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This study newly applies measurements from two geostationary satellites, the Advanced Himawari Imager (AHI)
onboard the geostationary satellite Himawari-8 and the Geostationary Ocean Color imager (GOCI) onboard the
geostationary satellite COMS, to evaluate a unique regional aerosol-transport model coupled to a non-hydro-
static icosahedral atmospheric model (NICAM) at a high resolution without any nesting technique and boundary
conditions of the aerosols. Taking advantage of the unique capability of these geostationary satellites to measure
aerosols with unprecedentedly high temporal resolution, we focus on a target area (115°E-155°E, 20°N-50°N) in
East Asia in May 2016, which featured the periodic transport of industrial aerosols and a very heavy aerosol
plume from Siberian wildfires. The aerosol optical thickness (AOT) fields are compared among the AHI, GOCI,
MODIS, AERONET and NICAM data. The results show that both AHI- and GOCI-retrieved AOTs were generally
comparable to the AERONET-retrieved ones, with high correlation coefficients of approximately 0.7 in May
2016. They also show that NICAM successfully captured the detailed horizontal distribution of AOT transported
from Siberia to Japan on the most polluted day (18 May 2016). The monthly statistical metrics, including
correlation between the model and either AHI or GOCI, are estimated to be > 0.4 in 42-49% of the target area.
With the aid of sensitivity model experiments with and without Siberian wildfires, it was found that a long-range
transport of aerosols from Siberian wildfires (from as far as 3000 km) to Japan influenced the monthly mean
aerosol levels, accounting for 7-35% of the AOT, 26-49% of the surface PM2.5 concentrations, and 25-66% of
the aerosol extinction above 3km in height over Japan. Therefore, the air pollutants from Siberian wildfire
cannot be ignored for the spring over Japan.

1. Introduction

Understanding the spatial structure of air pollution in East Asia,
which is one of the most polluted areas in the world, is essential to
address environmental issues and their effects on human health. Air
pollution measurements are a useful tool to monitor air quality and
have been continually conducted at observation sites. During the 2000s,
remote-sensing methods such as Aerosol Robotic Network (AERONET)
(Holben et al., 1998) and light detection and ranging (LIDAR) networks
(Sugimoto et al., 2008) were developed to conduct such measurements.
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Polar-orbiting satellites with remote-sensing sensors were also launched
to measure air pollution, including the Moderate Resolution Imaging
Spectroradiometer (MODIS) onboard the Terra and Aqua satellites
(https://modis.gsfc.nasa.gov/). Recently, the Atmospheric Environ-
mental Regional Observation System (AEROS), including > 500 sites in
Japan, was installed to monitor PM2.5 mass concentrations and has
provided prompt reports that are regularly released through Japan's
Ministry of the Environment (http://soramame.taiki.go.jp/).

However, the coverage area and temporal resolution of these sys-
tems are inadequate for precisely capturing air pollutants, which vary
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temporally and spatially within a short atmospheric lifetime. For ex-
ample, instruments that collect in situ measurements have been em-
ployed at many sites, but the number of observation sites is limited to
land, and air pollution data are generally limited to near the surface.
LIDAR can obtain vertical air-pollution information with high temporal
resolution but suffers from cloud contamination and a limited number
of sites. A MODIS sensor onboard the polar-orbiting satellites can re-
trieve information such as aerosol optical properties with moderate
accuracy and wide observational coverage on a global scale. However,
these satellites have highly restricted sampling rates, i.e., once per day
and only under clear-sky and ice/snow-free conditions. Therefore, the
measurements alone cannot fully capture the 4-dimensional structure of
air pollution.

Recently, two geostationary satellites that can be used to monitor
air pollution were launched over East Asia. One is the Korean
Geostationary Ocean Color Imager (GOCI) onboard the
Communication, Ocean, and Meteorological Satellite (COMS) (Choi
et al., 2012). The GOCI can measure aerosol optical properties such as
the aerosol optical thickness (AOT) over East Asia by using multiple
wavelengths (Lee et al., 2010). The GOCI-retrieved AOT from March
2011 was estimated over East Asia (116°E-146°E, 24°N-48°N) with a
horizontally and temporally high resolution (Choi et al., 2018). The
other geostationary satellite is the Japanese geostationary satellite Hi-
mawari-8, which carries the multispectral imaging sensor known as the
Advanced Himawari Imager (AHI) and was launched in October 2014.
The AHI-retrieved AOT also has high horizontal and temporal resolu-
tion and is available since official operation began in July 2015
(Yoshida et al., 2018; Kikuchi et al., 2018). Both geostationary satellites
can measure radiative signals at visible wavelengths with a much
higher temporal resolution than that of polar-orbiting satellites. In this
study, we analyze the AHI- and GOCI-retrieved AOTs along with
ground-based measurements to better understand the 4-dimensional
structure of air pollution in East Asia.

In addition to these measurements, atmospheric transport models
can be applied to better characterize the 4-dimensional behavior of air
pollution. In this study, we use a semi-regional aerosol-transport model
(Goto et al., 2015a), i.e., the non-hydrostatic icosahedral atmospheric
model (NICAM) (Tomita and Satoh, 2004; Satoh et al., 2008, 2014),
alongside aerosol components (Takemura et al., 2005; Suzuki et al.,
2008) and a stretched grid system (Tomita, 2008a). The simulated
aerosol distributions have previously been evaluated by using multiple
measurements of in situ sampling and LIDAR data (Goto et al., 2015a).
Goto et al. (2015a) validated simulated aerosol distributions from Au-
gust 2007 around Japan by using measurements of the surface PM2.5
that were obtained via AEROS and the vertical profiles of the observed
aerosols at two sites that were operated by a network of NIES-LIDAR
systems (Sugimoto et al., 2008). Goto et al. (2015a) found that this
model could simulate aerosols with diurnal and synoptic variations
during the summer around Japan. Goto et al. (2016) also applied this
model to present and future scenario experiments over Japan during the
entire year. The unique capability of NICAM with the stretched grid
system is that it does not need nesting and boundary conditions, which
are used in a usual regional transport model (Morino et al., 2015). This
point can be an advantage to simulate long-range transport of aerosols,
because NICAM with the stretched grid system can eliminate numerical
noise caused by the boundary.

Transboundary pollution in East Asia is greatest during the spring
and has been investigated in previous field campaigns (e.g., Seinfeld
et al., 2004; Nakajima et al., 2007). During this season, air pollution,
including anthropogenic emissions and dust particles, is constantly
transported from the continent to the oceans and Japan. In addition,
Siberian wildfires regularly occur, and the emitted aerosols are some-
times transported to Japan. Ikeda and Tanimoto (2015) showed that
Siberian wildfire events in 2003 and 2008 strongly affected the surface
PM2.5 concentrations in northern Japan by using a chemistry transport
model. Yasunari et al. (2018) demonstrated that Siberian wildfires
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sometimes provided a high concentration of the surface PM2.5 i in
Hokkaido, northern Japan, when snow melts earlier, as well as large-
scale wildfires that occur over eastern Eurasia in spring to summer.
Although such transboundary pollution from other regions should be
monitored to track air pollution in response to societal demands, such
air pollution, including biomass burning and its 4-dimensional struc-
ture, have not yet been fully understood. Therefore, we analyze May
2016, which is the spring season in Japan, using the stretched grid
NICAM and multiple measurements, including those from two instru-
ments onboard different geostationary satellites, AHI and GOCI; the
MODIS instrument onboard two polar-orbiting satellites, Terra and
Aqua; and ground-based measurements datasets made using AERONET,
LIDAR and in situ sampling of PM2.5.

To evaluate the spatiotemporal variability of NICAM-simulated
aerosols over Japan in the case of May 2016, we first estimate the ac-
curacies of two geostationary satellites using independent measure-
ments of AERONET. These geostationary satellites can provide greater
temporal resolution than polar-orbiting satellites. After demonstrating
the availability of two geostationary satellites as reference datasets, we
then investigate the differences in the AOT as shown by AHI, GOCI, and
NICAM. A description of the model and measurements used in this
study is provided in Sections 2 and 3. After comparing the NICAM-
simulated AOT to both the AHI-retrieved and GOCI-retrieved AOTs in
Section 4, we discuss how well the model simulates transboundary
pollution, including the Siberian biomass burning, captured by the four
measured datasets, i.e., AHI, GOCI, AEROS and LIDAR, during May
2016 (Section 4.4). In Section 4.4, we investigate the relationship of
aerosols among the following: the column amount, the surface con-
centration and the vertical profile on each event. We also discuss the
effect of the Siberian biomass burning that occurred in May 2016 on the
aerosol levels around Japan by conducting a sensitivity test for Siberian
wildfires with the NICAM. We summarize our findings in Section 5. The
unique contribution of this study lies in its position as the first study to
evaluate air pollution using multiple payloads onboard the so-called
next-generation geostationary satellites.

2. Model description and experimental design

NICAM is a non-hydrostatic icosahedral atmospheric model and is
usually used as a global model with a uniform grid system (Tomita and
Satoh, 2004; Satoh et al., 2008, 2014). NICAM also implements a
stretched grid system, which allows NICAM to run at a high resolution
over a specific area with relatively light computer-resource demands
(Tomita, 2008a). The stretched grid has been applied to the regional
simulation of clouds (Satoh et al., 2010; Seiki et al., 2014) and air
pollutants (Goto et al., 2015a, 2016, 2018; Trieu et al., 2017). In this
study, we run NICAM with an identical framework, i.e., a dynamic core,
physical processes, spatial resolution and time steps, to that in Goto
et al. (2015a). The stretched grid center is set at the point (140.0°E,
35.0°N). The finest grid spacing is 11 km around the center. The grid
spacing increases far from the center. For example, the grid spacing is
approximately 25km over Japan and approximately 40 km around
Beijing. The number of vertical layers is 38, including 12 layers below
3km in height. The time steps are set at 30 s. The cloud microphysics
module is NSW6 (Tomita, 2008b) without any cumulus parameteriza-
tion according to previous studies (Tomita et al., 2005; Sato et al.,
2009). The vertical turbulent mixing is Level 2 of the MYNN scheme
(Mellor and Yamada, 1974; Nakanishi and Niino, 2004). The differ-
ences from the experimental design of Goto et al. (2015a) are the fol-
lowing three points: the target period, the emission inventory of the
biomass burning, and the aerosol module for wet deposition. The start
time of the model integration is set at 1 April 2016, and the analysis
period is 1-30 May 2016. The distribution of the daily sea surface
temperature (SST) and the 6-hourly air temperature and wind values
are obtained by using the NCEP-FNL reanalysis data (NCEP, 2000). The
6-hourly meteorological fields are nudged above a 2km height in this
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experiment, as in our previous studies (Goto et al., 2015a, 2016; Trieu
et al., 2017). The inventory of the daily biomass burning is taken from
the Global Fire Assimilation System (GFAS) version 1.2 (Kaiser et al.,
2012).

The aerosol module is based on SPRINTARS (Takemura et al., 2005;
Goto et al., 2015a). This module considers 4 different aerosol species:
carbonaceous aerosols, sulfate, dust and sea salt. The carbonaceous
aerosols comprise black carbon (BC) and organic carbon (OC). The OC
in SPRINTARS considers primary and biogenic secondary components.
These aerosols are subjected to various atmospheric processes, such as
transport, vertical diffusion, chemical formation, wet and dry deposi-
tion, and gravitational settling. The physical, chemical, and optical
properties of the aerosols considered in this module are identical to
those in our previous studies (Goto et al., 2015a; Dai et al., 2014). The
AOT is evaluated at the wavelength of 0.55 um. The PM2.5 components
of this study are defined as the sum of the BC; the anthropogenic OC
multiplied by 1.6, which is then called organic matter (OM); the bio-
mass burning OC multiplied by 2.6 as OM; the sulfate and assumed
ammonium, which are together derived by multiplying the sulfate by
1.27 and are called ammonium sulfate; and the smaller bins of sea salt
and dust.

The SPRINTARS module was originally developed for climate re-
search with a low horizontal resolution from 100 to 300km (e.g.,
Takemura et al., 2005). Recently, this module was applied to a regional
simulation with a high horizontal resolution of approximately 10 km
(Goto et al., 2015a). In Goto et al. (2015a), the cloud fraction in the
model is set to 1, even when only tiny clouds with very weak pre-
cipitation are present in the model grid, since the cloud microphysics
module of NSW6 (Tomita, 2008b) in the high-resolution model does not
calculate the cloud fraction of the model grid. In this study, however,
the cloud fraction is set to 0, such that the liquid water content is <
1 x 107° (kgkg™1), which is the detection limit of the satellite mea-
surements. This modification can strengthen the consistency of the
processes between aerosols, clouds and precipitation and can improve
the overestimation of the wet deposition of the aerosols by very weak
precipitation fluxes, although this did not provide improved results for
the target area and period in this study.

The model in this study was evaluated by using statistical metrics:
the mean, correlation coefficient (R), normalized mean bias (NMB), and
root-mean-square error (RMSE). These two parameters (the mean and
correlation coefficient) are often used in model evaluation. In this
study, NMB and RMSE are defined as follows:

Tie, (tvicami) = Tobs)
i=1 (INICAM(@) — Tobs(i)

1
NMB = — x = x 100 [%]
N Diz1 Tobs) e}
RMSE — \/ZL (TNicaMG) — Tobs(i))?
B N )

where 7njcamc) and 7opsy are one-hourly datasets for the NICAM-si-
mulated AOT and the observed or retrieved AOT, respectively. N is the
sampling number. The following two parameters to quantify the sta-
tistical metrics and express the probability distribution function (PDF)
are also defined:

N
Ei:l (v — Tave)3

1
Skewness = — X —/——————,
N o3 3
N
1 Z-, (Ti - Tave)4
Kurtosis = — x ==t~ %7
N ot ()]

where t; and 7,, are one-hourly datasets for the AOT and monthly
mean AOT, respectively. The sigma value represents one standard de-
viation of the PDF. N is the sampling number. The skewness is 0 if the
PDF is a normal distribution and positive if the AOT in the critical value
is smaller than the mean AOT. The kurtosis represents the difference
between maximum and minimum values of the profile in the PDF. A
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large kurtosis value represents a sharp feature in the PDF.

To identify the impacts of Siberian biomass burning on the total
aerosol amount, we conducted two sensitivity tests: an experiment
without all biomass-burning emissions and an experiment without
Siberian biomass-burning emissions. The Siberian region is defined as a
rectangular area (90.0°E-140.0°E, 50.0°N-60.0°N). The results of the
sensitivity tests are used in the analysis of the aerosol sources and the
effect of the Siberian biomass burning in Section 4.

3. Data description
3.1. AHI

The AHI on board Himawari-8 began official operation in July
2015. The AHI has 16 observation bands, including 3 visible (0.46,
0.51, and 0.64 um), 3 near-infrared (0.86, 1.6 and 2.3 uym), and 10 in-
frared (from 3.9 to 13.3 um) bands. The number of bands in the AHI is
greater than that of the previous sensors onboard Himawari-6 and -7.
The aerosol optical properties are retrieved by an algorithm that uses 5
wavelengths over land (0.46, 0.51, 0.64, 0.86 and 1.6 um) and an al-
gorithm that uses 2 near-infrared wavelengths over the ocean (0.86 and
1.6 um) (Higurashi and Nakajima, 2002; Fukuda et al., 2013; Yoshida
et al., 2018). The single-scattering albedo at 0.5 um and the Angstrém
exponent at 0.4 and 0.6 um are also retrieved by using the method of
Yoshida et al. (2018), which can be applied to multiple satellites.

Although aerosol optical products were originally observed every
10 min by the AHI/Himawari (Yoshida et al., 2018), hourly products
were developed for Himawari-8 to minimize the number of cloud-
contaminated pixels; these products rely on optimal interpolation to 1 h
of the original 10-min product (Kikuchi et al., 2018). These products
were well validated by Yoshida et al. (2018) and Kikuchi et al. (2018).
The mean bias and RMSE of the level 3 AOT product between in-
dependent AERONET observation and AHI were calculated to be
+0.013 and 0.095, respectively (Yoshida et al., 2018). The aerosol
datasets are available from the JAXA Himawari Monitor website
(http://www.eorc.jaxa.jp/ptree/index.html).

In this study, the AOT at the 0.51 um wavelength in version 2.0 is
used for model evaluation. The original data were released by the Earth
Observation Research Center (EORC) of the Japan Aerospace
Exploration Agency (JAXA) using the square of the lattice of 0.05°, but
the AHI-retrieved values were averaged over the square of the lattice of
0.2° for comparison with the model results. The lattice of 0.2° includes
16 pixels of the original dataset, so these values are averaged by
using > 8 pixels in the lattice. Conversely, lattices with fewer than 9
pixels are undefined.

3.2. GOCI

The GOCI on board COMS began its official operation in March
2011. The target area of GOCI is East Asia, covering a
2500 km X 2500 km area centered at 130°E, 36°N, which includes the
Eastern China, Korea, and Japan. The GOCI has 8 observation bands,
including 6 visible (0.412, 0.443, 0.490, 0.555, 0.660, and 0.680 pm)
and 2 near-infrared (0.745 and 0.865um) bands. The GOCI aerosol
optical properties are retrieved by a land algorithm that uses the wa-
velengths where surface reflectance is < 0.15, a dark ocean algorithm
that uses four wavelengths, i.e., 0.412, 0.443, 0.765, and 0.865 pum, and
a turbid ocean algorithm that uses two wavelengths, i.e., 0.412 and
0.865 um, which are based on the GOCI Yonsei aerosol retrieval version
2 algorithm (Choi et al., 2018). A total of 12 x 12 pixels of original
500 m GOCI radiance data are aggregated to one 6 km x 6 km pixel for
aerosol products to increase the aerosol signal after cloud masking. The
temporal resolution of GOCI is 1h from 00:30 to 07:30 UTC. The de-
tailed aerosol retrieval algorithm and validation results are described in
Choi et al. (2016, 2018). The AOT at 0.55 um is a main retrieval pro-
duct, and the Angstrom exponent between 0.44 and 0.87 pm, the fine-
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mode fraction at 0.55 um, and single-scattering albedo at 0.44 um are
ancillary retrieval products. The accuracy is = (0.073 + 0.137*A0T)
over land and *+ (0.037 + 0.185*A0T) over ocean, where AOT is the
AERONET-retrieved one (Choi et al., 2018). The GOCI Level 1B ra-
diance data are released by the Korea Ocean Satellite Center (KOSC) at
the Korean Institute of Ocean Science and Technology (KIOST) website
(http://kosc.kiost.ac.kr/), and the GOCI aerosol data will be available
at the same website.

In this study, the grids are converted into the lattice of 0.2°, similar
to that of AHI. It means that the AOT in the lattice of 0.2° is defined only
when > 50% of pixels of the total lattice of 0.2° are defined. The GOCI
aerosol products are currently available from the authors at Yonsei
University.

3.3. MODIS

MODIS is a sensor on board the polar-orbiting satellites Terra and
Aqua and is designed to observe optical properties of both aerosols and
clouds with 36 bands at a global scale (Kaufman et al., 1997). The AOT
retrieved from MODIS is often used as reference data for model eva-
luation (Kinne et al., 2003). The MODIS/Terra retrieved AOT is avail-
able from 2000 and MODIS/Aqua-retrieved AOT is from 2002. The
MODIS/Terra measures on local time 10:30 and the MODIS/Aqua does
on local time 13:30. One of the retrieval methods of MODIS/Terra and
MODIS/Aqua is a deep blue method (Hsu et al., 2013) and a dark target
method (Levy et al., 2013) over land and the dark target over oceans
(Sayer et al., 2014).

In this study, we use both the deep blue and dark target results in
Level 2 of Collection 6. We also converted the original grids to the
lattice of 0.2°. We use both MODIS/Terra and MODIS/Aqua, so at most
two-sampling data of AOT in one day can be used for the model eva-
luation. The uncertainty of retrieved AOT by the dark target method
is = (0.05 + 0.15*AOT) in a global scale, where AOT is the AERONET-
retrieved one (e.g., Levy et al., 2013). In the deep blue method, the
uncertainty of the retrieved AOT is almost comparable to that obtained
by the dark target method under the typical aerosol levels (AOT is 0.1
to 0.5) (Sayer et al., 2014).

3.4. AERONET

The AERONET is the most reliable to observe the aerosol optical
properties from the ground (Holben et al., 1998). The use of the
AERONET as a reference dataset is currently the most common way.
The measurement starts from 1998 to the present. The number of the
available sites is increasing. In our target region and period, almost 50
sites are operational, but at some sites the number of the available
datasets is limited. Additionally, during the period of May 2016 in East
Asia under the DRAGON campaign to capture aerosol optical proper-
ties, some sites were very nearly located at each other (Holben et al.,
2018). Therefore, in this study, we actually use the 19 AERONET sites,
which are located at least 0.2° distance, for the evaluation of model as
well as the two geostationary satellites in Section 3.7 and 15 AERONET
sites, which are located at least 1° distance, for a comparison of the
temporal variation in Section 4.1. The temporal resolution is 10 min in
the original dataset, so we also temporally average them over 1 h. We
focus on the visible wavelength of AOT, i.e., 0.5 um, for the evaluation
and comparison. The accuracy of level 2 AOT at 0.5um is approxi-
mately 0.01 (Holben et al., 1998). The AERONET dataset is version 3.

3.5. PM2.5 measurements

Operational PM2.5 measurements were utilized in this study for
model evaluation. In Japan, the operational system AEROS provides
regular reports via the website of the Ministry of Japan (http://
soramame.taiki.go.jp/). The PM2.5 are collected on polytetra-
fluoroethylene (PTEE) filter tapes and their hourly mass concentrations
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are automatically measured by the beta-ray attenuation method. These
automatic measuring devices satisfy the Japanese Industrial Standard
(JIS) Z 8851, which supports the standard measurement method of the
Ministry of the Environment, such as quality control under low relative-
humidity (RH) conditions. In this study, we focus on the following three
areas: Fukuoka (130.0°E-131.0°E, 33.0°N-34.0°N), Kantou
(138.5°E-141.0°E, 34.0°N-37.0°N), and Hokkaido (138.5°E-146.0°E,
41.5°N-46.0°N). The sites that are available for these areas vary from
day to day but include 44 sites in Fukuoka, 262 sites in Kantou, and 19
sites in Hokkaido. The observed PM2.5 values within these areas are
spatially averaged for model evaluation.

3.6. LIDAR

LIDAR data are available from the Asian dust and aerosol lidar
observation network (AD-Net) to capture the vertical profiles of the
aerosols (Sugimoto et al., 2008). The results are promptly posted on the
website of the NIES in Japan (http://www-lidar.nies.go.jp/AD-Net/)
(Sugimoto et al., 2003; Shimizu et al., 2004). The LIDAR network in-
cludes > 10 sites in Japan that can also be used for model validation. In
this study, three sites are selected from different regions in Japan. These
three sites are Fukuoka (130.5°E, 33.5°N), Tokyo (139.7°E, 35.7°N), and
Niigata (138.9°E, 37.8°N). The Niigata site is the closest to Hokkaido
(138.5°E-146.0°E, 41.5°N-46.0°N) of the available sites in the AD-Net
in May 2016. The LIDAR system measures the backscattering intensity
at 532 and 1064 nm and the depolarization ratio at 532 nm. By using
these products, the vertical extinctions of the aerosols can be de-
termined using a retrieval algorithm (Sugimoto et al., 2003; Shimizu
et al., 2004). The datasets are often used in model validations (Hara
et al.,, 2011; Goto et al., 2015a, 2015b). In this study, we compare
LIDAR-retrieved extinctions for spherical particles with the model-si-
mulated results because we focus on transboundary aerosol transport,
including Siberian biomass burning from the East Asian continent to the
outflow regions in May, when fine particles are often the main con-
tributors to the total atmospheric pollution.

3.7. Accuracy of AOT between AHI, GOCI, MODIS, and AERONET

This study applied multiple geostationary satellites, AHI/Himawari
and GOCI/COMS. The GOCI-retrieved AOTs have been adequately
evaluated using independent measurements including AERONET and
MODIS in previous papers (e.g., Choi et al., 2016, 2018). However, the
coverage area of GOClI-retrieved AOT is limited to a part of East Asia. In
contrast, AHI/Himawari can cover larger areas including the whole of
East Asia and Siberia. The AHI-retrieved AOTs started to be evaluated
using the independent measurements (Yoshida et al., 2018), but the
validation may still be limited. Furthermore, the retrieval technique in
AHI is different from that in GOCI, because the observed wavelengths in
two sensors (AHI and GOCI) are different. GOCI has a sensor in the
ultraviolet wavelength, which is preferred when retrieving AOT over
land. AHI has multiple sensors in the visible wavelength, which helps to
accurately retrieve AOT at the visible wavelength. Therefore, it is not
immediately obvious which geostationary satellite-retrieved AOT is
better. In this study, the differences in AOT between the two satellites
over the overlapping areas where both AHI and GOCI retrieve AOT are
assumed as to be the uncertainty in the retrieved AOT.

Before the model evaluation, the satellite-retrieved aerosol products
were evaluated by an independent dataset, AERONET, in May 2016
over East Asia. The spatially and temporally averaged AOTs from AHI,
GOCI, and MODIS are compared at selected AERONET sites using sta-
tistical metrics: sampling number, correlation coefficient, NMB, and
RMSE, as shown in Fig. 1. The compared sites of AERONET were se-
lected when the sampling number of temporally collocated AOT be-
tween AERONET and AHI or between AERONET and GOCI was > 20.
In the spatial criteria, the averaged lattice of 0.2° by 0.2° in AHI, GOCI,
and MODIS, as explained in the previous sections, were selected at one
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Fig. 1. Statistical metrics at 19 selected AERONET sites in May 2016.

lattice that included an AERONET site. Thus, this study assumes a
smaller range of 0.2° by 0.2° as a representative grid at the site com-
pared to other studies, such as Choi et al. (2018), which averaged sa-
tellite pixels within a 25km radius from AERONET sites. In addition,
this study assumes that the differences in the AOTs in the visible wa-
velength between 500 and 550 nm are negligible.

The sampling number varies on satellites, because of the limited
number of temporal collocations among satellites and AERONET. The
geostationary satellite instruments AHI and GOCI measure much more
high-resolution temporal variations in aerosols than the polar-orbiting
satellite instrument MODIS. The number in AHI and GOCI is in the
range of < 100, whereas that in MODIS is < 30. It is caused by the
missing retrieved AOT from AHI and GOCI due to the existence of
clouds and retrieval error, especially over lands. The correlation coef-
ficient between AHI and AERONET ranges from 0.61-0.95 (approxi-
mately 0.75 in 19 sites on average) except for two sites,
KORUS_Songchon and Ussuriysk. The NMB ranges from —35% to
+65% with an average of 0.15. The RMSE is 0.09-0.30 with an average
of 0.17. At two exceptional sites, the NMB and RMSE are also larger.
Especially at Ussuriysk, during the heavy air pollution during 18-22
May shown in Figs. 2 and 6, the AHI-retrieved AOT tends to be higher
than the AERONET-retrieved AOT. Therefore, the overestimation
during the heavy air pollution causes the low correlation coefficient.
The correlation between GOCI and AERONET is also high, with the
values of 0.44-0.97 (approximately 0.72 in 19 sites on average), except
for KORUS_Songchon. The NMB values tend to be negative, but the
RMSE is 0.09-0.30 with the average of 0.16. The RMSE values obtained
from GOCI and AERONET are very similar to those from AHI and
AERONET. The exception site, KORUS_Songchon, is located very near
the other AERONET site, KORUS_Baeksa, within a distance of < 0.1° by
0.1°. At KORUS_Baeksa, the correlation coefficient is 0.62 (not shown in
the figure, because this study eliminates some sites that are located too
close to other sites). Therefore, the results at KORUS_Songchon may be
very localized. Although the sampling number is very limited, the
correlation between MODIS and AERONET is estimated to be high, with
a correlation coefficient of 0.45-0.98 (approximately 0.76 in 19 sites on
average) except for Osaka. The NMB and RMSE are calculated to be
from —24% to +125% (with an average of 36%) and from 0.05 to 0.41
(with an average of 0.19). The bias between MODIS and AERONET
tends to be larger than that between the two geostationary satellites and
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AERONET. The correlation coefficients between the satellites and
AERONET are generally high to moderate; thus, the satellite results can
be used as reference data for model evaluation.

The NICAM evaluation is conducted in Section 4. Without any
measurements, NICAM results can be a piece of information about the
aerosol distribution.

4. Results and discussion
4.1. Case study on 18 May 2016

During May 2016, Siberian wildfires produced heavy air pollutants,
especially on 18 May 2016 (e.g., Yumimoto et al., 2018). In this section,
we evaluate NICAM-simulated AOT using multiple satellites on that
day. The top panels in Fig. 2 illustrate the horizontal distributions of the
AOT as retrieved by the AHI and GOCI and as simulated by NICAM at
00:00 UTC (09:00 JST) on 18 May 2016. At that time, the figures show
that both the AHI and GOCI captured the high-AOT plume over the
northern Sea of Japan. The figures also indicate fire spots with black-
triangle marks. The fire spots can be detected around Lake Baikal in
Siberia. However, the AHI, GOCI, and MODIS data could not be used to
determine a clear source for the plume because both the satellite-re-
trieved AOTs were limited by the presence of clouds and high albedo
over land and because only the GOCI cannot cover the fire spots due to
the limitation of coverage area over East Asia. Over the Sea of Japan,
NICAM successfully simulated AOTs that were comparable to those
from the AHI and GOCI. Furthermore, the detailed horizontal dis-
tributions of the high AOTs that were simulated by NICAM were rela-
tively consistent with those from the AHI and GOCI. NICAM clearly
identified the high plume as biomass burning emissions that were
transported from Siberia, especially near Lake Baikal.

Because the geostationary satellites collect high temporal resolution
AOT information, the model could be evaluated during the full daytime
period on 18 May. Fig. 2 illustrates the horizontal distribution of the
AOT for every 1 or 2 hourly snapshot on 18 May, i.e., at 01:00 UTC,
03:00 UTC, 04:00 UTC and 06:00 UTC. As shown at 00:00 UTC, the
satellite-retrieved polluted-plumes (AOT > 1) from the Siberian wild-
fire reached the coast of the Hokkaido region and northeastern Japan.
As shown by satellite results, NICAM predicted that the same plume
would reach the coast of the Hokkaido region. Hereafter, this plume is
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Fig. 2. AHI-retrieved, GOClI-retrieved, MODIS-retrieved and NICAM-simulated AOT values over East Asia. The time was 00:00 UTC or 09:00 JST (Japanese Standard
Time), 01:00 UTC or JST 10:00, 03:00 UTC or 12:00 JST, 04:00 UTC or 13:00 JST, and 06:00 UTC or 15:00 JST on 18 May 2016. The MODIS-retrieved AOT values on
00:00 UTC or 09:00 JST are undefined in all areas. The black-triangle marks on 00:00 UTC in AHI and GOCI represent fire spots derived from FIRMS on a daily
average of 16 May 2016. On the same panels, the blue line represents the HYSPLIT backward trajectory (Stein et al., 2015; Rolph et al., 2017) started from 00:00 UTC
on 18 May at 2 km height over the oceans (145°E, 45°E). The vectors in the panels of NICAM show wind direction and speed at a height of approximately 2 km. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

called ‘plume 1.” At the same time, the AHI, GOCI and MODIS data
showed that a branch of the polluted plume (AOT > 1) reached from
its area of origin (135°E, 42°N) to the Sea of Japan. This plume is called
‘plume 2’ in this study.

At 06:00 UTC on 18 May, both the AHI- and GOClI-retrieved plume 1
arrived at the eastern edge of Hokkaido, even though MODIS was un-
able to retrieve it, suggesting that plume 1 was transported across
Hokkaido (approximately 200km) in approximately 6 h. During the
same period, such as 04:00 UTC on 18 May, the AHI and GOCI captured
high AOT values over land in Hokkaido. At 06:00 UTC on 18 May,
plume 1 covered most of the Hokkaido region, and the head of plume 1
reached Iturup Island to the northeast of Hokkaido. The AHI-, GOCI-
and MODIS-retrieved AOT values over land in Hokkaido were often
undefined because of the high surface albedo over land and cloud
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contamination. This result implies that polar-orbiting satellites with one
or two observations per day would not have observed plume 1 crossing
over Hokkaido, demonstrating an important advantage of using next-
generation geostationary satellites, which can observe the AOT at a
higher temporal resolution than previous satellites; they can also be
used for model evaluation over large areas. The transport of the plume
1 captured by these satellites was fairly reproduced by NICAM.

The retrieved plume 2 was horizontally distributed along the
northwest-southeast direction at 00:00 UTC on 18 May. At 06:00 UTC,
the retrieved plume 2 was distributed in the north-south direction. The
retrieved plumes with high AOT values (> 1) did not reach land in
northeastern Japan. The time evolution and the peak value of the re-
trieved plume 2 was successfully simulated by the NICAM. The AHI and
GOCI data enabled us to evaluate the model performance while
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Fig. 3. Horizontal distributions of the statistical metrics when using 1-hly datasets between AHI-retrieved and NICAM-simulated AOT values (AHI vs. NICAM), GOCI-
retrieved and NICAM-simulated AOT values (GOCI vs. NICAM), and MODIS-retrieved and NICAM-simulated AOT values (MODIS vs. NICAM): sampling numbers
from the satellite-retrieved AOT, monthly mean AOT from the satellites, monthly mean AOT simulated by the NICAM, correlation coefficient between the satellite-
retrieved AOT and NICAM-simulated AOT with the significant level of 0.05, normalized mean bias (NMB) in percentage between the satellite-retrieved AOT and
NICAM-simulated AOT, root-mean-square error (RMSE) between the satellite-retrieved AOT and NICAM-simulated AOT during May 2016. The panels of the mean,
correlation coefficient, NMB, and RMSE in the grid where sampling numbers were < 25 are undefined.

focusing on the transport of the plume within approximately 6 h of its
initiation, which could be important to precisely forecast air pollution.

Unfortunately, high temporal resolution geostationary satellites
cannot retrieve the AOT over areas covered by optically thick clouds
associated with low pressure in the midlatitude regions. For example,
the AHI-retrieved AOT values were mostly undefined in the Pacific
region in Fig. 2. In contrast, NICAM simulated moderately polluted AOT
plumes in front of the lows. These plumes cannot be observed from
space with the currently available techniques and devices, so model
evaluation of cloudy regions should be performed in future studies. To
tackle this issue, an aerosol assimilation technique could provide a
more reliable distribution of aerosols by using both a model and mea-
surements (Dai et al., 2014; Yumimoto et al., 2016).

4.2. Monthly mean AOT (May 2016)

In this section, we focus on the monthly mean AOT over East Asia.
Fig. 3 shows the horizontal distributions of the statistical metrics be-
tween satellites and NICAM when using one-hour datasets of AOT va-
lues. The top panel in Fig. 3 shows the sampling numbers that were
obtained from the AHI-retrieved AOT during May 2016, which in-
dicates that the maximum number of samples in the grid was ap-
proximately 150. In AHI, as well as GOCI, the number over the ocean is
larger than that over land, since the retrieval of AOT over ocean is
relatively easy in the lower surface albedo. In AHI, the presence of
clouds caused the number of samples to exceed 8 in 93% of the target
area (115°E-155°E, 20°N-50°N) in Fig. 3; the number of samples ex-
ceeded 8 in 93% of the area, 20 in 75% of the area, and 40 in 48% of the
area, reaching a maximum of 150 and typically ranging from 60 to 120
in the Sea of Japan. The number of AOT samples from the AHI was
much greater than that from MODIS onboard the polar-orbiting sa-
tellites, which can retrieve AOT only once or twice per day. The second
row of panels from the top in Fig. 3 illustrate the horizontal distribu-
tions of the monthly mean AOT that were retrieved from the AHI and
simulated by the NICAM. The NICAM-simulated AOT was averaged by
using grids where and when the AHI could retrieve the AOT. The third,
fourth, and fifth rows of panels from the top in Fig. 3 show relevant
statistical metrics — the correlation coefficient, NMB, and RMSE — of the
AOT between the satellites and NICAM. The definitions of these metrics
are explained in Section 2. The results in the grid where the sampling
numbers were fewer than 25 are undefined in the panels. The corre-
lation coefficients are shown in the region with the significant level of
0.05.

The monthly mean AOT was 0.36 (AHI) and 0.34 (NICAM). In pa-
nels (a) and (b) of Fig. 4, the horizontal distributions of the monthly
mean AOT values ranged from 0.2 to 0.4 over the ocean around Japan.
However, some local differences existed between the AHI and NICAM.
In eastern China around Shanghai, for example, the AHI-retrieved AOT
exceeded 0.6, whereas the NICAM-simulated AOT was < 0.5. In con-
trast, the AHI-retrieved AOT was lower than the NICAM-simulated AOT
in regions such as the Sea of Japan and areas north of approximately
50°N. In the Sea of Japan, the AHI-retrieved AOT was < 0.5 without
any remarkable high-AOT areas, whereas the NICAM-simulated AOT
reached 0.8 with a maximum area around 140°E and 40°N. The over-
estimation of the NICAM-simulated AOT was probably caused by the
overestimation of Siberian biomass burning, which is explained in
Section 4.4 using the sensitivity tests with and without biomass burning
from the Siberian area. Over land in Hokkaido, the AHI-retrieved AOTs
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were high with the values of up to 1, the GOCI-retrieved AOT values
were 0.6-0.8 and the NICAM-simulated AOT values were 0.6-0.9. The
higher AOT values are also deeply analyzed in Section 4.4.

The correlation coefficients between the AHI and NICAM exceeded
0.4 in most of the target area and 0.7 in the northern areas (approxi-
mately 45°N) where dense aerosols on 18 May 2016 were transported
from Siberian biomass burning. In contrast, the correlation coefficients
were negative around the Sea of Japan and Kyushu Island, which
suggests that temporal variations in the AHI-retrieved AOT were not
adequately captured by the NICAM. In panel (c) in Fig. 4, the values of
the correlation coefficient exceeded 0.4 (significant level of 0.05) in
50% of the target area (115°E-155°E, 20°N-50°N) and 0.2 (significant
level of 0.05) in 71% of the target area. In panel (d) in Fig. 4, the NMB
values were within 20% in 40% of the target area and within 30% in
59% of the target area. In panel (e) in Fig. 4, the RMSE values
were < 0.2 in 47% of the target area. In the areas where the NMB and
RMSE values were relatively larger, the NICAM-simulated AOTs were
larger than the AHI-retrieved values, or the correlation coefficients
were negative, such as in the Sea of Japan.

A similar analysis for the monthly mean values of various statistical
metrics was performed using NICAM and GOCI (the second column of
the panels in Fig. 3). The top panel in Fig. 3 shows the sampling
numbers for the GOClI-retrieved AOT during May 2016. The number of
samples was generally higher over the land and lower over the oceans
than for AHI. The monthly mean AOTs retrieved by the GOCI were
generally lower than those retrieved by the AHI. The monthly mean
AOT was 0.30 (GOCI) and 0.33 (NICAM, when considering the spa-
tiotemporal collocation with GOCI). Fig. 4 shows that for most ocean
areas, including the Sea of Japan, the NICAM-simulated AOT was
higher than the GOCI-retrieved AOT (and also higher than the AHI-
retrieved AOT). In eastern China near Shanghai, however, the GOCI-
retrieved AOT was lower than the AHI-retrieved AOT, and the NICAM-
simulated AOT was still lower than the GOClI-retrieved AOT. Over the
Korean Peninsula, similar differences in AOT between AHI and GOCI
were present. These differences are caused by variations in the ob-
servation wavelengths and retrieval algorithms over land. While these
differences are important, they are beyond the scope of the present
study.

As shown by the comparisons between the AHI and NICAM, the
statistical results were generally similar to those between the GOCI and
NICAM. The correlation coefficients exceeded 0.4 (significant level of
0.05) for 42% of the target area and 0.2 (significant level of 0.05) for
67% of the target area. The NMB values were within 20% in 46% of the
target area and 30% in 61% of the target area. The RMSE values
were < 0.2 in 37% of the target area. Comparing the AOT between the
GOCI and NICAM also indicates that in the areas where the NMB and
RMSE values were larger, such as in the Sea of Japan, the NICAM-si-
mulated AOT was greater than the GOCl-retrieved values, or the cor-
relation coefficients were negative.

Fig. 3 also illustrates MODIS-retrieved AOT and the statistical me-
trics between MODIS and NICAM. The number exceeded 8 in 93% of
the target area, 24 in 39% of the target area, and 40 in 0% of the target
area. Due to the limited number of the samples, the statistical metrics
were calculated in the following four areas: the coast in Hokkaido
(138°E, 42°N), the Korean Peninsula, the Hebei area in China, and Inner
Mongolia in China. At the coast in Hokkaido, the NICAM-simulated
AOT were overestimated compared to the MODIS-retrieved one. The
NMB and RMSE were higher than those in the other areas, as shown in



D. Goto et al.

() AHI vs NICAM
(115-155°E, 20-50°N)

AHI-AOT
2 % 0.05
N <
T 3
Eg
Zz W 0 NICAM-AOT
A
2 0.002
'_
o
ST
s 0.001
<
$)
b
o

0 02 04 06 08 0 0.05
AHI-AOT Normalized
Frequency

Normalized

Atmospheric Research 217 (2019) 93-113

(b) GOCI vs NICAM
(app. 115-145°E, 25-48°N)

GOCI-AOT
§0.05
g
o
g N
w 0 NICAM-AOT
- 0015
(@)
<
s 0.001
<
O
04 06 038 0 0.05
GOCI-AOT Normalized
Frequency

Fig. 4. (a) Scatterplots between the AHI-retrieved and NICAM-simulated AOT and (b) between the GOCl-retrieved and NICAM-simulated AOT when using 1-h
datasets. The target region was 115°E-155°E, 20°N-50°N for AHI and 116°E-146°E, 24°N-48°N for GOCI. The probability distribution function (PDF) is shown for the

AHI-retrieved, GOCl-retrieved, and NICAM-simulated AOT in May 2016.

the comparison between AHI, GOCI and NICAM. In the Republic of
Korea, the NMB and RMSE between MODIS and NICAM were low,
whereas those between GOCI and NICAM were relatively high. The
differences are not likely caused by the difference in the retrieval
technique but rather by the number of samples. In the Hebei area, the
correlation coefficients were generally higher, but the NMB was high
around Beijing and low near the coast. These were also consistent with
the comparison between AHI (and GOCI) and NICAM. In Inner Mon-
golia, the NICAM-simulated AOT is generally underestimated compared
to the MODIS-retrieved one. This finding is also consistent with the
comparison between AHI (and GOCI) and NICAM. Therefore, the model
evaluation using AHI or GOCI is reliable and more powerful than that
using only MODIS, due to the large sample number.

Fig. 4 (a) and (b) respectively show scatterplots of the AHI-retrieved
and NICAM-simulated AOT and of the GOClI-retrieved AOT and NICAM-
simulated AOT. In the figures, one-hour datasets were used to de-
termine the probability of the AOT in the target area (115°E-155°E,
20°N-50°N), though a limited area was used for GOCI (116°E-146°E,
24°N-48°N) due to its coverage area. In the scatterplot between the
AHI-retrieved and NICAM-simulated AOT, the maximum frequency
occurs below the one-to-one line, which means that the NICAM-simu-
lated AOTs were underestimated compared to the AHI-retrieved values.
The maximum in the PDF ranged from 0.05 to 0.1 in the NICAM-si-
mulated AOT, whereas the maximum ranged from 0.10 to 0.20 in the
AHI-retrieved AOT. The monthly means of the AHI-retrieved and
NICAM-simulated AOT were 0.36 and 0.34, respectively. The correla-
tion coefficient was calculated to be 0.39 (significant level of 0.05). In
contrast, the maximum frequency between the GOCI-retrieved and
NICAM-simulated AOTs occurred on the one-to-one line, but the max-
imum in the PDF ranged from 0.03 to 0.1 in the GOCI-retrieved AOT.
The monthly means of the GOCI-retrieved and NICAM-simulated AOT
were 0.30 and 0.33, respectively, when estimated using the grids and
times where the GOClI-retrieved AOT was obtained over the limited
area (116°E-146°E, 24°N-48°N). The correlation coefficient was 0.26
(significant level of 0.05).

The PDF in the AHI-retrieved AOT produced +2.07 skewness and
9.16 kurtosis, whereas the PDF in the NICAM-simulated AOT produced
+6.00 skewness and 91.24 kurtosis. The skewness in NICAM was 3
times larger than that in the AHI. The kurtosis in NICAM was 10 times
larger than that in the AHI. These differences in the skewness and
kurtosis for the normalized frequency of AOT between the AHI and

NICAM are similar to those obtained from the GOCI and NICAM. The
two NICAM values exhibit a narrower PDF distribution compared to
those from both the AHI and GOCI (Fig. 4). In Fig. 4, when the nor-
malized frequency exceeds 0.001, the NICAM-simulated AOT ranges
from 0.05 to 0.10, the AHI-retrieved AOT ranges from 0.10 to 0.25, and
the GOClI-retrieved AOT ranges from 0.00 to 0.20. These results suggest
that the AHI-retrieved and GOCI-retrieved AOTs were spatiotemporally
scattered compared to the NICAM-simulated AOT. As mentioned be-
fore, the differences in the AOT between the AHI and NICAM or be-
tween the GOCI and NICAM can be attributed to differences in the
transboundary aerosols from both biomass burning and anthropogenic
effects. In other words, the NICAM-simulated aerosols were over-
estimated over the ocean, especially the Sea of Japan, and under-
estimated in eastern China and the outflow areas. Therefore, these
opposite signals canceled the difference between the monthly mean
values in NICAM and the geostationary satellites over the target region.

To analyze the regional dependence of the PDF, we introduced the
PDF and quantified parameters in various sub-regions, which were
regularly selected every 10° within the rectangular area of 115°E-155°E
and 20°N-50°N. For the 12 sub-regions of the target region, Fig. 5 shows
histograms of the 1-hour AOT simulated by the NICAM and retrieved
from each geostationary satellite. Fig. 5 includes information regarding
the statistical metrics for the NICAM, AHI, and GOCI There are two
lines for NICAM, because there may be some differences between the
monthly mean values due to variations in spatiotemporal sampling, i.e.,
from AHI or GOCI defined datasets (Schutgens et al., 2016). All the
panels in Fig. 5 show that the differences between two NICAM results
are generally small, so the gaps caused by different spatiotemporal
sampling are small. As mentioned in the previous paragraph, the
NICAM-simulated aerosols were overestimated over the ocean, espe-
cially the Sea of Japan, likely due to the overestimation of aerosols from
Siberian biomass burning. The aerosols transported the northern region
(125°E-155°E and 40°N-50°N; the A12, A13, and A14 areas in Fig. 5) on
18 May 2016, and the May mean values of the NICAM-simulated AOT
in A12, A13, and Al4 tended to be higher compared to the satellite-
retrieved ones. In both A13 and A14, the PDF for the NICAM-simulated
AOT fell within the range of the PDFs for the AHI- and GOCl-retrieved
AOT. For A12, the AHI-retrieved AOT was much higher than the GOCI-
retrieved AOT, probably due to differences between the observation
wavelengths and retrieval algorithms over land. Overall, the expected
features of the AOT distributions, which gradually decreased from land
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Fig. 5. Probability distribution functions (PDFs) for the AHI-retrieved, GOCI-retrieved, and the two NICAM-simulated AOTs in May 2016 for the 12 sub-regions
within the target region (115°E-155°E, 20°N-50°N). “NICAM (in AHI)” indicates that NICAM used the spatiotemporal collocation with AHI datasets; “NICAM (in
GOCI)” indicates that NICAM used the spatiotemporal collocation with GOCI datasets. The numbers in the bracket represent regional averages of AOT in each area.

(A12) to ocean (A13 and A14), are not clear in the AHI, GOCI and
NICAM.

Since the NICAM-simulated aerosols were underestimated in eastern
China and the outflow areas as shown in Fig. 3, the AOT in the A21
areas in Fig. 5 was focused. At A21, the highest AOTs in the AHI were
found over land. The monthly mean value of the AHI-retrieved AOT
was 0.50, which was approximately 0.20 larger than that of the NICAM-
simulated AOT. The correlation coefficient was a moderate value of
0.42, and the temporal variations in the AHI-retrieved and NICAM-si-
mulated AOTs generally coincided. The monthly mean value of GOCI-
retrieved AOT at A21 was 0.38, which is larger than that simulated by
NICAM. The correlation coefficient was a moderate value of 0.37. Al-
though this result of the highest AOT values in the AHI may be partially
caused by retrieval bias over land (Yoshida et al., 2018), higher AOTs at
A21 can be expected in the East Asia Sea, so the AHI-retrieved AOT is
within the uncertainty of the retrieval. Therefore, the difference in the
AOT between the AHI and NICAM may have been caused by a missing
aerosol component such as nitrate or anthropogenic secondary OC,
which have been increasing in recent years in China (e.g., Park et al.,
2011; Hu et al., 2017).

Around Japan, except for the northern parts of Japan in both A22
and A23, regional differences in the PDF were small and were similar to
those throughout the target area, as shown in Fig. 4. However, the
NICAM-simulated AOT at the maximum value of the PDF for A22 and
A23 was lower than that from the AHI. The skewness of NICAM was
over twice that of the AHI. The kurtosis of NICAM was over 5 times
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larger than that of the AHI. The GOCI-derived PDFs at A22 and A23 had
lower skewness and kurtosis compared to the NICAM-derived PDFs. The
results for the whole of Japan including A13, A21 and A22 areas sug-
gested that the differences between the AHI-retrieved, GOCI-retrieved
and NICAM-simulated AOT occurred not in specific regions but rather
over broader areas.

In the southern region (115°E-155°E and 20°N-30°N; the A31, A32,
A33, and A34 areas in Fig. 5), the AOTs were lower than those in the
other areas, in part because of the lower aerosol loadings and in part
because of the lower sampling number under cloudy conditions. At
A31, which is the closest to land within the southern region, the
monthly mean value of the AHI-retrieved AOT was 0.30, whereas that
of the NICAM-simulated AOT was 0.23. These values were higher than
those over the ocean (at A32, A33, and A34) in the southern region.
Over the ocean, the NICAM-simulated AOT was up to 0.06 lower than
the AHI-retrieved AOT. However, the skewness and kurtosis from
NICAM were still higher than those from the AHI. This feature was si-
milar in the comparisons in the northern and middle regions. In the
southern region, the AOT mean values of the GOClI-retrieved AOT were
slightly higher than those of the NICAM-simulated AOT by 0.01-0.02,
although the sampling numbers are limited. Comparing the PDFs of the
AHI, GOCI, and NICAM shows that the NICAM-derived PDF was lower
than the AHI- and GOCI-derived PDFs in the southern region. There-
fore, some bias from outflow aerosols from the continent or background
aerosols in NICAM may influence the total AOT in May 2016.
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4.3. Temporal variations in the AOT

The advantages of using geostationary satellites include not only
estimating the spatial averages of AOT using a larger number of samples
but also comparing the temporal variations in AOT at any place with
model results. In this section, we compare the temporal AOT as re-
trieved by AERONET, AHI, GOCI and MODIS and as simulated by
NICAM at the selected AERONET sites (Fig. 6). The comparisons were
also conducted at the 12 selected points (P11, P12, P13, P14, P21, P22,
P23, P24, P31, P32, P33 and P34) in the regularly selected area used in
Fig. 5 where no AERONET sites are located, but the places can be used
as a model evaluation using the geostationary satellites (Fig. 7).

The heavy air pollution from Siberian wildfires was transported to
northern Japan on 18 May 2016. As shown in Fig. 2, the satellite-re-
trieved AOT was successfully reproduced by NICAM. In some areas,
such as the Sea of Japan, however, the horizontal distributions of the
satellite-retrieved AOT in the monthly average were different from
those simulated by NICAM (Fig. 3). We first attempt to understand the
difference in AOT between satellites and NICAM at the relevant
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AERONET sites, i.e., Hokkaido_University, Niigata and Noto, and the
relevant points over the ocean (P13 and P14). On 18 to 22 May at
Hokkaido_University, the timings of the strong peak as retrieved by the
satellites were close to those obtained by AERONET. On 18 May, the
maximum value of the GOCl-retrieved AOT was approximately 1.5,
which was comparable to or somewhat lower than that obtained by
AERONET. That of the AHI-retrieved AOT reached 2 on 18 May and
tended to be overestimated compared to AERONET results on the pol-
luted days (18 to 22 May). The MODIS-retrieved AOT was limited but
comparable to the AERONET results, except for one result on 20 May.
From 18 to 22 May, the AOT values decreased to 0.25. At P13 over
ocean near Hokkaido_University, a strong AOT peak was retrieved by
both AHI and GOCI. At P14 over the ocean located at the east of
Hokkaido, a strong peak with AOT values of > 1.5 was retrieved by AHI
(GOCI cannot cover P14). At Niigata and Noto, located at the coast of
the Sea of Japan, the associated high-AOT peaks were retrieved by the
AERONET and satellites on 19-21 May. During these days at the re-
levant sites, NICAM-simulated AOT from Siberian biomass burning was
a major component, as shown by the colored bars in each panel in
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Fig. 7. The same as in Fig. 6, but for the different site where AERONET cannot be established. The locations of the comparison site are shown in the bottom-right
panel of Fig. 6. These sites are centers of the focusing area in Fig. 5, e.g., P11 (120.0°E, 45.0°N) is the center point of A11 (115°E-125°E, 40°N-50°N) in Fig. 5.

Figs. 6 and 7. Overall, the heavy air pollution from Siberia to Japan was
clearly captured by the AERONET and satellites and was generally re-
produced by NICAM, but with two differences. One is that the strong
peak in the simulated AOT occurred earlier at Hokkaido than that
captured by AERONET and the satellites. The other is that the magni-
tudes of the simulated AOT during 18-22 May near Hokkaido tended to
be slightly underestimated compared to those obtained by both
AERONET and the satellites.

On the other days in May 2016, especially 8 May 2016, only NICAM
simulated sharp peaks with excessively high AOT values (> 2) asso-
ciated with Siberian biomass burning at the relevant sites, whereas both
AERONET and the satellites retrieved these peaks with high AOT values
(< 1). Except for these days, NICAM generally reproduced the
AERONET- and satellite-retrieved AOTs. During the whole month, the
NMB values between AERONET and NICAM were estimated to be
+22% (Hokkaido_University), +100% (Niigata) and +55% (Noto), as
shown in Table 1. In Table 1, the RMSE values were also calculated to
be 0.45 (Hokkaido_University), 0.94 (Niigata) and 0.47 (Noto). At P13,
the NMB and RMSE values of AOT between the two geostationary sa-
tellites and NICAM were calculated to be —3% to +11% and 0.49 to
0.61, respectively (Table 1). These overestimations by NICAM were
probably caused by the larger peak values of the simulated AOT from
Siberian biomass burning on the specific days during May 2016.

The air pollutants from Siberia to Japan were also likely transported
over the following sites: Ussuriysk and P12. On 17 May, a strong peak in
the AERONET-retrieved AOT with a value of 0.7 was found at
Ussuriysk. The high AOT values decreased to 0.2 on 20 May. The
temporal variations in the AERONET-retrieved AOT were comparable
to those obtained by AHI, GOCI and MODIS, but the magnitudes of the
retrieved AOT were slightly different among the retrieved results. The
AHI-retrieved and GOCI-retrieved AOTs tended to be higher than the
AERONET-retrieved one. Using the monthly mean value as shown in
Fig. 3, the NMB value between AHI or GOCI and AERONET was
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calculated to be +42% (AHI) and + 33% (GOCI), respectively
(Table 1). The MODIS-retrieved AOT was comparable to the AERONET
result. The NICAM-simulated AOT was also comparable to the
AERONET one, especially during 18-22 May, but the peak values of the
NICAM-simulated AOT on 8, 10 and 17 May were overestimated. The
major component of the NICAM-simulated AOT was the aerosol from
Siberian biomass burning. This tendency is also consistent to that ob-
tained at P12. As a result, at Ussuriysk the NMB value between
AERONET and NICAM was calculated to be +92%, whereas at P12 the
NMB value between the two geostationary satellites and NICAM was
calculated to be +70% to +76% (Table 1). This exception of the
overestimation of the simulated AOT mainly from Siberian biomass
burning at Ussuriysk and P12 on 16-17 May also caused the over-
estimation of the simulated AOT at Hokkaido_University on 17-18 May.

In western Japan, the transboundary air pollutants of anthropogenic
sources from the continents are expected to arrive in spring [Goto et al.,
2015b]. We focus on the four relevant sites in western Japan: Fukuoka,
P22, Osaka, and Shirahama. In Fig. 3 of the monthly mean values, the
correlation coefficients between GOCI and NICAM were calculated to
be 0.2-0.4 at the northern part of Kyusyu Island (in these areas, the AHI
did not provide the correlation coefficient with NICAM due to the
limited sampling number). Over oceans around this area, the correla-
tion coefficients between AHI or GOCI and NICAM were < 0.2 on a
monthly average. At Fukuoka, the spikes in NICAM-simulated AOTs
were generally comparable to the those obtained by AERONET, except
for the overestimation on 10 and 30 May. The model results showed
that most of the strong peaks were caused by carbonaceous aerosols
from Siberian biomass burning on 10 May and anthropogenic sulfate on
30 May. On the monthly average, the NMB and RMSE values using
AERONET and NICAM results were calculated to be +27% and 0.29,
respectively. At P22 over oceans near Fukuoka, the NMB and RMSE
values using the two geostationary satellites and NICAM results were
calculated to be +15% to +78% and 0.37 to 0.54, respectively
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Statistical metrics (sampling number or N, correlation coefficient or R, normalized mean bias or NMB, and root-mean-square-error or RMSE) between NICAM and
AHI/GOCI/AERONET at the selected AERONET sites and the selected points in May 2016.

Variables N R NMB [%] RMSE Location

Retrieved AHI GOCI AERONET AHI GOCI AERONET AHI GOCI AERONET AHI GOCI AERONET LON LAT
Anmyon 57 48 231 0.45 0.66 0.55 -23 -2 -3 0.22 0.20 0.28 126.330 36.539
Baengnyeong 101 76 138 0.36 0.45 0.45 -25 44 33 0.46 0.47 0.38 124.630 37.966
Beijing 91 58 212 0.54 0.22 0.32 —47 —42 —47 0.33 0.41 0.43 116.381 39.977
Chiba_University 72 41 149 0.27 0.15 0.29 -2 53 51 0.27 0.28 0.30 140.104 35.625
Fukuoka 14 55 128 0.38 —0.03 0.29 -27 59 27 0.26 0.34 0.29 130.475 33.524
Gangneung WNU 118 98 226 0.54 0.45 0.17 1 60 31 0.24 0.29 0.32 128.867 37.771
Gosan_SNU 83 46 129 0.51 0.53 0.40 -13 10 9 0.21 0.19 0.26 126.162 33.292
Hokkaido_University 93 51 178 0.73 0.73 0.45 -31 -10 22 0.45 0.31 0.45 141.341 43.075
KORUS_Mokpo_NU 30 71 173 0.35 —0.03 0.27 -1 77 18 0.34 0.39 0.32 126.437 34.913
Niigata 75 57 173 —0.20 -0.19 —0.10 108 188 100 1.21 1.22 0.94 138.942 37.846
Noto 107 85 163 -0.12 —-0.14 0.01 36 73 55 0.48 0.57 0.47 137.137 37.334
Osaka 22 26 18 x 2 0.25 -0.15 0.24 —42 35 46 0.42 0.27 0.36 135.591 34.651
Shirahama 37 44 109 0.42 0.45 0.03 -12 45 50 0.17 0.19 0.24 135.357 33.693
Taihu 52 19 42 0.35 -0.10 0.50 53 90 -7 0.33 0.35 0.27 120.215 31.421
Ussuriysk 64 76 150 -0.11 0.28 0.32 30 60 92 0.60 0.71 0.55 132.163 43.700
P11 58 75 0 0.64 0.57 - -4 —54 - 0.21 0.30 - 120.000 45.000
P12 46 54 0 0.33 0.48 - 70 76 - 0.44 0.35 - 130.000 45.000
P13 112 89 0 0.34 0.36 - -3 11 - 0.61 0.49 - 140.000 45.000
P14 80 0 0 0.62 - - 1 - - 0.42 - - 150.000 45.000
P21 83 75 0 0.50 0.54 - -33 -12 - 0.47 0.38 - 120.000 35.000
P22 108 84 0 -0.28 -0.16 - 15 78 - 0.37 0.54 - 130.000 35.000
P23 80 42 0 0.18 0.15 - 19 47 - 0.29 0.29 - 140.000 35.000
P24 19 0 0 -0.17 - - -33 - - 0.22 - - 150.000 35.000
P31 17 17 0 0.42 0.18 - -61 -30 - 0.31 0.33 - 120.000 25.000
P32 35 6 0 0.72 —0.44 - -25 4 - 0.09 0.08 - 130.000 25.000
P33 83 36 0 0.41 0.09 - -38 -16 - 0.11 0.11 - 140.000 25.000
P34 90 0 0 0.32 - - =27 - - 0.11 - - 150.000 25.000

(Table 1). There, values were smaller than those obtained at the upper
area of the outflow, such as Gosan_SNU, with NMB and RMSE values of
+9% and 0.26, respectively (Table 1). At Osaka, located approximately
600 km east of Fukuoka, the NICAM-simulated AOT provided sharp
peaks during 11-22 May and was overestimated compared to the
AERONET results, with an NMB value of +46% and an RMSE value of
0.36 (Table 1). The overestimation was also mainly caused by Siberian
biomass burning. At Shirahama, located approximately 100 km south of
Osaka, NICAM had the same trend as Osaka and could not adequately
reproduce the observation (NMB = +50% and RMSE = 0.24). The
overestimation of the NICAM-simulated AOT from Siberian biomass
burning at Osaka could cause the overestimation at Shirahama.
Therefore, the difficulty in properly simulating the Siberian biomass
burning can worsen the reproducibility of the east parts of western
Japan.

In the East China Sea, which is closer to the source region of the
anthropogenic matters than is Japan, the relevant sites are the fol-
lowing four: Gosan_SNU, Mokpo_NU, Anmyon, and Baengnyeoung. At
Gosan_SNU, located approximately 300km west of Fukuoka, the
NICAM-simulated AOT was generally comparable to the AERONET-
retrieved and the satellite-retrieved AOT, but there were two unrealistic
peak values in the NICAM-simulated AOT on 13 and 30 May. On these
days, the overestimation of the NICAM-simulated AOT was caused by
anthropogenic sulfate. On 30 May, this overestimation of the simulated
sulfate caused the overestimation of the simulated AOT over a large
area, at least at the following sites: KORUS_Mokpo_NU, Fukuoka and
Gangeung WNU on the Korean Peninsula adjacent to the Sea of Japan.
In Table 1, the correlation coefficient of AOT between AERONET and
NICAM was calculated to be +0.40. At the other sites in the East China
Sea, the values of the correlation were calculated to be +0.27 (KOR-
US_Mokpo_NU), +0.55 (Anmyon), and + 0.45 (Baengyeong). The NMB
values were relatively low with the values of +18% (KOR-
US_Mokpo_NU), — 3% (Anmyon), and + 33% (Baengyeong). In the East
China Sea, as shown in Fig. 3, the correlation coefficients tended to be
higher compared to the other areas, which suggest that NICAM

generally succeeded in simulating temporal variations of the anthro-
pogenic aerosols from the continent.

One of the major source areas of anthropogenic matters in East Asia
is China, where the relevant sites are Beijing, Taihu, P11 and P21. At
the Beijing and Taihu sites, the correlation between the AERONET and
NICAM was relatively higher, with the values of 0.32 (Beijing) and 0.50
(Taihu). At the points of P11 and P21, the correlations between the two
geostationary satellites and NICAM were also relatively higher, with the
values of 0.57 to 0.64 (P11) and 0.50 to 0.54 (P21). Because the Taihu
site is located at the top of a mountain, the reason for the difference in
the AOT between AERONET and NICAM may be caused by the problem
of the representativeness in the comparison grid (0.2° by 0.2°).
However, at the other sites (Beijing, P11, and P21), the results reflected
the capability of the model to capture the aerosols near the source
areas. At these sites, the NICAM-simulated AOT tended to be under-
estimated compared to the AERONET or the satellite results. The NMB
value between AERONET and NICAM was estimated to be —47%
(Beijing), whereas the values between the two geostationary satellites
and NICAM were estimated to be —54% to —4% (P11) and —33% to
—12% (P21). As pointed out in Section 4.2, the underestimation of the
NICAM-simulated AOT may be caused by a missing aerosol component,
such as nitrate and anthropogenic secondary OC, in China. At the P31
site located at the east coast in China, the sampling number was limited
because of cloud contamination in the AHI retrievals, so it is difficult to
discuss the results; however, as shown in the Beijing, P11, and P12 sites,
the NICAM-simulated AOT tended to be underestimated with the NMB
value of —61% to —30%.

At the relevant sites over China, the East China Sea, and western
Japan, there was a slight time difference between the retrieved results
and NICAM,; the simulated AOTs were comparable to the retrieved re-
sults but preceded them by several hours. Such differences in timing
between NICAM and the retrieved data occurred several times and
generally occurred in situations where the meteorological fields, in-
cluding low and high patterns, were slightly different from those ob-
tained from the real atmosphere. Therefore, comparisons using datasets
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with high temporal resolution can suffer because of slight changes in
the meteorological fields, especially in the outflow regions such as the
East Asia Sea and Japan.

In eastern Japan, the transboundary air pollutants of anthropogenic
sources from the continents are sometimes transported but not often
[e.g., Goto et al., 2015b]. We focus on the two relevant sites in eastern
Japan: Chiba_University and P23. On 21-23 May, the NICAM-simulated
AOT were comparable to the AERONET- and the satellite-retrieved
AOTs. The NICAM simulated high AOT values from biomass burning
during these days. During May 2016, the model tended to be over-
estimated compared to the AERONET, with an NMB value of +51%
(Table 1). At the P23 site, located approximately 70 km south of the
Chiba_University site, the NICAM-simulated AOT was overestimated
compared to the satellites, but Siberian biomass burning has a small
contribution to the total AOT. The NMB value between the two geos-
tationary satellites and NICAM was calculated to be +19% to +47%
(Table 1). Therefore, the impacts of the non-Siberian biomass burning
in the model were possibly overestimated, but we can say that the
impacts of the biomass burning, including Siberian wildfires, in eastern
Japan were not as great as those at the Chiba_University site in May
2016. In Section 4.4, we discuss how well NICAM reproduced the real
atmosphere in more detail using the surface measurements of PM2.5 as
well as the vertical measurements by LIDAR.

Finally, the NICAM-simulated AOTs were evaluated at the outflow
areas and remote ocean, i.e., P32, P33 and P34. As already mentioned
in Fig. 5, the simulated and retrieved AOTs over the remote ocean areas
of A32, A33, and A34 were lower than those at the other sites. These
oceanic sites can be considered to show the background aerosol levels.
At the center of P32, the AHI-retrieved and NICAM-simulated AOTs
decreased at a similar rate and magnitude from 5 to 10 May. In con-
trast, the P33 and P34 sites, which are typical remote ocean sites, the
background AOT levels from NICAM were lower than those from both
the AHI and GOCI, although the retrieval accuracy for the background
levels was lower than that for highly polluted air masses (e.g., Toth
et al., 2013).

4.4. 4-dimensional structure of the aerosols over Japan in May 2016

The unique geostationary satellite datasets enable us to estimate the
PDF of the AOT over Japan and compare the results with modeled re-
sults. The 1st moment (i.e., the mean) of the PDF from the NICAM-
simulated AOTs was generally comparable to that of the geostationary
satellites. The correlation coefficient between the geostationary sa-
tellite-retrieved AOTs and the NICAM-simulated AOT was moderate to
low, and the 3rd and 4th moments of the satellite-retrieved AOTs (i.e.,
the skewness and kurtosis) differed from those of the NICAM-simulated
AOT. This difference was mainly caused by the overestimation of bio-
mass burning from Siberia during May 2016 and the underestimation of
anthropogenic (and to some extent background) aerosols, as explained
in Section 4. Slight differences in the meteorological fields (such as the
positions of areas of low and high pressure) can also be expected to
affect the accuracy of the transboundary aerosol distribution. In fact,
the slight difference in timing between the aerosol peaks resulted in low
correlation coefficients, given the limited number of samples. As fol-
lows, we first investigate the 4-dimensional structure of the atmo-
spheric aerosol distributions according to the multiple measured data-
sets: the two geostationary satellite datasets, in situ PM2.5
measurements, and LIDAR data. Second, we discuss how much NICAM
reproduces the 4-dimensional structure of the aerosol obtained by the
multiple measurements, especially by focusing on the relationship of
aerosols among the following: the column amount, the surface con-
centration, and the vertical profile during the specific events. The target
areas include northern Japan (including Hokkaido and Niigata, as
shown in Fig. 8), western Japan (around Fukuoka, as shown in Fig. 9),
and eastern Japan (Kantou, including Tokyo, as shown in Fig. 10).

First, we focus on northern Japan, including Hokkaido and Niigata.
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The left panels in Fig. 8 show the column AOT data from the two
geostationary satellites, surface PM2.5 concentrations from in situ
measurements, and vertical profiles of the extinction coefficient for the
spherical particles from LIDAR. We defined two types of events in terms
of the relationship between the AOT and surface PM2.5: (1) the sa-
tellite-retrieved AOT was high but the surface PM2.5 concentration was
low (event 1) and (2) both the satellite-retrieved AOT and the surface
PM2.5 concentration were high (event 2). During May 2016, northern
Japan experienced two event 1 cases and one event 2 case. From 7 to 10
May, which included the event 2 case, the observed PM2.5 concentra-
tions exceeded 45 pg m ~ 3, which were the maximum values in northern
Japan during May 2016. The GOCl-retrieved AOT was also high, with a
value up to 1; the AHI-retrieved AOT was lower, with a value up to 0.5.
The LIDAR-retrieved extinction coefficient was at most 0.05km ™. In
contrast, the NICAM-simulated PM2.5 concentrations exceeded
100 ug m 3. The simulated AOT was high, with values above 1.5, and
the simulated extinction coefficient reached 2 km ™!, each of which was
the maximum value during May 2016. From the surface to 3km in
height, the simulated aerosols were overestimated compared to the
multiple measurements. The gap between the measurements and
NICAM was caused by the overestimation of NICAM-simulated aerosols
from Siberian biomass burning, as pointed out in the analysis at the
AERONET Hokkaido_University site.

The period of 17-21 May included an event 1 case. The Siberian
biomass burning reached Japan on 18 May 2016 (Fig. 2) and was
dominant in this event 1 case. The satellite-observed AOT values ex-
ceeded 1.5 around Hokkaido. The LIDAR measurements captured a
strong peak with a maximum extinction coefficient of 0.5km™" at a
height of 0.5-3.5 km in Niigata. On the same days, the observed PM2.5
concentrations at the surface near Hokkaido were not as high and
showed no remarkable spikes, which means that the aerosols from the
Siberian biomass burning did not reach the surface. NICAM successfully
captured this peak in the satellite-retrieved AOT, but the simulated
extinction coefficient was vertically broader than that for the observed
value. Apart from the LIDAR results, the bottom of the simulated peak
nearly reached ground level (0.5km). Thus, the NICAM-simulated
PM2.5 concentrations at the surface were approximately 20ugm ™3
higher than both those on the other days. The distance between Hok-
kaido and Niigata is 300 km, so the AOT and vertical extinction coef-
ficients were not exactly consistent. The NICAM-simulated AOT was
lower than the satellite-retrieved AOT at Hokkaido, whereas the
NICAM-simulated extinction coefficient was higher than the LIDAR-
retrieved value at Niigata. This inconsistency was mainly caused by the
overestimated simulated AOT at Niigata, as shown in Figs. 3 and 6. In
summary, the model captured the transport of aerosols derived from
Siberian biomass burning and exhibited AOT values comparable to the
observed values, but the vertical profile of the simulated biomass
burning aerosols was different from the observed profile, especially
near the surface.

During 2-5 May, which was another event 1 case, the satellite-re-
trieved AOT exceeded 0.8, which was a relatively high value during
May 2016. At the surface, however, the observed PM2.5 concentrations
were relatively low, with a value of at least 20 ugm™~>. The LIDAR-
retrieved extinction coefficient was at most 0.2km ™!, even though
most of the data was undefined. In contrast, the NICAM-simulated AOT
exceeded 0.8, which was also the second-highest value during May
2016. The simulated PM2.5 concentrations reached only 20 pugm ™3,
which were comparable to the observed values. The simulated extinc-
tion coefficient reached 1km™?, which tended to be higher than that
from the LIDAR data. Therefore, NICAM generally captured the 3-di-
mensional structure of the air pollution, which showed the column
burden was higher but the surface loading was lower, from the both
AOT and surface measurements, even though the simulated AOTs were
overestimated compared to the retrieved AOTs. During this event, the
majority of the aerosols were not from biomass burning but sulfate
(likely anthropogenic sources). Sulfate was dominant in this event 1
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Fig. 8. Hourly variations in the column AOT, surface PM2.5 concentrations, and extinction coefficients for spherical particles according to multiple measurements
(left panels) and as simulated by NICAM (right panels) in northern Japan, including Hokkaido (138.5°E-146.0°E, 41.5°N-46.0°N) and Niigata (138.9°E, 37.8°N). The
column AOT was retrieved from the AHI and GOCI. The surface PM2.5 concentrations were observed by AEROS at Hokkaido. The extinction coefficients were
retrieved from LIDAR. The shaded gray areas in the vertical profiles represent undefined values because of cloud and raindrop contamination and altitude effects. The
marks of closed squares in colors around the top in the panels of NICAM-simulated AOT and surface PM2.5 concentrations represent the periods of the high
contribution of sulfate in blue (> 30% of the total AOT) and in cyan (> 50% of the total AOT) to the total AOT and those in the high (> 50%) contribution of
carbonaceous aerosols in orange (for non-Siberian biomass burning) and in red (for Siberian biomass burning) to the total AOT. The bottom-right panel represents the
temporal variation of the major species for the extinction of spherical aerosols obtained by NICAM. The results were defined as those in the high (> 50%) con-
tribution of sulfate to the total extinction and those in the high (> 50%) contribution of carbonaceous aerosols (Siberian biomass burning, BB, and non-Siberian BB)
to the total extinction when the total extinction exceeded 0.02 km ~!. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

case, which means that high AOT values but low PM2.5 concentrations
can indicate either biomass burning or anthropogenic sulfate aerosols.

Fig. 9 is the same as Fig. 8 but for western Japan, especially Fu-
kuoka. According to Fig. 9, three event 2 cases and one event 1 case
occurred. On 26-28 May (event 2), the satellite-retrieved AOT reached
values close to 1, the observed PM2.5 concentration reached
60pugm 3, and the LIDAR-retrieved extinction coefficient reached
1km™?, each of which represented the maximum value (the most
polluted air) during May 2016 at Fukuoka. In contrast, the NICAM-
simulated AOT and PM2.5 concentrations were comparable to the
measured values, but the NICAM-simulated extinction coefficient
reached 2km ™!, which was generally the maximum value of the si-
mulation during May 2016 at Fukuoka. On 7-8 May (event 2), the
GOCI-retrieved AOT was < 1, the observed PM2.5 concentration
was < 40 ugm ™2, and the LIDAR-retrieved extinction coefficient was
0.1-0.2km ! at heights of < 1km and 3 to 5km. In contrast, NICAM
showed no remarkable peaks in AOT, surface PM2.5 concentrations or
vertical extinction. On 13-15 May (event 1), the retrieved AOT was
approximately 0.75, which was the second-highest peak in May 2016.

The observed PM2.5 concentration was approximately 20 ugm ™3, and
the LIDAR-retrieved extinction coefficient reached 0.1-0.3km™ !,
which were normal values during May 2016. In NICAM, the event 1
case was not particularly remarkable, and the magnitudes of the si-
mulated AOT, PM2.5, and extinction values were comparable to those
from the retrievals and measurements. The bottom-right panel obtained
by NICAM showed that the major aerosol components of these two
event 1 and 2 cases were not from biomass burning but sulfate, and
probably a transboundary sulfate. On 22 May (event 2), the major
contribution to the total air pollution was Siberian biomass burning. On
that day, the GOClI-retrieved AOT was approximately 1, the observed
PM2.5 concentration was 20-35 ugm S, and the LIDAR-retrieved ex-
tinction coefficients were 0.5-0.7km~' at the surface and
0.1-0.2km ™! at heights from the surface up to 2km. In contrast, the
NICAM-simulated AOT was < 0.75, the simulated PM2.5 concentration
was 30-35pgm 3, and the simulated extinction coefficients ranged
from 0.1-0.2km™! at heights from the surface to 2.5km. NICAM
generally reproduced the 3-dimensional structure of the atmospheric
aerosols captured by the multiple measurements.
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Fig. 9. The same as in Fig. 8, but in western Japan (Fukuoka).

As shown in Fig. 10, three event 1 cases and one event 2 case oc-
curred in Kantou. On 21-26 May (event 2), the satellite-retrieved AOT
reached 0.75, the observed PM2.5 concentration reached 35ugm™3,
and the LIDAR-retrieved extinction coefficient was vertically broader at
heights from the surface to 3 km, with values of 0.1-0.3 km ™!, each of
which represented the maximum values during May 2016. The satellite-
retrieved AOTs exceeded 0.5 over these 5 days. The NICAM-simulated
AOTs were comparable to the observed ones. However, the simulated
PM2.5 concentration reached 50 ug m ™3, and the simulated extinction
coefficient was higher than that from the measurements. The simulated
values reached 0.1-0.3km ™! at a height of 4 km, slightly higher than
those from the LIDAR results. On 1-3 May (event 1), the retrieved AOT
for eastern Japan was the highest in May 2016, with a value above 1. In
contrast, the observed PM2.5 concentration was relatively low, with
values of approximately 25 ug m ~3, and the LIDAR-retrieved extinction
coefficient was relatively low, with values of 0.1-0.3km ™! up to a
height of 3km, even though the LIDAR values above 1km in height
were undefined, likely due to clouds. NICAM did not exhibit such strong
peaks for the simulated AOT on the same days, but the magnitude was
approximately 0.5. The simulated PM2.5 concentrations and simulated
extinction were comparable to the measurements, even though the
LIDAR values were largely undefined. For the other event 1 case (14-15
May), the behavior of AOT, surface PM2.5 and the vertical profiles of
aerosols obtained using multiple measurements were generally similar
to those obtained for 1-3 May. The dominant species was sulfate. On
7-8 May (event 1), the satellite-retrieved AOT was < 0.75, the surface
PM2.5 concentration was < 25ugm~>, and the LIDAR-retrieved ex-
tinction coefficients were 0.1-0.3km ™! from the surface to heights of
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2.5km. In contrast, the NICAM-simulated AOT was < 1.5, the simu-
lated PM2.5 concentration exceeded 80 ugm ™3, and the simulated ex-
tinction coefficients ranged from 0.1-0.3km ™! at heights of approxi-
mately 2 km. Notably, the simulated surface PM2.5 concentrations and
extinction were overestimated compared to the measured results. On
these days, the major component of the simulated aerosols was from
Siberian biomass burning. From Fig. 10, the major components in the
event 1 and 2 cases in eastern Japan were from Siberian biomass
burning (only event 2) and anthropogenic sulfate (both events 1 and 2).

In summary, comparisons of the various measurements with model
simulations suggest that the event 1 and 2 cases included various
compounds and source regions, producing various 4-dimensional
structures for the air pollution over Japan. For example, plumes that
originated from biomass burning, especially Siberian biomass burning,
and anthropogenic sulfate increased the AOT, although the surface
PM2.5 concentrations sometimes increased (26-28 May in western
Japan and 21-26 May in eastern Japan) or decreased (2-4 and 17-21
May in northern Japan, 13-15 May in western Japan, and 1-3 May in
eastern Japan). Therefore, the meteorological conditions, rather than
the source region and chemical composition (i.e., biomass burning from
Siberia or anthropogenic sulfate from the continent), determined the 4-
dimensional structure of the air pollution.

In addition to these specific events, Siberian biomass burning
mainly contributed to the air pollution on 11 May (Fukuoka), 16-20
May (Kantou), and 18-24 May (Fukuoka), as indicated in Figs. 8-10.
During these days, the simulated AOT generally matched the satellite-
retrieved value, whereas the simulated PM2.5 concentrations and ex-
tinction were higher than the observed values. As shown in the results
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Fig. 10. The same as in Fig. 8, but in eastern Japan (Kantou). The vertical extinction was obtained at Tokyo.

for northern Japan, the simulated extinction coefficient tended to be
vertically broader than the observed value. Apart from the air pollution
that originated from biomass burning, the 4-dimensional structure of
the air pollution that consisted of anthropogenic sulfate was generally
captured by a combination of the geostationary satellites and NICAM.

Finally, we summarize this study by showing the monthly and
spatially mean values of the aerosols around Japan by using both
NICAM and the multiple measured datasets (Fig. 11). Fig. 11 shows the
two NICAM results with and without Siberian wildfires by conducting a
sensitivity test. In northern Japan, the monthly mean values that were
simulated by NICAM with Siberian biomass burning were over-
estimated compared to those from the measurements. The magnitude
relationship of the surface PM2.5 concentrations between the two si-
mulations and the observations was similar to that for the AOT. For
NICAM results over northern Japan, the monthly and spatially mean
values showed that Siberian biomass burning contributed 0.20 (35%) of
AOT and 8.5 ugm_3 (49%) of surface PM2.5 concentrations; these re-
sults are overestimated compared to the measurements. The simulated
frequency of high (> 50%) contribution of carbonaceous aerosols to
total AOT by Siberian biomass burning is 33% in May 2016 (Fig. 8). For
surface PM2.5 concentrations, the simulated frequency is 31% in May
2016 (Fig. 8). In the vertical profile, however, the simulation with Si-
berian biomass burning provided more realistic values at heights of
4-6km than the simulation without Siberian biomass burning. The
relative impacts of the extinction from Siberian biomass burning were
estimated to be 38-48% below the 3 km height and 41-66% above the
3 km height.

In western Japan, the monthly and spatially mean AOT and surface
PM2.5 concentrations were within the ranges of the observation. The
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results also showed that Siberian biomass burning contributed ap-
proximately 0.03 (7%) of AOT and approximately 4.3 ugm ™~ (26%) of
surface PM2.5 concentrations. The effects of Siberian biomass burning
on the total AOT were small, whereas those on the surface PM2.5
concentrations were not so small. The slight underestimation of both
simulated AOT and surface PM2.5 concentrations was likely caused by
the underestimation of the simulated aerosols in China and the East
China Sea, as mentioned in Fig. 3, due to missing aerosols, e.g., sec-
ondary organic aerosols from anthropogenic sources and nitrate in
NICAM. The simulated frequency of high (> 50%) contribution of
carbonaceous aerosols to total AOT by Siberian biomass burning is 21%
in May 2016 (Fig. 9). For surface PM2.5 concentrations, the simulated
frequency is also 21% in May 2016 (Fig. 9). In the vertical profile, at the
heights below 2km of the simulated extinction values, even those
without Siberian biomass burning were overestimated compared to the
LIDAR. Above 3km in height, the simulated ones were comparable to
the LIDAR results. The relative impacts of the extinction from Siberian
biomass burning were estimated to be < 16% below 2km height and
25-41% above 2 km in height.

In eastern Japan, the effects of Siberian biomass burning on the
monthly and spatially mean AOT were not as large. The NICAM-simu-
lated AOT with Siberian biomass burning was comparable to the two
geostationary satellites. The NICAM-simulated PM2.5 concentrations
with Siberian biomass burning were also comparable to the measured
values. In NICAM over eastern Japan, the monthly mean values showed
that Siberian biomass burning contributed 0.09 (23%) of AOT and
5.4 ugm_3 (32%) of surface PM2.5 concentrations; these results are
fully within the range of the observation variability. The simulated
frequency of high (> 50%) contribution of carbonaceous aerosols to
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total AOT by Siberian biomass burning is 22% in May 2016 (Fig. 10).
For surface PM2.5 concentrations, the simulated frequency is 19% in
May 2016 (Fig. 10). The NICAM-simulated extinctions with and
without Siberian biomass burning were overestimated at heights below
1.5 km compared to the LIDAR-retrieved values but were comparable to
the LIDAR-retrieved values at heights of 3-6 km. The relative impacts of
the extinction from Siberian biomass burning were estimated to
be < 17% below approximately a 1.5km height and 36-45% above
approximately a 1.5km height. According to a comparison between
northern and western Japan, the NICAM-simulated AOT must be un-
derestimated compared to the satellite-retrieved values, and the
NICAM-simulated extinction at heights of 3-6km must be under-
estimated compared to the LIDAR-retrieved value. Therefore, a sim-
plified method such as “tuning,” which subtracts the aerosols from the
biomass burning, would not be a suitable approach to properly re-
produce the aerosol distributions from various measurements. This new
solution must conduct tuning to improve the vertical distribution of
aerosols so that the results are not broadly distributed along the surface.
Possible reasons for this enhanced vertical mixing include (1) the larger
vertical diffusion that is associated with turbulence and its parameters
and (2) the smoothing effects of nudging datasets with coarser resolu-
tions (1° by 1°) compared to the model grid spacing (11 km at the finest
resolution). These further developments may be required in the future.
These points cannot be solved by a data assimilation of column AOT as
proposed by Yumimoto et al. (2016), so these models should be further
improved.

5. Conclusions

The objective of this study was to evaluate the spatiotemporal
variability of simulated aerosols, including anthropogenic and biomass
burning-derived emissions, which are constantly transported from the
East Asian continent to the ocean and Japan. The spatial target of our
analysis was chosen to be 115°E-155°E, 20°N-50°N, and the temporal
target was May 2016. We mainly used the AOT retrieved from two
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instruments onboard geostationary satellites, the Advanced Himawari
Imager (AHI) onboard the geostationary satellite Himawari-8 and the
Geostationary Ocean Color Imager (GOCI) onboard the geostationary
satellite (COMS), and simulated by NICAM, a semi-regional aerosol-
transport model (Goto et al., 2015a).

In this study, we first estimate the accuracies of two geostationary
satellites (Himawari-8/AHI and COMS/GOCI) using independent mea-
surements of AERONET and polar-orbiting satellites, MODIS/Terra and
MODIS/Aqua. The AHI can be used to estimate the AOT over a wide
area with unprecedentedly high temporal resolution around East Asia.
The GOCI can also be used to estimate the AOT, but over a relatively
limited area in East Asia (116°E-146°E, 24°N-48°N). We found that the
bias between MODIS and AERONET tended to be larger than that be-
tween the two geostationary satellites and AERONET. The correlation
coefficients between geo-stationary satellites and AERONET are gen-
erally high to moderate, so that the satellite results can be used as re-
ference data for model evaluation. We used the data retrieved in-
dependently from these two geostationary satellites to take into account
the observational uncertainty. In situ sampling, such as from the AEROS
installation over Japan, ground-based remote-sensing measurements
(such as LIDAR), and polar-orbiting satellite sensors (such as MODIS)
have limited spatial and temporal coverage, so geostationary satellites
such as Himawari-8 and COMS can obtain aerosol information with
greater spatial coverage and higher temporal resolution, allowing these
satellites to be more powerful than other measurements.

After this demonstration of the availability of two geostationary
satellites as reference datasets, we investigated the differences in the
AOT as shown by AHI, GOCI, MODIS and NICAM for the NICAM eva-
luation. A comparison of the AOT at 00:00 UTC (09:00 JST) on 18 May
2016 with both the AHI and GOCI retrievals indicated that the AHI,
GOCI, and NICAM captured a high-AOT plume over the northern Sea of
Japan. Furthermore, the detailed horizontal distributions of the high-
AOT plume as simulated by NICAM were relatively consistent with
those from the AHI and GOCI. On the chosen day, the AHI and GOCI
clearly detected the transport of this high-AOT plume over Hokkaido
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(northern Japan). Currently, no other measurements have captured
such a detailed horizontal distribution of the plume as have the AHI and
GOCI onboard geostationary satellites, as shown in Fig. 2. The temporal
evolution of the aerosols simulated by NICAM generally matched the
results from the AHI, GOCI and MODIS.

The monthly means of the AHI-retrieved, GOCI-retrieved and
NICAM-simulated AOT were 0.36, 0.30 (GOCI can only cover the area
from 116°E-146°E and 24°N-48°N) and 0.34 (0.33 in NICAM, con-
sidering the spatiotemporal collocation with GOCI), respectively. The
correlation between the AHI and NICAM was moderate, with a corre-
lation coefficient of 0.39 (significant level of 0.05), whereas the cor-
relation coefficient for the GOCI and NICAM was lower, with a value of
0.26 (significant level of 0.05). In this study, the difference in AOT
between AHI and GOCI is assumed to be an observational error. A
comparison of the spatiotemporal variations in the AOT showed that
the model generally captured the transport of aerosols over Japan in
May 2016. The correlation coefficient between AHI and NICAM
was > 0.4 (significant level of 0.05) in 42% of the target area
(115°E-155°E, 20°N-50°N), the NMB was within 20% in 46% of the
target area, and the RMSE was < 0.2 in 37% of the target area. The
statistical metrics are generally similar for the comparison between the
GOCI and NICAM. Therefore, we conclude that NICAM could generally
reproduce the satellite-retrieved AOT based on a comparison between
the mean and correlation coefficient (which are often used in model
evaluation). In the areas where the NMB and RMSE were relatively
larger, the NICAM-simulated AOTs were larger than both the AHI-re-
trieved and GOCI-retrieved values, or the correlation coefficients were
negative; some examples are in the Sea of Japan and the ocean around
western Japan. The PDF of the AHI-retrieved AOT produced +2.07
skewness and 9.16 kurtosis, whereas the PDF of the NICAM-simulated
AOT produced + 6.00 skewness and 91.24 kurtosis. These differences in
the skewness and kurtosis in the PDF between the AHI and NICAM are
similar to those obtained for the GOCI and NICAM. In Fig. 4, these two
values exhibited narrower distributions in the PDF from NICAM com-
pared to those from the geostationary satellites. However, the differ-
ences in the AOT between the geostationary satellites and NICAM were
relatively low, because the AOT from Siberian biomass burning over the
Sea of Japan was overestimated, and the AOT from anthropogenic
sulfate in eastern China and western Japan, as well as the partially
background aerosols the over the remote ocean, was underestimated.
These values canceled out when calculating the monthly average va-
lues. The low correlation coefficient between NICAM and geostationary
satellites can be caused by slight differences in the timing of high AOT
between NICAM and satellites, as well as slight differences in the me-
teorological fields between NICAM (perhaps the reanalysis data) and
the real atmosphere.

After comparing the AHI-retrieved, GOCI-retrieved, and NICAM-si-
mulated AOT, we assessed how well the geostationary satellite data,
surface PM2.5 measurements, LIDAR data, and the model reproduced
the 4-dimensional structure of transboundary pollution, including bio-
mass burning during May 2016. A combined analysis of these ob-
servations, i.e., column AOT, surface PM2.5 concentrations, and ver-
tical profile of the extinction coefficient, and the NICAM simulations
with and without Siberian biomass burning emissions indicated that the
4-dimensional structures of the transboundary air pollution depended
not on the source region and chemical composition but on the me-
teorological conditions. For example, plumes, including high AOT from
biomass burning, are sometimes transported to the surface and directly
affect the surface PM2.5 concentrations. Other plumes, which are often
produced by biomass burning, exhibit low surface PM2.5 concentra-
tions but high column AOT values, indicating that the plume is trans-
ported at high altitudes and does not reach the ground. The model
successfully reproduced the behavior of anthropogenic sulfate but did
not adequately reproduce the aerosol vertical distribution from biomass
burning around Japan.

We also discussed the effects of the biomass burning that occurred
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in May 2016 on the aerosol levels around Japan by conducting a sen-
sitivity test for Siberian biomass burning with NICAM. Biomass burning
from Siberian forest fires strongly influenced the aerosol levels in May
2016 over Japan. Although previous studies, such as those of Ikeda and
Tanimoto (2015), have noted the effects of Siberian biomass burning on
northern Japan, this study suggested that Siberian biomass burning
affects air quality throughout the country, including western and
eastern Japan, especially above the 3-6 km height. At the heights, the
relative impacts of the extinction from Siberian biomass burning were
estimated to be 41-66% (northern Japan), 25-41% (western Japan)
and 37-44% (eastern Japan). In the column amount, i.e., AOT, Siberian
biomass burning contributed 0.20 or 35% (northern Japan), 0.03 or 7%
(western Japan) and 0.09 or 23% (Eastern Japan), respectively. In the
surface concentrations, i.e., the monthly and spatially mean surface
PM2.5 concentrations, Siberian biomass burning contributed
8.5ugm~3 or 49% (northern Japan), 4.3ugm > or 26% (western
Japan) and 5.4pgm ™3 or 32% (eastern Japan). Because simulations
can estimate only the spatiotemporal variability of the aerosol chemical
components over larger areas, properly predicting such strong events is
critical to understanding the 4-dimensional structure of air pollution.
Therefore, aerosol simulations, especially of vertical profiles, must be
improved.
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