawari-8 official product over Beijing and its surrounding area. Owing to
the ability of the Himawari-8 satellite to provide observations at 10-min intervals, this
improved algorithm has the potential to monitor the spatial distribution of and

variation in aerosol properties at a high temporal resolution.

2. Data and Methods

2.1 Himawari-8 Satellite Data

Daytime (0310 coordinated universal time, or 0310 UTC) Himawari L1 Gridded
Data with a spatial resolution of 5 km were acquired from 1 January to 31 December
2016 (http://www.eorc.jaxa.jp/ptree). Himawari L1 Gridded Data provides the albedo
(Bands 1 to 6) and brightness temperature (Bands 7 to 16) at a 10-min temporal
resolution. In this study, we used Band 1 (blue, 0.47 um) and Band 3 (red, 0.64 um)
data to retrieve aerosol properties. Level 2 Aerosol Property parameters with the same

spatial and temporal resolutions as Himawari L1 Gridded Data were extracted from
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the Himawari-8 Geophysical Parameter dataset for comparison purposes. These
parameters include AOT at 500 nm and AE, which are based on the retrieval
algorithms of Fukuda et al. (2013) over land and Higurashi and Nakajima (1999, 2002)
over oceans, and the FMF, i.e., the “Optical Depth Ratio (fine)” variable in the

Himawari-8 Geophysical Parameter dataset.

2.2 MODIS C6 MODO04 Product

MODIS Collection 6 (C6) aerosol products (MODO04) were obtained and C6 DT
algorithm-based AOT (variable name: Optical_Depth_Land_And_Ocean) and FMF
(variable name: Optical_Depth_Ratio_Small_Land) were used for comparisons with
MAARM retrievals and Himawari-8 official aerosol data. In addition, MODIS C6 DB
AOT at a 10-km resolution (variable name:
Deep_Blue_Aerosol_Optical Depth 550 land_Best Estimate) was also obtained for
comparison purposes and filtered using quality assurance (QA) information (Hsu et al.,
2013; Sayer et al., 2013).

We selected the 10-km resolution MODIS C6 AOT product due to its higher
accuracy relative to the 3-km resolution AOT product (Munchak et al., 2013; Yan et
al.,, 2016). The C6 DT AOT product uses the VISvs2.1 surface reflectance
parameterization with a shortwave-infrared normalized difference vegetation index
dependence (Levy et al., 2013), which is described by Levy et al. (2007).

2.3 AERONET

The AERONET is a globally distributed network, which provides
multi-wavelength AOT measurements with a high accuracy and an uncertainty less
than 0.02 (Holben et al., 2001). Standard AERONET AOT products were acquired in
bands centered at 340, 380, 440, 500, 675, 870, and 1020 nm at three sites: Beijing
(39.98°N, 116.38°E), the Chinese Academy of Meteorological Sciences (CAMS;
39.93°N, 116.32°E), and XiangHe (39.75°N, 116.96°E). \ersion 2 AERONET
products were also used, including Level 2.0 AOT and Level 2.0 spectral
de-convolution algorithm (SDA) and derived inversion products. The locations of the

sites are shown in Figure S1. Level 2.0 data are subject to full quality control,
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including cloud screening and before-and-after radiometric calibration (Smirnov et al.,
2000).

2.4 Modified Radiative Transfer Equation

First, as assumed in the Second Simulation of the Satellite Signal in the Solar
Spectrum (6S) radiative transfer algorithm, the surface reflectance is considered to be
Lambertian in this study (Vermote et al., 2006). For the assumption of Lambertian, Li
et al. (2013) indicated that the majority of the North China Plain has an elevation of
less than 50 m above sea level, which has a weak surface BRDF effect compared to
more complex terrains. The albedos for Band 1 (blue, 0.47 um) and Band 3 (red, 0.64

um) were extracted from Himawari L1 Gridded Data and are defined as:
albedo = p*xcos(6,), (1)
where 6, is the solar zenith angle and p* is the top-of-the-atmosphere reflectance

observed by the satellite.
The satellite-measured reflectance can be estimated as (Drury et al., 2008):

T,.T
p*zpa+Mps’ (2)
l_pss(/l)

where @ is the satellite zenith angle, p° is the atmospheric reflectance, p, is the
surface reflectance, T,, and T, are the downward and upward total scattering
transmittances, respectively, and S, is the atmospheric backscattering ratio.
The variable p® can be expressed as the sum of the aerosol reflectance p,.,
and Rayleigh reflectance p;,, for molecules:
P° = Prer + Pray 3)
The variable p,,, is the aerosol reflectance in the absence of air molecules. In
this study, we assume that p,,, is composed of two parts:
Prr =R'+R", (3)

where R' accounts for single scattering and R" is the contribution made by
multiple scattering.
The single scattering approximation R' is calculated as (Antoine & Morel,
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1998):

R (11 10, — ) = a)oraPa(Z;#;,(Iﬁ—%) B

where g, is the cosine of the solar zenith angle, x is the cosine of the sensor
zenith angle,¢—¢, is the relative azimuth between the viewing angle ¢ and the
solar direction ¢,,7, is the AOT, w, is the single scattering albedo (SSA), and
P, (u, 1y, ¢ —@,) is the aerosol scattering phase function.

Multiple scattering represented by R" is approximated by the second-order

scattering equation (Hansen & Travis, 1974):
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where R, is the first-order scattering of aerosols (Hansen & Travis, 1974):

Ry (tts oy H— ) = @, P, (14, 1y, 9 — ) {1—exp[—ra(£+i)]} ()
4ty + 1) JZ7

In this study, only the first- and second-order scattering by aerosols are
accounted for in the aerosol multiple scattering approximation, and it neglects terms

proportional to the power of 2 and higher of the aerosol optical thickness. P, is the

modified Henyey-Greenstein function, which is a function that moderates the overall
contributions in forward and backward scattering and is defined as (Rahman et al.,
1993):

1-¢°

Pr(/uHUO’¢_¢O) = [l+92 _Zg COS(7Z'—§)]1'5

. (8)

where g is the asymmetry factor. The phase angle & is given by:
cos(&) = cos(6,) cos(8) +sin(b,) sin(&) cos(¢ — ¢,)

= ptopt+ (- p2) (L~ 122) cos(p— )
8

(9)



P, is the Henyey-Greenstein phase function, which depends on the scattering
angle ®,. T, isthe single scattering transmittance given by (Seidel et al., 2012):

_Ta

Tttty — ) = -20F O ey TPy e

. (10
A(ut = 14,) H Hy -0

From 1" Hospital’s rule, for x = 4, ,

Dyl eXp(_Ta

T1(/f’0!ﬂ0!¢_¢o): 2
A1 Ho

R(©) . (11)
Then the Rayleigh reflectance for molecules og, (4, 1,6 —¢,) can be
approximated by (Antoine & Morel, 1998):

Pray (,U,/JO,¢_¢O) _ WRTR PR (:uuuov¢_¢0) ’ (12)
Aot

where 7, is the Rayleigh optical depth, P, (u, 14,4 —¢,) is the Rayleigh scattering
phase function, and «; is the Rayleigh single-scattering albedo. In this study, @, ~1.

T4, and T, are defined by (Vermote et al., 2006):

T(go) =exp |: _(TR i Ta) :| + td (:us)
S (13)
T(e) = EXp {M} +1, ()

v

In this study, t,(z,) and t,(x,) are identical (Vermote et al., 2006). The
diffuse transmittance t;(u) is then approximated by (Liu & Liu, 2009; Tanre et al.,
1979):

t, (L)=exp(—(ry +7,) [ ){exp[(0.527; +7,(1+Q)/2)/ p] -1} . (14)

Other parameters used in this study can be found in the Supplementary Material.
Note that T, and T, used in this study are different from those used by Bilal et al.

(2013). Bilal et al. (2013) omitted the diffuse transmittance for simplification. This

difference is also shown in the Supplementary Material.
2.5 MAARM

Himawari L1 Gridded Data includes the gas absorption correction developed by
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Levy et al. (2009). We assume that the minimum albedo within 30 days has the lowest
aerosol impact and is only influenced by background aerosols (z;). The minimum
albedo is obtained from Himawari L1 Gridded Data, and the cloud is masked by
Himawari-8 Cloud Property dataset, only the cloud free pixel will be as the candidate
for the minimum albedo selection. Thus p* is expressed as:

T(Ho,ra:rB)T(H,ra:rB)ps . (15)
1-pS

p*:pRay +pAer (Ta = Z-B)_'_

(2.72=78)

Then p, can be derived using the following expression:

p*_pRay = Pher (Ta = TB)
T(Ho,razrs )T(G’,ra:‘rB) + S(l,ra:rs)[p*_pRay - pAer (Ta = z-B )]
1 (16)

(6h,7a=7p )T(GvTa =7g)

+
[albedomin /COS(GO)_pRay ~ Per (Ta = TB)]
The background aerosol loading in the MAARM is based on AERONET Level

2.0 AOT measurements made at the CAMS site in 2015. Time series plots of AOT at
440 and 675 nm are shown in Fig. 1. The MAARM uses the minimum AOT values as

Ps =

S(ﬂ'vra:TB)

background aerosol loading values for the p, retrieval. Figure 1 shows that the
background aerosol loading for the blue band is 0.028 and that for the red band is
0.020. In addition, time series plots of AOT from Xianghe is shown in Figure S3, the
yearly min AOT is 0.03 for red band and 0.028 for blue band. It can be found that the
yearly min AOT from CAMS and Xianghe is very close. Thus, in this study we use
the yearly min AOT 0.028 for red band and 0.02 for blue band as the background
aerosol. Since the background aerosol loading is low, we use the single scattering

approximation for p,,, in equations (15) and (16).
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Figure 1. Time series plots of AERONET Level 2.0 AOT at 440 and 675 nm at the
CAMS site. Data are from 2015.

Applying equation (16) to equation (2), we change AOT (z,) by a given step size

within a certain range to separately calculate the corresponding pseudo reflectance

(P pseuso) for the blue and red bands. Thus:
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OrTrPr (1 1y, @ — &)
ppseudo =2 R4,u,l,j ? pRay
0

L 0Pty 9= ) | }pa(smg|e+ Multiple)  (17)
Apop _

1-pS
The incremental interval for AOT is 0.01 with a range from 0 to 5.0, which is the
same range used in the MODIS C6 DT land algorithm (Levy et al., 2007). In the

T,,T
+ Lw)ps },05 (albedomin ! TB)

MAARM, the 6 clustered categories are used as the candidate aerosol models in this
method. Detailed parameters of the adopted models studied by Lee and Kim (2010)
are shown in Table S1.

The difference between p,.4, and p* isthen calculated as:

Zz = (ppseudo _p*)2 : (18)
The AOT at blue and red bands are finally obtained as follows:

blue

" =min(xl,.) |;(| <0.25
™ =min(x%,) |#|<0.25 (19)

blue red
Ta > Ta

According to equation (19), AOT can be estimated by minimizing y*. If the

minimum value of|y|>0.25, the output of the MAARM AOT is set to null. This
threshold value of |;(| is the same one used in the DT algorithm where the QA flag is

set to 0 when |;(| >0.25. The AE is then calculated using the Volz method (Soni et al.,

2011) by blue and red band AOT. So that comparisons can be made with Himawari-8
Aerosol Property data, the AOT at these two bands are interpolated to 500 nm to
obtain AOT at 500 nm. Finally, the FMF is calculated using the LUT-SDA with AOT
at 500 nm and AE. It should be noted that Egs. (17) and (18) are applied separately for
all six candidate aerosol models listed in Table S1, and the aerosol models would be
different for the two wavelengths by the result of Eq.(19).

Figure 2 shows the flowchart describing the MAARM. The FMF is calculated
using the LUT-SDA, which was developed for satellite images and uses AOT at two
wavelengths to solve the FMF problem (Yan et al., 2017). This method is based on the
SDA, which is currently used by AERONET for FMF calculations. The LUT-SDA
builds an LUT to retrieve the FMF using satellite-derived AOT and AE. Details about
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the algorithm are given in the supplementary Fig. S3. To build an LUT, a set of
hypothetical FMF and AE derivative values are imported to the SDA along with the
satellite-determined AE to derive the AE of fine-mode aerosols. The LUT-SDA has
been successfully applied to MODIS data not only on an urban scale (Beijing) but
also for larger areas (Yan et al., 2017). The cloud detection scheme in the MAARM
uses the Himawari-8 Cloud Property dataset and is based on the techniques developed
by Ishida and Nakajima (2009), Ishida et al. (2011), Letu et al. (2014), and Nakajima

etal. (2011).
Albedo data within 30 day Hi ariLl
measurements and G".];?]“;uily ] LUT-SDA
Himawari-8 Cloud Property ridded Data
dataset
r ______________ - — — — "
| | \ 4 '
\ 4 , [
5 |
I Satellite | | AE and AOT at 500 FMF | |
Find min albedo | nm

geometry | |
* : A :
Exit | |
AOT = Background | |
A 4 Aerosol h 4 | :
Single scattering | Modified Radiative No : AOTse and AOTrea |
approximation | Transfer Equation | Output data ,
L ]ﬁ _____________ |

¥ v ) 4 |

Surface - Aerosol model | Pseudo reflectance - Min Zl
reflectance "1 (Lee and Kim, 2010) = inversion -

Figure 2. Flowchart describing the MAARM.

3. Results and Discussion

3.1 Comparing MAARM- and 6S-derived aerosol reflectances

To test the performance of the aerosol reflectance approximation used in this
study, results from equation (4) of the MAARM and from the 6S radiative transfer
algorithm were compared. Aerosol reflectance in the 6S algorithm is calculated using
the successive order of scattering method, which uses 12 Gauss angles and 13 layers
(Vermote et al., 1997). Values for SSA and g at 550 nm (0.89 and 0.64, respectively)
were taken from the continental aerosol model (Bevan et al., 2012). Figure 3 shows
MAARM- and 6S-derived aerosol reflectances as a function of AOT at 550 nm for
four solar zenith angles (SZAs) (The satellite azimuth angle is 145°, satellite zenith

angle is 53° and solar azimuth angle is 155°, which are corresponding to Himawari-8
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geometry in Beijing-CAMS). Aerosol reflectances agree well when the SZA is equal
to 30° and 45° (root-mean-square errors (RMSEs) of 0.012 and 0.007, respectively).
The RMSE increases to 0.025 when the SZA is equal to 15° and 60°. This
phenomenon also showed in the blue and red band (Figure S5 and Figure S6). These

results also showed in Seidel et al. (2010), they found that HG approximation agrees

well with 6S under the SZA from 20-45° but for 15° and 60° SZA the relative error

is large in the two-order aerosol scattering approximation. This is because the
different phase function used for this two method (the phase function of 6S is from
Lorenz-Mie theory). Figures 4a and 4b show MAARM-derived aerosol reflectance as
a function of 6S-derived aerosol reflectance when AOT is equal to 0.5 and 1.5,
respectively. Himawari-8 satellite geometry information was used in the calculations.
Figures 4c and 4d show the kernel density estimates corresponding to Figures 4a and
4b. High kernel density values show where most of the data lie. About 58% of the
points seen in Fig. 4a (AOT = 0.5) and 57% of the points seen in Fig. 4b (AOT = 1.5)

fall within the 5% estimated error (EE) envelope (based on Seidel et al. (2012), we

define the aerosol reflectance EE as +5% for this study). This suggests that there is a

qualitative agreement between aerosol reflectances generated from the MAARM and
the 6S algorithm.
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Figure 3. Aerosol reflectance as a function of AOT at 550 nm for four solar zenith
angles (SZAs). 6S and MAARM results are shown in red and blue, respectively.

Root-mean-square errors are given. The satellite azimuth angle is 145°, satellite zenith

angle is 53° and solar azimuth angle is 155°.
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Figure 4. MAARM-derived aerosol reflectance as a function of 6S-derived aerosol
reflectance when (A and C) AOT (550nm) = 0.5 and (B and D) AOT (550nm) = 1.5.
Himawari-8 viewing geometry parameters are used. Red dotted lines show the best-fit
lines from linear regression. The regression equations and coefficients of
determination (R?) are given as well as the number of data points (N) and the
root-mean-square errors (RMSE). Panels (C) and (D) show the corresponding kernel
density values (shaded colored ovals). The solid black lines are the 1:1 lines from (A)
and (B) and the dotted black lines are the estimated error (EE) envelope lines, which

are equal to £5%x6S aerosol reflectance.

In the MAARM, the contribution of molecular (Rayleigh) scattering is taken into
account using single-scattering (Eq. 12). However, multiple scattering by molecules is
not negligible. Figure S7 shows MAARM- and 6S-derived Rayleigh reflectances for
470 nm, 550 nm and 640nm with solar zenith angles (SZAs) from 0 to 70 degrees. It
can be found that MAARM Rayleigh reflectances are lower than 6S’s for these three
wavelengths because it only uses the single-scattering approximation, especially at the
short wavelength 470 nm. Thus, although the aerosol reflectance by MAARM can
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have a good accuracy compared with the 6S, its Rayleigh reflectances are

underestimated.

3.2 AOT Validation and Comparison

Three retrieval results are presented in Fig. 5. On 25 March 2016, the AOT in the
Beijing City area was less than 0.2 (Fig. 5a). Heavy aerosol loading was found south
of Hebei with AOT values greater than 1.0. To the east of Hebei, MAARM-estimated
AOT ranged from 0.4-0.6. MODIS DB (Fig. 5g) and DT (Fig. 5j) retrievals have
similar values, but lower values from Himawari-8 are seen (0.2-0.4; Fig. 5d).
Although it was a cloud-free day, there are large gaps seen in MODIS DT AOT
retrievals around Beijing (Fig. 5j). This may be because the surface reflectance was
high due to a lack of green vegetation. Remer et al. (2005) have reported that the DT
algorithm cannot successfully retrieve AOT over bright surfaces. On 10 April 2016
(Fig. 5b), MAARM-derived AOT was 0.4-0.6 in most areas around Beijing, Tianjin,
and Hebei, similar to what is seen for MODIS DT retrievals (Fig. 5k). Himawari-8
AOT retrievals are smaller in magnitude (0.2-0.4). On 10 October 2016, the AOT was
greater than 1.0 in southern Beijing, Hebei, and Tianjin, which is consistent with the
local haze conditions reported by weather stations on that day. Similar spatial
characteristics on this day are also seen in MODIS DT AOT retrievals. Himawari-8
and MODIS DB AOT values were 0.4-0.8 in these regions. In general, the spatial
coverage of MAARM performs better than the MODIS DT algorithm in urban areas
where MAARM AOT retrievals can be made regardless of whether the pixel is bright
or dark.

Although the input cloud mask is identical, there are some differences in the
spatial coverages of MAARM-retrieved AOT and Himawari-8 AOT. This is because
only dark scenes (Band 6, R, 3 < 0.25) are targeted for AOT retrievals over land in the
Himawari-8 AOT retrieval algorithm (Daisaku, 2016). In addition, the surface
reflectance in Band 3 (0.64 um) is determined as a function of that in Band 6 (2.3 um)
in the Himawari-8 AOT retrieval algorithm. However, on days when there is heavy
pollution, the use of near-infrared and red bands to derive the surface reflectance
relationship is not appropriate (Wang et al., 2010; Yan et al., 2016). This will cause
large uncertainties in the aerosol calculations and may make the final retrieval fail.

As shown in Fig. 5a and 5d, in northeastern Nei Mongol, the MAARM failed to
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retrieve AOT for some pixels. One reason is that the aerosol and Rayleigh reflectances

(Pperand pg,, ) were calculated using equations (4) and (12), which may lead to
P* = Pper — Pray <0 for some pixels. Another reason may be that the output AOT did

not meet the requirement that ;" >z or |¢|<0.25 in equation (19), which

a a

causes the retrieval to fail.
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Figure 5. Spatial distributions of AOT retrieved from the MAARM (A-C),
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(J-L) on three days: 25 March 2016 (leftmost column), 10 April 2016 (middle
column), and 10 October 2016 (rightmost column). All of the satellite images are
acquired at 0310 coordinated universal time. MAARM and Himawari-8 retrievals are
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AOT at 500 nm and MODIS DT and DB retrievals are AOT at 550 nm.

Figures 6-8 show the MAARM AOT, Himawari-8 AOT, MODIS DT AOT, and
MODIS DB AOT as a function of AERONET AOT for Beijing, CAMS, and Xianghe.
Level 2 AERONET data were collected over the course of + 2 to 30 min around the
satellite observation times. The dotted red line is the EE envelope line £ (0.05 + 0.15
x AERONET AOT) and the solid red line is the 1:1 line. Figure 6a and Fig. 7a show
that 57% (number of samples, N = 139, RMSE = 0.18) and 57% (N = 165, RMSE =
0.23) of the MAARM retrievals are within the EE envelope at the Beijing and CAMS
sites. Thirty-two percent (Beijing, N = 139, RMSE = 0.27) and 34% (CAMS, N = 165,
RMSE = 0.31) of Himawari-8 AOT retrievals fall within the EE envelope (Fig. 6b and
Fig. 7b). The Beijing and CAMS AERONET stations are located in urban areas where
the surface is complex and mixed. Much uncertainty would be generated by these
surfaces, which makes it difficult for satellites to provide accurate AOT retrievals over
these areas. This is also seen in MODIS DT AOT retrievals where 33% (Beijing, N =
60, RMSE = 0.18) and 37% (CAMS, N = 46, RMSE = 0.43) of retrievals fall within
the EE envelope (Fig. 6¢ and Fig. 7c). Nichol and Bilal (2016) found that only 20.42%
of the MODIS DT AQOTs from 2002 to 2014 at the Beijing AERONET site were
within the EE envelope. MODIS DB AOT retrievals performed better in these urban
areas with 66% (Beijing, N = 109, RMSE = 0.10) and 63% (CAMS, N = 95, RMSE =
0.12) of retrievals falling within the EE envelope (Fig. 6d and Fig. 7d). At Xianghe,
which is located in a rural area, MAARM AOT retrievals were also more accurate
than the Himawari-8 AOT retrievals with 56% of MAARM retrievals and 45% of
Himawari-8 retrievals falling within the EE envelope (Fig. 8a and 8b). There was a
considerable improvement for MODIS DT AOT retrievals with 70% of retrievals
falling within the EE envelope (N = 57, RMSE = 0.19). As for MODIS DB AOT
retrievals, 55% (N = 141, RMSE = 0.25) of them fall within the EE envelope.
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3.3 FMF Validation and Comparison

Figure 9 shows the MAARM-derived FMF for the same dates shown in Fig. 5.
On 25 March 2016, high values of FMF (0.9-1) were found south of Hebei (Fig. 9a,
9d, and 9g). Himawari-8 FMF retrievals were mostly missing in and around Beijing
and north of Hebei. On 10 April 2016, the MAARM- and MODIS-derived FMF in
Shandong was high (0.9-1.0). However, the spatial coverage of the Himawari-8 FMF
retrievals on this day was poor. On 10 October 2016, MAARM and Himawari-8 FMF
retrievals were similar in Beijing, Tianjin and east of Hebei (0.9-1). However, in the
center of Hebei, the MAARM-derived FMF ranged from 0.5-0.7 while the
Himawari-8 FMF retrievals ranged from 0.9-1.0. MAARM and MODIS retrievals
showed high FMF values in Beijing and west of Hebei (Fig. 9c and 9i). Zero values
were seen in many MODIS pixels (Fig. 9i). Yan et al. (2017) found that this issue
limited the application of MODIS FMF retrievals because a pure coarse-mode AOT
(FMF = 0) in an urban area is rare.

A comparison of Fig. 5 and Fig. 9 shows that there are Himawari-8 AOT
retrievals in places where no FMFs are retrieved. This is because only pixels with AE >
0 have FMF values in the Himawari-8 aerosol product. As shown in Fig. 11d, 11e, and
11f, the spatial coverages of FMF and AE are identical.
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Figure 9. Spatial distributions of the FMF retrieved from the MAARM (A-C),
Himawari-8 (D-F), and the MODIS algorithm (G-I) on three days: 25 March 2016
(leftmost column), 10 April 2016 (middle column), and 10 October 2016 (rightmost
column). All of the satellite images are acquired at 0310 coordinated universal time.

Figure 10 shows the validation results for the MAARM, Himawari-8, and
MODIS FMF retrievals using AERONET data as the ground truth. Thirty-six percent
of MAARM FMF retrievals fall within the +10%AERONET FMF envelope while 21%
of the Himawari-8 FMF retrievals and 22% of the MODIS FMF retrievals fall within
the £10%AERONET FMF envelope. The RMSE for the MAARM FMF retrievals is
0.24, which is less than that for the Himawari-8 and MODIS FMF retrievals (0.30 and
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0.43, respectively). When the EE envelope was extended to +25%AERONET FMF,
the MAARM FMF retrievals also showed a better performance than the Himawari-8
and MODIS FMF retrievals with 58% of the retrievals falling within the
+25%AERONET FMF envelope, compared with 32% for the Himawari-8 FMF
retrievals and 33% for the MODIS FMF retrievals. Although some improvements
achieved by MAARM FMF compared with Himawari-8 FMF and MODIS FMF, it is
still lack of skill in determining FMF and the retrieval results are not recommended to
use at this time.
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Figure 10. (A) MAARM, (B) Himawari-8, and (C) MODIS FMF retrievals as a
function of AERONET FMF. The solid red lines are the 1:1 lines and the solid black is
the fitted line. The blue dashed lines are the estimated error (EE) envelope lines
+10%AERONET FMF and the pink dashed lines are the EE envelope lines *
25%AERONET FMF. The number of data points (N) and the root-mean-square errors
(RMSE) are given. Based on Yan et al. (2017), we define the FMF EE as £10% and *
25% for this study.

3.4 AE Validation and Comparison

The AE has been used in various studies as a tool to estimate the particle size

distribution as well as to distinguish between different types of aerosols (Jung & Kim,
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2013; Lodhi et al., 2013; O’Neill et al., 2001). It is also an indicator of the average
aerosol particle size in the atmosphere (Soni et al., 2011). In general, an AE < 1
indicates an aerosol size distribution mainly dominated by coarse-mode aerosols,
while an AE > 1 usually indicates a size distribution dominated by fine-mode aerosols
(Eck et al., 1999). The MAARM-derived AE is shown in Fig. 11a-c. To avoid the
retrieval of unphysical values, the MAARM assigns a maximum AE value of 1.8. This
fix is the same as that used in the DB method (Sayer et al., 2013). As shown in Fig.
11c, 10 October 2016 was a hazy day with high values of AE (1.2-1.8) observed in
Beijing, Tianjin, and cast of Hebei. Eck et al. (1999) deemed that AE > 1 is usually
associated with urban pollution and biomass burning. High AE values in Beijing and
Tianjin are due to the rapid development of urbanized construction in this region,
which has led to severe PM;s pollution (Quan et al., 2011; Tao et al., 2012). Figures
11a and 11b show that high AE values are also seen in Shandong Province. In
Shandong Province, heavy crop-burning emissions have been reported due to the open
burning of wheat straw and maize in rural areas (Ni et al., 2015). MAARM AE
retrievals are comparable to Himawari-8 AE retrievals (Fig. 11d-f). Himawari-8 AE
values less than or equal to zero are not shown. There is a good agreement between
the spatial distributions of MAARM and Himawari-8 AE retrievals. However, there
are numerous missing Himawari-8 AE values, which cover most of Beijing and
Hebei.

Figure 12 shows the validation results for the MAARM and Himawari-8 AE
retrievals using AERONET data as the ground truth. To avoid uncertainties in AE that
arise when the AOTs are small, only AE retrievals associated with AOT > 0.15 are
shown (Gobbi et al., 2007). In contrast to the AOT validation, MAARM and
Himawari-8 AE retrievals are more scattered. The correlation coefficient for the
relationship between MAARM and AERONET AE retrievals is 0.43 and the RMSE is
0.65 (N = 375). Little correlation is seen between Himawari-8 and AERONET AE
retrievals (R = 0.1). The RMSE is 0.69 (N = 187).
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3.6 Discussion

In general, surface reflectance is an important aspect of AOT retrievals. Surface
reflectance is used to differentiate between signals from aerosols and the land surface.
Kaufman et al. (1997) reported that an error of 0.01 in surface reflectance can lead to
an error of 0.1 in retrieved AOT values. In this study, the surface reflectance was
calculated using the minimum albedo over 30 days and the radiative transfer equation.
This procedure is similar to the minimum reflectance technique, which is considered
to be a reliable and accurate method to retrieve AOT and has been applied to satellite
data (Herman & Celarier, 1997; Knapp, 2002; Knapp et al., 2002; Koelemeijer et al.,
2003; Wong et al., 2011). However, the minimum reflectance method has its
limitations. Knapp et al. (2005) showed that cloud shadows and terrain can lead to
incorrect values of the minimum reflectance and can ultimately impact the retrieved
AQOT accuracy. Another issue for AOT retrievals is the radiative transfer equation. A
modified radiative transfer equation in the MAARM that considers multiple aerosol
scattering impacts and minimizes the complexity was developed in this study. The
modified radiative transfer equation for aerosol reflectance is fast and simple
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compared with the 6S radiative transfer algorithm (Fig. 3 and Fig. 4) and is accurate
with low RMSEs under real satellite geometry conditions (overall error within 5%).
However, the contribution of molecular (Rayleigh) scattering is taken into account
using only single-scattering in MAARM. As shown in Figure S7, the Rayleigh
reflectance of MAARM is underestimated compared with 6S’s, especially at the short
wavelength of 470 nm.

Since it is not always possible to constrain aerosol model information from
satellites themselves (Kokhanovsky et al., 2007), this study used an empirical Asian
aerosol model (Lee & Kim, 2010) for AOT retrievals. However, Bi et al. (2016)
showed that significant differences could arise on high aerosol loading days when
using this aerosol model. For example, g values under dust conditions can be
significantly higher (0.742 + 0.008 under pure dust conditions and 0.723 = 0.009
under transported anthropogenic dust conditions). So the empirical aerosol model can
be a source of error in MAARM retrievals of AOT.

The validation of FMF retrievals shown in Fig. 10 shows that the MAARM
performed better than the Himawari-8 algorithm (with 36% of the data falling within
+10%AERONET FMF and 58% of the data falling within £25% AERONET FMF as
opposed to 21% of the Himawari-8 data falling within £10%AERONET FMF and 32%
of the Himawari-8 data falling within +25% AERONET FMF). Comparing Fig. 5d-f
with Fig. 9d-f, Himawari-8 generally failed to retrieve the FMF even though the AOT
was successfully retrieved. Full coverage of both AOT and the FMF was possible
using the MAARM when AOT information was available. In contrast to the AOT
retrieval, high accuracy in FMF retrievals is still difficult to obtain from satellite
images, as discussed by Yan et al. (2017). This is because satellite-based AE retrievals,
which provide size information about aerosols, have many uncertainties (Alvim et al.,
2017). As shown in Fig. 12, the correlation between the MAARM- and
AERONET-retrieved AE was not high (R = 0.49). Hasekamp and Landgraf (2007)
showed that single-viewing-angle measurements of intensity alone did not provide
sufficient information about aerosol properties. This limitation also affects other
aerosol products. Sayer et al. (2013) reported that the latest MODIS C6 DB AOT had
a strong correlation with the AERONET AOT (R = 0.93) while the AE’s correlation
was much weaker (R = 0.45). Levy et al. (2013) also found little quantitative skill in

MODIS-retrieved aerosol size parameters over land. As a result, in the C6 aerosol
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product, the AE over land (based on the DT algorithm) was removed. Therefore, a
reliable method for retrieving AE needs to be developed for single-viewing-angle

measurements, such as those made by Himawari-8 and MODIS.

4. Conclusions

This study presents a satellite-based algorithm (MAARM) for retrieving aerosol
properties with particular attention given to Himawari-8 satellite images. This method
based on a modified radiative transfer equation and the minimum albedo can directly
output AOT, FMF, and AE information. The developed modified radiative transfer
equation in MAARM is simple and had been validated with the 6S radiative transfer
algorithm. The percent errors achieved by this modified radiative transfer equation for
aerosol reflectance calculations is ~5% under real Himawari-8 geometry conditions,
which suggests a good accuracy. However, although the aerosol reflectance by
MAARM can have a good accuracy compared with the 6S, its Rayleigh reflectances
are underestimated because it only use single-scattering approximation.

The results of the validation showed that an improvement was achieved by the
MAARM in retrieving AOT, FMF and AE compared with Himawari-8 retrievals. The
MAARM-derived AOT had a higher level of accuracy (Beijing: 57%, CAMS: 57%,
and Xianghe: 56% within the EE envelope) than the Himawari-8 AOT (Beijing: 32%,
CAMS: 34%, and Xianghe: 45% within the EE envelope). By incorporating the
LUT-SDA, the MAARM also had better outcomes for FMF (36% within
+10%AERONET FMF and 58% within £25%AERONET FMF), compared with
Himawari-8 FMF retrievals (21% within +10%AERONET FMF and 32% within
+25%AERONET FMF). Although the MAARM produced reasonable AOT retrievals,
the AE was generally less precise (R = 0.43 and RMSE = 0.65). Uncertainties in the
Himawari-8 AE retrievals were also found. The correlation coefficient of the
relationship between Himawari-8 and AERONET AE retrievals was 0.1 and the
RMSE was 0.69.

This study demonstrates that an overall improvement was achieved by the
MAARM in retrieving AOT, FMF, and AE compared with Himawari-8 standard
aerosol property retrievals. However, the MAARM still remains a distinct lack of skill
in determining FMF and AE. Thus, FMF and AE use from the MAARM retrieval is
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not recommended at this time. Owing to the high temporal resolution of Himawari-8,
the MAARM can detect more frequently variations in aerosol properties not only at

urban scales, but also over larger areas.
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Highlights

A minimum albedo aerosol retrieval method was developed for Himawari-8.
This algorithm proposed a modified radiative transfer equation.

The proposed method can output AOT, FMF and AE directly.

An overall improvement of the accuracy was achieved by this method.
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