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HIGHLIGHTS

o The lower default fine-mode median radius is one of the main reason which leads the underestimate of AHI AOD.
e Comparison with in situ data reveals that the phase function greatly affects the AOD retrieval.
e The dark target method was introduced for AHI retrieval, showing poor performance in high AOD condition.
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Keywords: This work aims at providing a novel controlling factors analysis for the Advanced Himawari Imager (AHI) AOD
Advanced himawari imager retrieval from the aspect of particle size distribution and Sun-Earth-Satellite geometries, through combining the
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high quality ground-based observation in Wuhan. The three-years co-located AOD dataset of AHI and sun-
photometer in Wuhan are used to support this work. AHI overall underestimates AOD over Wuhan site with
coefficient of determination (R?) equal 0.7. Though the best retrieval appeared in summer, underestimation is
found to be persistent in each season. Combining with the characteristics of aerosol hygroscopic growth in
Wuhan, we found the fine-mode particle median radius which supposed by AHI is lower than the in-site mea-
surement. This leads to the overestimation of back scattering by aerosol particles, and induces underestimation of
AOD consequently. The correlation and bias analyses of AOD with respect to the variation of Solar Zenith Angle
and scattering angles are also performed. Phase function derived by sun-photometer is applied to discuss the
influence of scattering angle on AOD inversion. Accompany with the scattering angle, the AOD retrieval bias
consistently varies with the phase function bias, which further confirm the impact of phase function on AHI
retrieval. Finally, the dark target method was applied to retrieve AHI AOD. The comparison results show that
dark target overestimated AOD and performed worse in Wuhan. It could reveals that AHI aerosol retrieval
method has some advantages in heavy aerosol loading places without enough prior information of aerosol

properties.
1. Introduction from approximately 10~ um-100 pm. Aerosols have been widely
proven to greatly affect human health (Hinds, 1999; WHO, 2000), ra-
Natural processes and human activities produce a large amount of diation (Atwater, 1970; Charlson et al., 1992; Mitchell, 1971) and
aerosols, of which high concentrations are commonly found in urban climate (McCormick and Ludwig, 1967). Although previous studies have
and desert areas (Liou, 2002). The sizes of aerosol particles usually range acknowledged the importance of aerosols in atmospheric research, some
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Fig. 1. Site location of the Wuhan University ground-based observation station.
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Fig. 2. Comparison of AHI AOD and CE-318 AOD. The blue dashed line denotes
the 1:1 line, and the black dashed lines represent the line of EE. 11% of the
samples are above the EE, whereas 40% are below the EE. The color represents
how dense the samples are, and is determined by using the voronoi cell (Kar-
imipour and Ghandehari, 2013). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

uncertainties remain in our limited understanding of the distribution
and physical and chemical properties of aerosols as well as the aero-
sol-cloud interaction (Winker et al., 2010; Yu et al., 2006).

As a fundamental optical property of aerosols, aerosol optical depth
(AOD, 1) can characterize the degree of atmospheric turbidity and plays
necessary roles in quantifying aerosol observation (Holben et al., 2001),
estimating surface aerosol concentration (Wang and Christopher, 2003),
calculating energy budget (Bellouin et al., 2005; Carslaw et al., 2013),
and estimating the aerosol influence on cloud formation (Li et al., 2018)
and boundary layer processes (Ge et al., 2014). The widely used passive
remote sensing measurements to obtain AOD can be divided into two
categories which are ground-based sun photometric and satellite-based
observations. In view of the robust error analysis and outstanding
quality control of sun photometric data (Dubovik et al., 2000),
direct-sun measurements or photometers are often considered as the
most reliable source of AOD data and have been widely used in vali-
dating AOD that are retrieved by various satellite sensors. These sensors
have wide range of space observation applications and have become
important sources of data for regional aerosol research (Kahnet et al.,

o
3]
—_
Q
-~
L

Bias
AHI-CE318 AOD
o

—

.
o
o

.

CE-318 AOD

0.5 (®) T T .

Bias
AHI-CE318 AOD
o
]
%
{

CE-318 AE

Fig. 3. The variation of AHI AOD bias (red circle) and variance (red shadow)
with AOD (y-axis) for AOD (a) and 440 nm-675 nm CE-318 AE (b) varies. The
black dashed lines express the EE. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

2005; Remer et al., 2005; Winker et al., 2009). For example, the AOD
provided by Moderate Resolution Imaging Spectroradiometer (MODIS)
is one of the most successful examples of satellite-retrieved AOD with an
uncertainty within +0.05 + 0.15t (Levy et al., 2007b). However, in
consideration of that MODIS is carried by the polar satellite and its data
has low temporal resolution, MODIS has limitation on describing the
diurnal change of AOD, aerosol radiative forcing, and surface PM; s
which can be characterized by geostationary satellite (Wang et al.,
2003a, 2003b, 2003c; Christopher et al., 2003; Lennartson et al., 2018).
Advanced Himawari Imager (AHI) carried by a geostationary meteoro-
logical satellite named Himawari-8 has great advantages in temporal
resolution as 10 min for its level-2 aerosol optical property product, thus
makes it possible to observe the diurnal variation of AOD.

However, validation and analysis for the accuracy through control-
ling factors must be performed before applying AHI AOD. Yoshida et al.
(2018) develop the AHI retrieval algorithm and perform a validation by
using data from MODIS and 19 Aerosol Robotic Network (AERONET)
sites. The retrieval shows a good correlation coefficient of 0.59 with
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Fig. 4. Correlation analysis between AHI and CE-318 AOD across different seasons: (a) spring, (b) summer, (c) autumn, and (d) winter. The blue dashed line
represents the 1:1 line, and the black dashed line represent the line of EE. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

AERONET, and the researchers contribute error to the simulation of
aerosol properties. Wang et al. (2019) performed a validation of AHI
aerosol retrieval in full scene and recorded determinations coefficient
(R?) of 0.61 with AERONET sites. This work attributed uncertainties to
aerosol model, cloud filters and ground reflectance. Zhang et al. (2019)
performed a validation using data from 16 AERONET sites and Sun-sky
Radiometer Observation Network (SONET) sites all over China. This
work also attributed the uncertainties of AHI retrieval to the simulation
of aerosol models. Although previous studies have indicated the influ-
ence of aerosol model simulation, comparison between simulated and
observed aerosol properties such as aerosol size distribution (ASD) and
phase function are also need to be analyzed to better estimate their in-
fluences on AHI retrieval (Wang et al., 2003c).

This study performs our work by using the three-year (2016-2018)
level-2 AOD dataset of AHI with observations from a well-maintained
co-located sun photometer and evaluating the performance of AHI
AOD retrieval in Wuhan, Central China. With its rapid economic
development, Wuhan has suffered terrible aerosol pollution events over
recent years; the aerosol pollution levels in this area may be worse than
that recorded in traditional polluted places (Liu et al., 2018a,b; Zhang
et al., 2018). Wuhan also has frequent cloudy conditions which hinder
aerosol observation for satellite (Wang et al., 2017a); therefore, polar
orbit satellites with low temporal resolution often fail to retrieve AOD in
this area. Benefiting from its 10-min temporal resolution, AHI could
provide enough observation here and support the detailed analyses

performed in this study. Except for seasonal and diurnal comparison
between AHI AOD and a sun photometer AOD in Wuhan, we also
analyzed the influence of ASD and phase function on AHI aerosol
retrieval. Angles like solar zenith angle (SZA) and scattering angle may
also affect AHI AOD retrieval but lack detailed discussion in former
study. Wang et al. (2003c) showed that the effect of aerosol phase
function was distinct in the AOD retrievals from geostationary satellite
because the sensor on geostationary platform could measure the back-
scatter for a wide range of scattering angles on a given day for a given
aerosol layer. They show that the phase functions for both spherical and
non-spherical particles should be considered in the retrieval of dust
AOD. Here, with new generation of geostationary satellites such as
Himawari, we further analyze how the accuracy of AOD retrieval varies
with SZA () or scattering angle (®) and give explanations based on
transmission path and phase function. As this study focuses more on
discussing the influence of aerosol characteristics and angles on AHI
AOD retrieval, high temporal resolution data from a single site may help
to prevent some disturbance, for example, the difference of surface al-
bedo and satellite zenith angle. Through these analyses, we would
obtain some more detailed insights about error sources and their in-
fluences, and these works can provide basis toward refining the accuracy
of AOD retrieval. Finally, we applied the dark target (DT) method to AHI
data retrieval. By comparing the AOD retrieved by the DT method and
AHTI’s operational AOD, we reveal the effect of different AOD retrieval
methods and illustrate the robustness of our findings.
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Fig. 5. Distribution of bias (AHI AOD minus CE-318 AOD, red bar) and the Gaussian distribution fitted curve (blue line). (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

This paper is organized as follows. Section 2 presents the data
sources and the space-time matching method. Section 3 gives compari-
son between AHI AOD and CE-318 AOD under different aerosol prop-
erties, seasons, SZAs and scattering angles firstly. After that analysis on
ASD and phase function are performed to give explanation. The DT
method retrieved AHI AOD are also involved and provide comparison
with AHI aerosol retrieval method at last. Section 4 concludes the paper.

2. Data and methods
2.1. AHI/Himawari-8 and MODIS

Himawari-8 is a new generation of Japanese geostationary meteo-
rological satellites which carries a state-of-the-art optical sensor named
AHI with significantly higher radiometric, spectral, and spatial resolu-
tions compared with sensors that are previously available in the geo-
stationary orbit (Bessho et al., 2016). The short revisit time (about 10
min for full disk) of AHI allows users to identify and track rapidly
changing weather phenomena and derive quantitative products. The
level-2 AHI aerosol optical property products with 10-min temporal
resolution and 5-km spatial resolution retrieved from January 2016 to
September 2018 are used in this study. The product contains AOD data
at 500 nm, single-scattering albedo at 500 nm, and 400 nm-600 nm
Angstrom exponent (AE). The level-2 retrieval algorithm of AHI is based
on the works of Higurashi and Nakajima (1999) and Fukuda et al.
(2013), and it uses a radiative transfer code developed by Nakajima and
Tanaka (1988) and Stamnes et al. (1988) and a look-up table to simulate
radiation in different wavelengths and then applies an optimal estimate
method adapted from Rodgers (2000) to retrieve AOD. Other compo-
nents of this algorithm include the cloud detection algorithm adapted
from Ishida and Nakajima (2009), Ishida et al. (2011), a fine aerosol
model adapted from Omar et al. (2005). The retrieval process is pre-
sented in the work of Yoshida et al. (2018).

MODIS is a key instrument of the Earth Observing System launched
onboard the Terra (which descends southward at 10:30 local time) and

Aqua (which ascends northward at 13:30 local time). The MODIS level-2
atmospheric aerosol product (MOD for Terra and MYD for Aqua) pro-
vides a global coverage of aerosol properties retrieved by the DT and
deep blue (DB) algorithms. While the DT algorithm is applied over ocean
and dark land, the DB algorithm covers the entire land (Kaufman and
Tanré, 1998; Levy et al., 2007a, 2013). The MODIS aerosol product has
been widely validated and used (Chu et al., 2002; Remer et al., 2002;
Taoetal., 2015, 2017a; Wei et al., 2019). In this study, we use AOD from
the “Corrected Optical Depth Land” dataset of MOD04 and MYDO04 in
version 6.1, which is derived by the DT method. AOD in 0.47, 0.55, and
0.66 pm wavelengths from this dataset are transformed to AOD in 0.5
pm wavelength to compare with AHI AOD.

2.2. Site and sun photometer

The Wuhan University ground-based atmospheric observation sta-
tion is located at the top of the State Key Laboratory of Information
Engineering in Surveying, Mapping, and Remote Sensing (114.37° E
30.53° N) in Wuhan, Hubei Province, China, as shown in Fig. 1. This
station has more than 10 types of instruments for ground-based obser-
vation, including a Cimel sun photometer (CE-318, installed in July
2007), a microwave radiometer, a multi-filter rotating shadow band
radiometer, and a Mie-Raman Lidar. The CE-318 is calibrated every year
using CARSNET (China Meteorological Administration Aerosol Remote
Sensing Network) reference instrument under stable atmosphere and
low aerosol loading.

CE-318 conducts direct spectral solar radiation measurements within
a 1.2° full field of view every 15 min (Holben et al., 1998). Measure-
ments from 8 channels (340, 380, 440, 500, 670, 870, 1020, and 1640
nm) are used to obtain the spectral AOD (Dubovik et al., 2000; Holben
et al., 1998), and the total uncertainty in AOD is approximately
0.01-0.02 (Eck et al., 1999). The bundled software of CE-318, called
ASTP, provides AOD in 8 channels and the AE. Observations from
January 2016 to September 2018 are used to match the AOD retrieval
data of AHI and to make validation.
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2.3. Evaluation method

The coefficient of determination (Rz), root mean square deviation
(RMSE), bias (AHI AOD - CE-318 AOD), and percentage of AHI AOD
falling within the expected error (EE) range (+0.05 + 0.157) are used to
evaluate AHI AOD retrieval. The R? is interpreted as the proportion of
the variance in the dependent variable that is predictable from the in-
dependent variable, and is an indicator indicating the reliability of
changes in dependent variables. RMSE is the square root result of linear
regression loss function, and it reveals the absolute difference between
two variables. Bias refers to the tendency of a measurement process to
over- or under-estimate the value of a population parameter, and AOD
from CE-318 is used as compare object in this work. The EE range refers
to (Remer et al.,, 2005). The temporal-spatial matching method is
adapted from previous studies (Liu et al., 2014a,b; Nichol and Bilal,
2016; Wang et al., 2017a,b; Xiao et al., 2016). AHI retrieval AOD in
Wuhan is computed by averaging all retrieved AOD with quality flag of
good in an 8 x 8 gridding focusing on Wuhan University site. In order to
obtain a representative AHI AOD, 20% of the grid points in the 8 x 8
gridding should have effective AOD, or the averaged value at this time
would be abandoned. We adopt the 20% standard from Huang et al.
(2016). For temporal match, AOD from CE-318 should have 2 or more
observations within 30 min centered on the AHI measuring time, or this
match fails.

2.4. SZA, scattering angle and their roles in radiative transfer model

The basic radiative transfer equation for diffused solar radiation
under an assumed plane-parallel scattering atmosphere is formulated as

follows (Liou, 2002):

di(z,Q .
—cos 97(;’ ) =—I(1,Q) +4EF067‘“ % P(Q, Q)
g - T (2.4.1)
+— [ I(r,Q)P(Q,Q)dQ + B[I(7)]

ar Jux

where I(z, Q) is the specific intensity at optical depth 7 along unit vector
Q, Q lies in the direction (6, ¢) that represents the satellite zenith and
azimuth angles, respectively, while Qq lies in the direction (6, ¢) that
represents the solar zenith and azimuth angles. w and P represent the
single scattering angle and phase function of air mass. Fy represents the
flux density of solar radiation. B [T(t)] is the Planck function and it
represents emission.

SZA (0y) refers to the angle between the zenith and the sun disc
center (Hartmann, 2015) and complements the solar elevation angle.
The SZA determines the transfer path and affects scattering. The radia-
tive transfer path increases along with an increasing SZA. Under an
assumed plane-parallel scattering atmosphere, a longer path may
introduce additional errors in the calculation of the extinction part (the
first term on the right-hand side of formula (2.4.1). Moreover, the
multiple scattering calculation in radiative transfer models are all
simplified, so a longer path which causes more multiple scattering may
also introduce additional errors in the scattering simulation.

Meanwhile, relative azimuth angle represents the relative azimuth of
the sun’s position and satellite position and is calculated by the sun
azimuth angle (¢,) and the satellite azimuth angle (¢). Given that
Himawari-8 is a geostationary satellite, the satellite solar angle and
satellite azimuth angle of Wuhan station are both fixed.

Scattering angle (©) refers to the angle between the extension lines of
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the incident and outgoing directions (Levy, 2009). This angle can be
calculated using formula (2.4.2). The scattering angle participates in
formula (2.4.1) through the scattering phase function (P) where the
scattering angle is presented by (Q, Qo).

cos® = — cos 0 cos 8 + sin 0 sin Gycos(P — ¢,) (2.4.2)

2.5. The dark target method for AHI AOD retrieval

The dark target (DT) method is designed to infer clear-sky aerosol
properties form MODIS observation over land surfaces that have low
values of surface reflectance in parts of the visible and shortwave
infrared spectrum (Levy et al., 2010). The basic algorithm is developed
by Kaufman et al. (1997) and improved by many other researchers
(Ackerman et al., 1998; Martins et al., 2002; Levy et al., 2007b; Li et al.,
2005). The Dark Target method used here is based on the basic DT al-
gorithm and the improvements. The aerosol models we used are the
moderately absorbing aerosol model and coarse-dominated model
(dust) (Levy et al., 2007a; Remer and Kaufman, 1998), and the cloud
mask method we used is the method for MODIS C006-L (Levy et al.,
2013). This cloud masking method is proposed by Martins et al. (2002)
with a 3 x 3 standard deviation sliding window. The corresponding
threshold values for cloud masking and surface reflectance estimating
refer to the work of Ge et al. (2019). They use a new NDVI of AHI sensor
to improve the surface reflectance estimation based on DT method after
analyzing the spectral characteristics of the sensor. The spatial and
temporal matches for the dark target method are consistent with those
for the evaluation method discussed in section 2.3.

3. Results and discussion

This section performs correlation and bias analysis of AHI and CE-
318 AOD under different AOD, f\ngstrém exponents (AE), seasons,
SZAs, and scattering angles. The analysis results are also given to explain
the different retrieval under various conditions of ASD and phase
function. The DT method is applied to retrieve AHI AOD in Wuhan in
order to reveal the different application effect of different retrieval
methods. The AHI AOD, AHI DT AOD and MODIS aerosol product are all
compared with CE-318 AOD.

3.1. Comparison of AOD between AHI and CE-318

An overall correlation analysis of AHI and CE-318 AOD is performed
firstly. Fig. 2 presents the scatter plots of AHI and CE-318 AOD. The blue
dashed line represents the 1:1 line, and the black dashed lines on both
sides of the blue dashed line represent the envelopes of EE. A total of
2508 data pairs are left after the temporal-spatial matching and quality
screening from three-year observations. The R? value is 0.7, and
approximately 48.80% of the samples are within the envelopes of ex-
pected error. In addition, the RMSE value is 0.17, and the density dis-
tribution of the samples shows that most AOD values are below 0.7. In
sum, the AHI underestimates AOD in these three years.

Fig. 3a shows the variation of the bias between AHI and CE-318 AOD
with the change of the latter. The bias is very close to 0 when the AOD is
less than 0.2. The bias increases along with CE-318 AOD and reaches
—0.4 when the AOD is close to 1.4. Due to the small numbers of samples
when AOD exceed 1.4, the bias show sharp fluctuations. However, AHI
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performs a good retrieval when AOD range from 1.1 to 1.3, thereby
indicating that AHI may have some advantages in retrieving AOD in this
range of high AOD. In order to further discuss AHI aerosol retrieval
under different aerosol load, we applied the DT method to perform

comparison in section 3.5.

AE is an indicator that shows a negative correlation with aerosol size
(f\ngstrém, 1929). Fig. 3b shows the bias between AHI and CE-318 AOD
while the AE (CE-318, 440 nm-675 nm) varies. The AHI AOD retrieval
generates an overestimation with a decreasing trend when the AE is
below 0.3. The bias is close to 0 when the AE range from 0.5 to 0.75. AHI
underestimates AOD when the AE range from 0.8 to 1.7. The bias

changed barely when the AE range from 1 to 1.4, thereby suggesting a
relatively stable deviation which reveals that AE within this range have
little influence on AOD retrieval. When the AE exceed 1.6, the bias
become closer to zero as the AE increase. The good estimation of AOD
when AE is over 1.6 may relate to the good performance of Mie scat-
tering algorithm with very small aerosol particles. We will discuss the
influence of particle size on retrieval in the following section.

3.2. Seasonal analysis on AOD and ASD

Previous studies reveal that Wuhan suffers from high AOD
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Fig. 9. Same with Fig. 8 but samples are limited in morning.

throughout a year, especially in spring and summer (Wang et al., 2015;
Zhang et al., 2018). Aerosol types and their optical properties in this
area vary with seasons. Northwest China has large arid and semi-arid
regions that become main sources of aeolian dust aerosols in the at-
mosphere (Choobari et al., 2014; Wang et al., 2010, 2012; Ge et al.,
2016). Dust events usually occur in spring, when dust is transported to
downwind areas, including Wuhan (Wu et al., 2015) and shows great
influence on cloud and precipitation (Huang et al., 2014). Wuhan has a
subtropical monsoon climate and is full with rivers and lakes; rich
moisture and rainfall promote hygroscopic growth of aerosol (Wang
et al., 2015). In winter, frequent haze events occurred in recent years
with transported and local aerosol (Xu et al., 2002; Zhang et al., 2018).

We make the seasonal analysis in order to analyze the influence that
aerosol source, component or property may bring on retrieval. Fig. 4

presents the results of the correlation analysis across different seasons.
AHI produces the best estimates in summer, when the R? and RMSE
values are 0.78 and 0.15, respectively. Approximately 58.12% of the
samples are within the envelopes of EE. The largest number of matching
samples is also recorded in summer. Spring and autumn have similar
numbers of samples but show different estimation effects. Specifically,
the R? and RMSE values in spring are 0.76 and 0.17, respectively,
whereas those in autumn are 0.46 and 0.21. Huge differences are also
observed in the percentage of samples within EE, that is, around 49.71%
and 34.76% of the samples are within the EE in spring and autumn,
respectively. The limited number of samples in winter can be ascribed to
the continuous cloudy or rainy weather and thick haze in the area. Ac-
cording to meteorological data, only 34.6% of the winter days in Wuhan
over the past three years are sunny. Moreover, given that the planetary
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Fig. 10. Same with Fig. 8 but samples are limited in afternoon.

boundary layer is low in winter, even the Lidar in the station cannot
break through the thick cloud and haze in most days (Liu et al., 2018a,
b). In sum, CE-318 can hardly record effective observations during this
period. The 66 samples collected in winter have R? and RMSE values of
0.42 and 0.21, respectively, and 16.67% of these samples are within the
envelopes of EE. Samples below EE are obviously more than that upon
EE in all the seasons, indicating an underestimation all over the year.
Fig. 5 presents a histogram of the appearance frequency of bias be-
tween CE-318 and AHI AOD. The blue line represents the fitting normal
distribution curve. The best mean value (—0.04) is recorded in summer
with an accompanying standard deviation (std) of 0.19. Meanwhile, the
fitting normal distribution curve for spring has mean and std values of
—0.09 and 0.19, whereas that for autumn has mean and std values of

—0.13 and 0.23, respectively. These statistics are comparable but
somewhat larger than the computus of MODIS AOD (Anderson et al.,
2013). Winter shows the worst mean bias (—0.21). The findings in Fig. 5
are similar to those in Fig. 4, which means the AHI AOD minus CE-318
AOD mean biases in summer and spring are closer to zero compared with
that in autumn and winter.

ASD plays an important role in aerosol retrieval as determining
aerosol optical properties (Tegen and Lacis, 1996). The volume median
radius for the fine and coarse modes are set to 0.143 and 2.834 pm in
AHI aerosol algorithm (Yoshida et al., 2018). For fine-mode particle, Mie
scattering algorithm is used to simulate extinction and scattering prop-
erties in AHI aerosol algorithm. AHI adopts the coarse dust model of
Omar et al. (2005) and uses non-spherical parameters based on the
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semi-empirical theory of Pollack and Cuzzi (1980). According to
Nakajima et al. (1989), the non-spherical model is constructed referring
to the observations in dust events of East Asian and it performs well in
this region. Here we present the ASD that provided by CE-318 under
different seasons, and make comparison with what AHI simulates.
Considering that the coarse-mode simulation method is based on the
observation and performs well in East Asia, we focus on the fine-mode
simulation and paint the efficiencies and factors that varies along with
size parameter (x) according to Mie scattering algorithm. The size
parameter is calculated by 2n x radius/wavelength and it is widely used
in Mie scattering calculation to present size.

Fig. 6a presents the seasonal aerosol size distribution observed by
CE-318 in Wuhan. The black lines denote the default AHI-set median
radiuses of fine- and coarse-mode particles. The concentration of coarse-
mode aerosol are higher in spring and winter, and their volume median
radius are lower than summer and autumn. The median radius of the
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140

160 180

coarse-mode particles during spring is close to the default value. The
well-simulated coarse-mode model may explain why better retrieval
results are obtained in spring than in autumn. The volume medium
radius set by AHI for fine-mode particles is obviously lower than what
has been observed in all the seasons, and AHI also underestimates the
fine-mode effective radius as the effective radius is calculated by inte-
grating size distribution. Fig. 6b presents the variances in single scat-
tering albedo and asymmetry of fine-mode particle along with size
parameter while Fig. 6¢ presents two phase functions simulated by using
AHI effective radius and CE-318 annual effective radius. The underes-
timation of fine-mode effective radius slightly decrease single scattering
albedo but obviously increase backscattering (according to lower
asymmetry and higher phase function over scattering angle of 90°) as
Fig. 6b and c presents, which in turn may increase path reflection.
Moreover, the overestimation of path reflection would underestimate
the AOD in AHI according to Yoshida et al. (2018), fitting the result of
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comparison. So the low default medium radius of fine-mode particles
may be among the reasons for the underestimation of AOD.

The aerosol hygroscopic growth in summer and autumn may also
contribute to the underestimation of AOD. Wang and Martin (2007)
conducted a theoretical study and showed that the hygroscopic growth
can affect the retrieval of not only AOD but also its wavelength depen-
dence; the decrease of backscattering and increase of single scattering
albedo associated with the particle size growth in high relative humidity
conditions can have the opposite effect on urban AOD retrieval. How-
ever, if aerosol particles are highly scattering, the hygroscopic growth
that is not considered in the retrieval algorithm will lead to underesti-
mate of AOD (Wang and Martin, 2007), which is consistent with the
analysis with Fig. 6. Specifically, for urban areas like Wuhan, aerosol
hygroscopic growth contributes to the increase of aerosol fine-mode
particle radius (Che et al., 2015). Zhang et al. (2017a,b) also indicates
that aerosol hygroscopic growth increase the forward scattering and
decrease the backward scattering. So neglecting the hygroscopic growth
would contribute to the AOD underestimation by overestimating path
reflection. The worst retrieval effect is recorded in winter. Zhang et al.
(2018) argued that the volume median radius of fine-mode particles can
be as large as 0.194 pm during a haze event in winter. The volume
median radius of fine-mode particles is much larger than what has been
set by AHI, thereby contributing to obvious underestimations of AOD in
winter. Overall, the underestimation of particle size is an important
reason for AHI's underestimation of AOD throughout the year.

The 10-min temporal resolution of AHI AOD allows diurnal analysis.
We provide bias variations of AOD in four seasons and the whole year to
reveal the different retrieval throughout a day. In spring (Fig. 7a), the
AOD increases, fluctuates, and reaches its peak at about 14:30. Although
AOD briefly increases at 16:00, the overall trend is decreasing after
14:30. The variation of bias is similar with AOD in spring. The AOD in
summer (Fig. 7b) is almost constant from 8:00 to noon, and a slight
increase is observed from 12:00 to 13:30. The AOD peaks at 13:30 before
a sharp decrease. After 14:00, the AOD increases and then decreases.
The bias is close to zero and remains stable in the morning, fluctuates,
and then declines along with time in the afternoon. The diurnal
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variation of AOD in autumn (Fig. 7c) is very complex. Specifically, the
lowest and highest AOD are observed at about 9:00 and 12:00, respec-
tively. The bias indicates an underestimation almost in the day. Given
the small sample numbers, the figure of winter (Fig. 7d) does not present
a continuous curve for the variation of AOD in the day. The peak appears
at about 12: 30, and the bias is close to zero from 10:00 to 11:00. As
shown in Figure 7e, 3-year averaged AOD slowly increases from sunrise
to about 15:00 and then declines rapidly from 15:00 to sunset. This
diurnal variation of AOD is similar with observation for inland urban
areas presented by Lennartson et al. (2018), and the most negative
values all occur near the midday. The bias is closer to zero in the af-
ternoon than in the morning, and AHI is often underestimated AOD
before noon. Fig. 7 reveals that the bias of AHI retrieval may have
obvious difference in a day. As angles like SZA, and scattering angle may
be able to influence the retrieval and vary with time, we then discuss
these angles and analyze their influence on AHI retrieval in the
following section.

3.3. Effect of SZAs on AOD inversion

The SZA which has a direct effect on atmospheric path radiation,
further influence the AOD retrieval (Levy et al., 2013). SZAs vary along
with time in a day, and AHI carried by a geostationary satellite retrieves
AOD under varying SZAs. The radiative transfer model which is used to
retrieve AOD from satellite observations usually simplifies the calcula-
tion of multiple scattering. Larger SZAs cause the solar radiation to
travel longer atmosphere path and interact with more aerosol particles,
and more scattering process simulations of aerosol particles may induce
higher estimation error. The variation of SZAs may partly explain the
diurnal bias variation of AHI retrieved AOD.

Here we provide correlation and bias analysis for AHI AOD under
different SZAs in order to discuss the influence of SZA on AHI retrieval.
Fig. 8a—f shows that the variation of R? overall shows a fluctuating
decreasing trend along with an increasing SZA, but an obvious inflection
point is observed when the SZAs range from 30 to 40°. The best R? ap-
pears at 30-40° with R? and RMSE values of 0.76 and 0.18, respectively,
and with around 47.41% of samples within EE. The worst R? is observed
at SZA of 60-70°. Relatively low RMSE values (about 0.16) are recorded
from 0 to 20° and from 50 to 70°. While SZAs range from 20 to 50°, the
RMSE values are about 0.18. More than 55% of the samples are within
EE at SZAs of 0°-20° and 60°-70°, whereas about 45% are within EE at
the other SZAs. Fig. 8g shows the variation of AHI AOD, CE-318 AOD
and their bias (AHI minus CE-318) relying on SZAs. AHI underestimates
the AOD at most situations. The bias comes near zero only at an SZA of
10°-20° or about 35°.

The SZA is symmetric at noon of local time, so the overall analysis of
SZA that Fig. 8 presents is unable to reflect the difference between the
morning and afternoon. Here we separately discuss the influence of SZA
on AHI AOD retrieval in these two periods. Fig. 9a—f presents the results
of the correlation analysis for the AHI AOD retrieval relying on SZAs in
the morning. The R2 value reaches its peak (0.8) when SZAs range from
30° to 40° and exceeds 0.7 at all other SZAs. Meanwhile, the RMSE
values range from 0.15 to 0.17 at SZAs of 0°-20° and 50°-70°, and turn
to be around 0.2 at other SZAs. Around 59.73% of the samples are within
EE at SZAs of 0°-20°, range from 30% to 50% at other SZAs, and increase
along with SZAs. Fig. 9g shows the bias variation between AHI and CE-
318 AOD in the morning. AHI underestimates AOD at most SZAs except
from 10° to 15°. The correlation analysis for the afternoon (Fig. 10a to f)
reveals that R? initially increases and then decreases as the SZA in-
creases. The R? values reach the peak (0.85) at SZAs of 30°-40°, and low
RMSE values (around 0.15) are recorded at SZAs of 30°-40° and
50°-70°. Below 50% of the samples are within EE at SZAs of 40°-60°.
Fig. 10g shows that the bias (AHI minus CE-318) are near zero when the
SZAs are around 20° or above 40°. Comparing the correlation analysis in
morning and afternoon at different SZAs, we find that the morning has
higher R? than the afternoon when SZAs higher than 40°, while the
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afternoon gets better R? than the morning when SZA lower than 40°. We
attribute this phenomenon to the influence of scattering angle which
will be explained in detail in section 3.4. For percent within EE and
RMSE, the afternoon performs better at all SZAs except 0-20°. The bias
analysis for Figs. 9g and 10g present that the morning has an overall
underestimation while the bias in afternoon wave around zero. These
results indicate a better retrieval in the afternoon, and the different
retrieval at same ranges of SZAs reveals that there are other factors
deeply affect AHI retrieval. In order to present the difference of retrieval
in morning and afternoon directly, we provide correlation analysis for
the morning and afternoon in Fig. 11.

As mentioned above, the SZA is symmetric at around noon. If SZAs
affect AHI retrieval independently, the correlation analysis would not
show great difference in morning and afternoon. In order to further
discuss the influence of SZAs on AHI retrieval. We examine the AHI AOD
distinguishing the morning and afternoon in Fig. 11. The R? and RMSE
values in the morning are 0.74 and 0.18, respectively, while those in the
afternoon are 0.73 and 0.16, indicating that AOD of AHI has similar
correlation but smaller bias with CE-318 in the afternoon than in the
morning. About 43.80% of the samples are within EE in the morning,
while 55% are within EE in the afternoon. A similar percentages of
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samples below and above EE is observed in the afternoon (23% and 22%,
respectively), whereas 54% of the samples are below EE in the morning.
The big difference of percent below and above EE in the morning may
reveal a stable underestimation of AOD during the time while the result
in the afternoon reveals a much better retrieval. Overall, the correlation
analysis in the morning and afternoon shows a little bit difference in R?
and RMSE, but a great difference in EE. The result reveals other factors
like scattering angle affect retrieval and lead to the underestimation of
AHI AOD, so we will discuss the influence from scattering angle and
phase function in the following section.

3.4. Extensive discussion of SZA, scattering angle and phase function

The scattering angle is calculated by using SZA, satellite zenith angle
(fixed value for the same location in AHI retrieval) and relative azimuth
angle as shown in formula (2.4.2). The scattering angle participates in
radiation calculation in the scattering part through the phase function,
and the phase function describes the angular distribution of radiation
scattering (Kokhanovsky, 2009). Yoshida et al. (2018) revealed that the
bias of retrieval varied under different scattering angles, which could be
ascribed to the misfit of aerosol models. As an important parameter in
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AHI aerosol model, phase function simulated by spherical Mie scattering
algorithm can be related to the variation of AOD bias (AHI minus
CE-318) relying on scattering angle. Fig. 12a shows AHI underestimates
AOD when the scattering angle is below 90°. When the scattering angle
is between 100° and 120°, AHI overestimates AOD slightly. After that,
underestimates occur and enlarge with the increase of scattering angles.

Scattering angles affect retrieval through phase function. AHI uses
the spherical Mie scattering function to simulate the phase function of a
fine-mode particle (Yoshida et al., 2018). In this paper, we only discuss
the simulation of phase function of fine-mode particles because AHI
employs a semi-empirical theory to simulate the phase function of
course-mode particles, and the simulated phase function for
coarse-mode shows a good fit with observations in East Asian according
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to the study of Nakajima et al. (1989). Xu and Wang (2015) has
mentioned that the aerosol particle size distribution can be well char-
acterized with an effective radius, so we use a fine-mode effective radius
and a complex refractive index observed by CE-318 to calculate the
phase function through spherical Mie scattering function, and then make
comparison with the fine-mode phase function from CE-318 to analyze
the error that spherical Mie scattering algorithm brings on phase func-
tion simulation, and the results are presented in Fig. 12b. It should be
noted that CE-318 does not provide phase function at 500 nm, so we use
the phase function at 440 nm instead. As can be seen in this figure, when
the scattering angle is between 80° and 100°, the Mie scattering algo-
rithm which AHI used underestimates the phase function. Spherical Mie
scattering algorithm overestimates the phase function when the
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Fig. 16. Same as Fig. 15 but the comparison is between AHI DT AOD and CE-318 AOD in 2016.

scattering angle ranges between 100° and near 125°, and the biggest
overestimation appears at a scattering angle of about 115°. The varia-
tion of difference between the Mie scattering algorithm simulated phase
function and the phase function derived from CE-318 observations are
almost uniformly fitted with the trend of bias shown in Fig. 12a.
Therefore, how the AHI aerosol algorithm simulates the fine-mode
particle phase function closely relates to the bias of the retrieved AOD.

As mentioned above, The SZA participates in calculating scattering
angle which means these two angles are related and combine to affect
retrieval. Here we paint the variation of SZA and scattering angle with
time in Fig. 13 to explain that the same SZA corresponds to different
scattering angle in morning and afternoon, and further explain why
correlation analysis under same SZAs show such a difference in morning
and afternoon by considering the influence of scattering angle. From
Fig. 13, scattering angle initially increases before decreasing while SZA
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firstly decrease and then increase during daytime of June 23rd. The peak
of scattering angle is observed at about 10:15 (local time) in Wuhan,
while the lowest SZA appears at 12:00 (local time). As Fig. 13 shows, in
June 23rd when SZA come to be 40° (blue dashed line), the corre-
sponding time (black dashed line) turns to be 9 o’clock and 15 o’clock in
morning and afternoon respectively, and the corresponding scattering
angle (red dashed line) turns to be 145° and 105° in morning and af-
ternoon respectively. So we proved that same SZA corresponds to
different scattering angle in morning and afternoon. Then if the SZA
increases from 40°, the corresponding scattering angle would decrease
from 145° to 105° in morning and afternoon as Fig. 13 shows. According
to Fig. 12a, if scattering angle decreases from 145°, we can find the
retrieval may become better as scattering angle is between 100° and
125°, while it decreases from 105°, the retrieval can only get worse. This
phenomenon could explain the conclusion that we have presented in
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section 3.3, which is the R? between AHI and CE-318 AOD are higher in
the morning than in the afternoon when SZA higher than 40°. The
analysis above is based on date of June 23rd. In other date, variation
with time of these two angles have same variation trend, same time of
highest value and lowest value. The only difference is that curves for
SZA and scattering angle would up shift in other date compared with
June 23rd, leading to higher corresponding scattering angle both in
morning and afternoon when SZA comes to 40°. The difference would
not influence our conclusion, so we only take the June 23rd as an
example. It is obvious to see that the scattering angle is one of that cause
for the difference in morning and afternoon, and SZA and scattering
angle combine to affect retrieval.

3.5. Differences between DT and AHI official retrieval algorithms

We retrieved the AOD from AHI level 1 data by applying the DT
method (Ge et al., 2019; Levy et al., 2010), then compared the MODIS
AOD, AHI AOD and AHI DT AOD with the CE-318 AOD. Fig. 14a and b
shows that the AOD from MODO04 has a higher R? (0.80) compared with
MYDO04 (0.53). About 32% and 40% of the MOD04 and MYDO04 samples
are within EE. These two comparisons show that MOD04 has better
performance in Wuhan comparing with MYD04. As shown in Fig. 14c,
the AHI AOD has a lower R? (0.76) compared with MODIS MOD04 AOD
yet has more samples (44.6%) within EE. Meanwhile, the AHI DT AOD
(Fig. 14d) shows a similar RMSE with MODIS MYDO04 yet demonstrates a
worse retrieval effect when compared with AHI AOD (lower RZ, similar
percentage of samples within EE, and higher RMSE).

As the AHI AOD performs better in Wuhan than MOD04, MYD04 and
AHI DT AOD, we tries to give some explanation. First, we consider the
influence of aerosol loading. The DT method usually demonstrates a
poor retrieval effect at AOD more than 0.8, indicating a relatively higher
uncertainty under heavy aerosol loading (Liu et al., 2014a,b, 2018). So
we limit the CE-318 AOD that values must be higher than 0.8 in Fig. 14e
and f, and make comparison with corresponding AHI AOD and AHI DT
AOD to show the difference under heavy aerosol loading. Both AHI and
the dark target method show a different performance after limiting AOD
(lower R? but higher percent within EE). The AHI DT AOD shows a high
RMSE of 0.46 with CE-318 AOD, whereas the AHI AOD has a RMSE of
0.21 with CE-318 AOD after limitation. It suggests that AHI aerosol
retrieval algorithm has some advantages in retrieving AOD in Wuhan at
periods under heavy aerosol loading comparing to the DT method, this
result is consistent with the result with Tao et al. (2017b). Gupta et al.
(2019) also revealed that the DT method would overestimate AHI AOD.
The cloud detection method applied by AHI is described in Ishida and
Nakajima (2009) and may explain the advantage of AHI retrieval under
heavy aerosol loading. This method shows advantages in detecting areas
with ambiguous cloudy conditions, and Wuhan are often cloudy. So this
method may be more suitable in Wuhan than the MODIS C006-L cloud
mask method applied on the DT method, thereby explaining why the
AHI shows a better retrieval performance compared with the DT
method. Another reason may be the difference of aerosol models that
AHI aerosol algorithm and the DT method take. AHI uses a look-up table,
two default volume median radiuses, and spherical and non-spherical
scattering methods to construct an aerosol model (Yoshida et al.,
2018) instead of using those aerosol models constructed via a cluster
analysis of ground-based measurements (Omar et al., 2005; Levy et al.,
2007a). Given the lack of ground-based observations in Central China,
the aerosol models constructed via cluster analysis cannot cover the
characteristics of aerosols in Wuhan, and the estimation of single scat-
tering albedo also brings error, thereby explaining the poor retrieval
results of the DT method. Although the default volume median radius of
AHTI’s aerosol model does not exactly fit the observations, the look-up
table can, to some degree, correct the final simulated size distribution
through looking up for suitable fine-mode fraction. The AHI aerosol
algorithm may show a better performance in areas where adequate
aerosol prior knowledge is lacking and may have better retrieval AOD.
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Surface reflectance estimation and aerosol model are two main error
source in the DT method. However, Jin et al. (2019) found aerosol
models were main reason to cause the MODIS C6.1 retrieval errors in
Wuhan. And our work aims more on impacts of angles or size distribu-
tions on AHI AOD retrieval, separately considering surface reflectance
for the DT method may make section 3.5 too long and it will take our
article deviate from the core theme, so we would not talk about the
influence of surface reflectance and it would not affect our conclusion.

AHI aerosol algorithm and the DT method perform differently in
retrieving AHI AOD. We here make correlation and bias analysis of AHI
AOD and AHI DT AOD comparing with CE-318 AOD, discussing SZA’s
influence on retrieving AOD from these two methods. From Figs. 15 and
16, the highest R2 for the AOD of these two methods with that of CE-318
appear at SZAs ranging from 0 to 20°, whereas the lowest R? values of
AHI AOD and AHI DT AOD are observed at SZAs ranging from 60 to 70°.
AHI AOD shows smaller variations (0.60-0.81) in its R? when the SZA
ranges from 20° to 70° compared with AHI DT AOD (0.11-0.77). This
result indicates that in the DT method, SZA has large effect on retrieval.
Figs. 15g and 16g show that the AHI AOD are lower than CE-318 AOD at
most SZAs, whereas AHI DT AOD are higher than CE-318 AOD. The bias
of the AHI AOD and CE-318 AOD is near to zero when SZA is at about
10°, and the largest bias appear when SZAs range from 40 to 50°. The
bias between AHI DT AOD and CE-318 AOD shows a similar trend as CE-
318 AOD varies, which may suggest that the DT inversion is influenced
by aerosol concentration to some extent.

4. Conclusion

The AOD provided by AHI which carried by a geostationary meteo-
rological satellite has great advantages in temporal resolution, and has
wide application such as aerosol short-term change tracking (Yoshida
et al., 2018). In order to ensure its regional reliability and improve the
application effect of AHI AOD, it is necessary to verify and analyze its
data product as well as search for the factors that bring negative effect
on retrieval. In this study, we obtain AOD from a well-maintained
CE-318 sun photometer in Wuhan as the standard data, through
comparing with the high temporal resolution AHI aerosol product, we
completed the all-around and detailed evaluation for AHI AOD in Cen-
tral China.

The AHI AOD shows a good R? of 0.7, but much more samples are
below EE rather than above, which reveals that AHI overall un-
derestimates AOD in Wuhan. Bias (AHI minus CE-318) analysis under
different AOD and AE shows AHI aerosol algorithm performs better at
very low aerosol loading (AOD<O0.2) or for very small particles
(AE>1.6). As aerosol optical properties varies with seasons, we perform
correlation analysis for seasons and attribute the difference of retrieval
to the simulation of ASD. AHI aerosol algorithm uses default fine- and
coarse-mode volume medium radius to simulate ASD but the observed
volume medium radius are different in seasons, which causes the
different retrieval in seasons. Fine-mode ASD contributes more to the
seasonal difference as it always dominates, so we present how the fine-
mode radius affects scattering base on spherical Mie scattering method
which is used by AHI aerosol algorithm for fine-mode particle. These
works help us to prove that the lower default fine-mode volume medium
radius causes the overestimation of back-scattering, which finally leads
to the underestimation of AHI AOD. Then the influence of SZA on AHI
aerosol retrieving is discussed. AHI aerosol algorithm shows best per-
formance when SZA ranges from 30° to 40°. SZA is symmetric with noon
but the diurnal has shown difference in retrieval between morning and
afternoon, so we give correlation and bias analysis relying on SZA
respectively in morning and afternoon. The difference between morning
and afternoon indicates that there are other factors affect retrieval. To
test whether scattering angle is the factor that affects retrieval
combining with SZA, bias analysis for AHI and CE-318 AOD relying on
scattering angle is performed. Scattering angle affects retrieval through
phase function, so we also simulated the phase function through
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spherical Mie scattering method to compare with CE-318 observed
phase function in order to evaluate the error that Mie scattering method
brings to phase function simulation. We find that the variation of the
difference between simulated phase function and CE-318 observed
phase function is uniformly fitted with the trend of bias between AHI
and CE-318 AOD. It proves that scattering angle greatly affects AHI
aerosol retrieval through phase function. Then we relate the SZA and
scattering angle through time, showing that same SZAs corresponds to
different scattering angle in morning and afternoon, and we proves that
scattering angle is an important reason that causes the different retrieval
under same SZA in morning and afternoon. At last, we use the DT
method to retrieval AHI AOD in 2016 of Wuhan and provide compari-
son. MODIS MOD04 and MYDO04 aerosol product are also involved into
the comparison. AHI AOD performs better than AHI DT AOD, MODO04
and MYD04 AOD in Wuhan. The good performance may relate to the
cloud detecting method and aerosol model that AHI aerosol algorithm
uses as Wuhan has frequent cloudy weather, heavy aerosol loading, and
is lack of prior information of aerosol properties.

Our analysis for AHI AOD and CE-318 AOD could also be performed
in other areas, and may help us to further understand the influence of
aerosol model (ASD, phase function) on AHI retrieving. But in this work,
data from a single area could partly prevent some disturbance such as
surface reflectance and satellite zenith angle when analyzing the influ-
ence of SZA or scattering angle on retrieval, so in this study, we only
chose the ground-based observation from the Wuhan University atmo-
spheric observation station. In the future, as more AERONET sites
observation will be introduced, through classifying aerosol and obtain-
ing suitable volume medium radius in AHI aerosol algorithm, AHI AOD
retrieval would be improved.
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