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A B S T R A C T

High temporal resolution (every 10min) aerosol observations are rarely provided by satellite sensors. The
Advanced Himawari Imager (AHI) aboard Himawari-8 can provide aerosol optical depth (AOD) over China with
this frequency. The sensor provides great opportunity to retrieve the particle matter near the ground and im-
prove air quality modeling using the aerosol products. However, there is still lack of quality validation about AHI
AOD. A comprehensive research was conducted to evaluate the performance of AHI aerosol products based on
sixteen sun-photometers stations in AErosol RObotic NETwork (AERONET) and Sun–Sky Radiometer
Observation Network (SONET) over China. The overall comparison of AHI AOD and ground AOD shows a high
correlation (R2 = 0.67). However, there is only 55% of AHI AOD falling in the expected error envelops
(± 0.05 ± 0.2*AOD ground). AOD bias between AHI AOD and ground AOD increases with the AOD magnitude.
The accuracy of AHI AOD is also highly depend on seasons and surface land cover types. Best performance of AHI
aerosol retrievals is shown in summer and for urban region. The diurnal variability validation shows that AHI
AOD catch the diurnal AOD variations well, especially for summer. Large differences between AHI AOD and
MODerate-resolution Imaging Spectrometer (MODIS) aerosol products are shown, especially for northwest
China. The analysis indicates that the uncertainties of AHI aerosol retrievals are induced by large errors of
aerosol models and surface reflectance estimation in the algorithm.

1. Introduction

Aerosols encompasses a wide range of particles in atmosphere,
which have different compositions, sizes, shapes, and optical properties
(Hinds, 1999). Atmospheric aerosols have large impacts on human
health, environment, and climate change (WHO, 2005; Kodros et al.,
2015; Zhang et al., 2017a). A rapidly increase of small aerosol particles
less than 2.5 μm near surface in short time can increase the hospital
admission (WHO, 2005). The increased aerosol loadings can reduce the
visibility and destroy the environment (Zhang et al., 2016a). Aerosols
also affect the atmospheric radiative balance (Malm et al., 1994; Kim
et al., 2006; Ezhova et al., 2018), and it represents one of the largest
uncertainties in climate studies (Field et al., 2014).

Aerosol Optical Depth (AOD) is the fundamental aerosol optical
property and can be used to quantify the amount of aerosol particles.

AOD can be retrieved from ground-based sun-photometer and space-
borne satellite sensors. Due to the limited number of ground-based
stations, it is hard to meet the need for characterizing the variability of
regional aerosols in large regions. The launch of satellite sensors pro-
vides great opportunities to address this problem. There are many
studies conducting to evaluate the accuracies of satellite sensors in the
retrieval of AOD. Many researches demonstrated that the retrieval of
aerosol from satellites has large improvements (Li et al., 2013; Zhang
et al., 2016b). However, there are still many uncertainties in satellite
aerosol datasets due to the influence of heavy polluted aerosol layer (Li
et al., 2009; Tao et al., 2015) and approximations existed in the aerosol
retrievals (Tao et al., 2017). For example, limited aerosol models were
used in the aerosol algorithm and this might induce large uncertainties
in retrieving AOD (Tao et al., 2017). The simplified radiative equation
in some aerosol algorithm also brought some errors because of the
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missing of multiple scattering (Yan et al., 2018). Therefore, widely
validations based on ground-based sun-photometer are needed to
evaluate the performance of satellite aerosol products, especially for the
diurnal variability of satellite.

Himawari-8 was launched in October 2014 and carried a new
payload called the Advanced Himawari Imager (AHI). This satellite is a
geostationary weather satellite and can provide aerosol information
every 10min over East Asia, Southeast Asia, part of South Asia, and
Oceania. It is one of the few sensors that can provide diurnal variability
of AOD. The algorithm of aerosol retrievals over land used in Himawari-
8 was similar to Deep Blue (DB) method (Yoshida et al., 2018). The
surface reflectance of visible band is determined as the second lowest
reflectance in one month (Kumabe et al., 1996). Due to the advantage
of high temporal resolutions, the aerosol products have been used for
aerosol data assimilation (Yumimoto et al., 2016). However, to our
knowledge, there has been no comprehensive research about the large-
scale accuracy of AHI aerosol retrievals.

In recent years, China suffers relatively high aerosol loading com-
pared with nominal global conditions (Boucher et al., 2013). Within
this context, it is essential to understand the temporal and spatial
characteristic of AOD in China. Himawari-8 is an important instrument
to understand the aerosol pollution in China. In this paper, the AHI
AOD is firstly validated using ground-based sun-photometers over
China. Diurnal variability and regional accuracies of AHI AOD over
study region are also evaluated. The objective in this study is to perform
a comprehensive validation of AHI AOD retrievals with ground mea-
surements over China to evaluate the performance of AHI aerosol data
and to make certain that the products are robust and meet the level of
accuracy for aerosol monitoring. This paper is organized as follows:
description of data is outlined in Section 2. In Section 3, the comparison
of AHI aerosol retrievals against ground data is shown. Section 4 pre-
sents the comparison between regional AHI AOD and Moderate

Resolution Imaging Spectroradiometer (MODIS) measurements. Section
5 summaries the main findings.

2. Data

2.1. AHI AOD

The AHI AOD product at 500 nm is retrieved using the pre-calcu-
lated surface reflectance database. The surface reflectance database was
created using second lowest land surface reflectance in a month over
land and calculated sea surface reflectance based on the model devel-
oped by Cox and Munk (1954) and observed wind speed from JMA
global analysis (GANAL) data (Onogi et al., 2007). Total ozone columns
from the Ozone Monitoring Instrument (OMI) on board the NASA EOS/
Aura and the column water vapor obtained from GANAL data are
conducted for gas correction. The aerosol model in the AHI aerosol
retrieval algorithm is made up of external mixture of fine and coarse
aerosol particles. Fine aerosol model is based on the average properties
of the fine mode for category 1–6 by Omar et al. (2005) (Table 1),
which provide the global aerosol models using Aerosol Robotic Net-
work (AERONET) (Holben et al., 1998) measurements. For the coarse
aerosol model, the external mixture of the pure marine aerosol on the
basis of the model illustrated by Sayer et al. (2012) and a dust model
based on the coarse model of category 1 (dust) illustrated by Omar et al.

Table 1
Aerosol optical properties adopted in AHI aerosol algorithm (The second row is
single scattering albedo (SSA) at 673 nm; The third row is real refractive index
(r) at 673 nm; The fourth row is imaginary refractive index (m) at 673 nm).

Fine mode Coarse mode

SSA 0.93 0.8 0.88 0.92 0.93 0.72 0.93 0.93
r 1.452 1.5202 1.4494 1.4098 1.3943 1.4104 1.362 1.452
m 0.0036 0.0245 0.0092 0.0063 0.0044 0.0337 3*10−9 0.0036

Fig. 1. Map of the selected ground station.

Table 2
Surface type and location for each ground station.

No. Station Name Latitude Longitude Altitude(m) Surface Type

1 AOE_Baotou 40.852 109.629 1270 Grassland
2 Beijing-CAMS 39.933 116.317 106 Urban
3 Beijing 39.977 116.381 92 Urban
4 Beijing_PKU 39.992 116.310 53 Urban
5 Beijing_RADI 40.005 116.379 59 Urban
6 Hong_Kong_PolyU 22.303 114.18 30 Urban
7 QOMS_CAS 28.365 86.948 4276 Grassland
8 SONET_Harbin 45.705 126.614 187 Urban
9 SONET_Hefei 31.905 117.162 36 Cropland
10 SONET_Nanjing 32.115 118.957 52 Urban
11 SONET_Shanghai 31.284 121.481 84 Urban
12 SONET_Xingtai 37.182 114.360 185 Cropland
13 SONET_Zhoushan 29.994 122.188 29 Cropland
14 Taihu 31.421 120.215 20 Wetland
15 Xianghe 39.754 116.962 36 Cropland
16 XuZhou-CUMT 34.217 117.142 59 Cropland
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(2005) is adopted in the algorithm. Detailed information about the
aerosol retrieval algorithm can be found in Yoshida et al. (2018). Level
2 and Level 3 AHI aerosol datasets are two kinds of products in Hi-
mawari-8 with the same spatial resolution of 5 km (Kikuchi et al.,
2018). The temporal resolution of Level 2 and Level 3 products is
10 min and 1 h, respectively. Level 2 version 2 aerosol datasets from
January 2016 to December 2016 are used in this study. Due to the

location of sun-photometer, we only validate the AOD over land.

2.2. MODIS AOD

MODIS AOD is the most common used AOD data and are applied in
many fields (Tao et al., 2013; Wang et al., 2014; Tie et al., 2016; Zhang
et al., 2017b; Zhang and Wong, 2017). MODIS Collection 6.1 products
from the Aqua satellite during January 2016 to December 2016 are
used to evaluate the regional distribution of AHI AOD. AOD over land
in MODIS is retrieved using two different algorithms: Dark-Target (DT)
(Levy et al., 2010) and Deep-Blue (DB) (Hsu et al., 2004, 2013) algo-
rithms. The expected errors of DT and DB AOD over land are
within± 0.05 ± 0.15×AODAERONET (Levy et al., 2013)
and± 0.05 ± 0.2×AODAERONET (Sayer et al., 2013), respectively.
The DB Expected error (EE1) is used to compare the performance of AHI
AOD with MODIS AOD retrievals. Global climate observation system
(GCOS) goal uncertainty (Max (0.03; 10%), EE2) is also used as a metric
(GCOS, 2006). DB and DT combined land product is used in this paper.
The resolution of aerosol datasets (MYD04) in MODIS is 10 km. To
compare this product with AHI AOD, both aerosol products are re-
sampled in the resolution of 1°. The MODIS retrievals are assigned to
the AHI pixel location nearest the MODIS retrieval center. The MODIS
DT and DB combined AOD are converted from 550 nm to 500 nm.

2.3. AERONET AOD

To reconcile satellite-based dataset, ground-based AOD measure-
ments collected from sun-photometer in the AERONET (Holben et al.,
1998) and Sun–Sky Radiometer Observation Network (SONET) (Li
et al., 2018) are considered. In this paper, 16 selected ground stations
are mapped in Fig. 1. AERONET AOD data have higher accuracy of<

Table 3
Analysis of various spatial and temporal window for AHI AOD.

Time≤ 2min Time≤ 5min Time≤ 7min Time≤ 10min Time≤ 20min

Sample size R2 RMSE Sample size R2 RMSE Sample size R2 RMSE Sample size R2 RMSE Sample size R2 RMSE

r= 1 pixel 11763 0.63 0.32 19001 0.62 0.32 22170 0.62 0.32 23978 0.61 0.32 26422 0.6 0.32
r≤ 3 pixels 11859 0.65 0.32 19038 0.64 0.31 22132 0.64 0.31 23928 0.64 0.3 26372 0.64 0.3
r≤ 6 pixels 11758 0.68 0.3 18768 0.67 0.3 21749 0.67 0.3 23491 0.67 0.3 25975 0.66 0.3
r≤ 12 pixels 11568 0.65 0.32 18427 0.64 0.31 21247 0.65 0.31 22949 0.64 0.31 25440 0.64 0.31

Fig. 2. Comparison of AHI AOD with ground AOD (EE1 represents the expected
error from MODIS DB products (black dot line) and EE2 is the EE from GCOS;
blue line is the 1:1 line; pink circles are the mean AOD for AOD bins and pink
lines are standard deviation). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. The bias between AHI AOD and ground AOD versus ground AOD with mean (blue circle) and standard deviation (blue line). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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±0.01 for retrieval at wavelengths longer than 440 nm and< ±0.02
for shorter wavelengths without cloud contamination (Holben et al.,
1998). AERONET AOD bias can reach at 0.031–0.060 due to thin cirrus
cloud contamination (Chew et al., 2011). These data become an im-
portant regional context to ensure representativeness of the satellite

data. In order to evaluate the accuracy of AHI AOD, AERONET and
SONET level 2 version 3 AOD data were used in this paper. Level 1.5
AOD datasets are used if it is not yet available for particular site. The
SONET is a ground-based Cimel radiometer network with the extension
of multiwavelength polarization measurement capability to observe

Fig. 4. The spatial distribution of R2 and RMSE between AHI AOD and ground AOD.

Fig. 5. The bias between AHI AOD and ground AOD versus ground Ångström exponent.

Fig. 6. The bias between AHI AOD and ground AOD versus ground Ångström Exponent for ground AOD>0.4 with mean (blue circle) and standard deviation (blue
line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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long-term columnar atmospheric aerosol properties over China (Li
et al., 2018). For sun-photometer in ground stations does not have
500 nm channel, the AOD in 500 nm is calculated using Ångström

exponent and AOD in 675 nm and 440 nm (Tao et al., 2015). Table 2
shows the specific locations and land cover of each ground station in
mainland of China (Wei et al., 2018).

Fig. 7. The bias between AHI AOD and ground AOD versus ground Ångström Exponent for ground AOD≤ 0.4 with mean (blue circle) and standard deviation (blue
line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Scatter plots of AHI AOD and ground AOD for different land cover (EE1 represents the expected error from MODIS DB products (black dot line) and EE2 is the
EE from GCOS; blue line is the 1:1 line; pink circles are the mean AOD for AOD bins and pink lines are standard deviation). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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2.4. Spatiotemporal window

New-generation geostationary meteorological satellite sensors pro-
vide data with large spatial coverage and high temporal resolution
(10min), while the ground-based observations provide high temporal
site data (15min). AOD retrievals within same time intervals and spa-
tial windows are used for validation because of the relative

homogeneous aerosol properties within a certain time-space boundary
(Anderson et al., 2003). In this paper, five-time intervals from 2 to
20min centered at satellite overpass time and four spatial windows
from 1 pixel to 12 pixels centered at each site point were used. The
selected spatial and temporal window are committed to a better balance
between sample size and correlation quality (Martins et al., 2017).
Table 3 shows the results with different spatial and temporal windows

Fig. 9. Scatter plots of AHI AOD and ground AOD for different seasons (a. spring, b. summer, c. autumn, d. winter) (EE1 represents the expected error from MODIS
DB products (black dot line) and EE2 is the EE from GCOS; blue line is the 1:1 line; pink circles are the mean AOD for AOD bins and pink lines are standard deviation).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 4
Analysis of AHI AOD and ground AOD in different land cover at autumn, spring, summer, and winter.

Land Cover Seasons Sample size R2 RMSE Within EE1 (%) >EE1 (%) <EE1 (%)

urban Autumn 3020 0.82 0.25 61.1 24.1 14.8
Spring 3218 0.24 0.39 46.6 40.6 12.8
Summer 1477 0.84 0.22 60.5 18.4 21.1
Winter 2077 0.53 0.3 46 17.1 36.9

grassland Autumn 149 0 0.123 48.9 48.3 2.8
Spring 181 0 0.22 27.1 71.3 1.7
Summer 40 0 0.19 20 72.5 7.5
Winter 11 0 0.05 81.8 18.2 0

cropland Autumn 1742 0.72 0.29 53.1 23.5 23.4
Spring 3020 0.09 0.41 48.7 29.9 21.4
Summer 1477 0.84 0.22 60.5 18.4 21.1
Winter 2077 0.53 0.3 46 17.1 36.9

wetland Autumn / / / / / /
Spring 375 0.59 0.24 60.5 2.9 36.5
Summer 421 0.69 0.18 64.6 34.9 0.5
Winter 281 0.49 0.18 51.6 11.4 37
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for AHI AOD. Highest correlation and smallest Root Mean Square Error
(RMSE) are expected with minimum time lag and smallest window size.
However, the analysis from Table 3 indicates that correlation decreases
with temporal window and sample size increases with temporal
window. The average AOD is adopted if more than 40% validated va-
lues are in the sample size (Martins et al., 2017). Highest correlation
(R2=0.67) occurs at the window of radius≤ 6 pixels and
time≤ 7min with an RMSE of 0.3. For the window with same radius,
the sample size increases from 11763 (time≤ 2min) to 19001
(time≤ 5min) with a little change in correlation. To increase the
sample size, we select the window of r≤ 6 pixels and time≤ 7min as
the balanced window. The comparisons of AHI AOD and ground AOD
are based on the large windows to balance the measurements size and
correlation quality. Previous validation of satellite sensors also employs
the relatively large spatial regions and time intervals to comprise the
balance of measurements size and correlation quality (Levy et al., 2010;
Tao et al., 2015).

3. Results and discussion

3.1. Overall AHI and ground AOD comparison

Fig. 2 shows the scatter plots of AHI AOD against ground AOD. Blue
line represents one-to-one line and black lines are the envelope of ex-
pected error. The sample size is about 21749 with R2 of 0.67. There are
about 55% of AOD values within the envelopes of expected error,
26.6% of them are larger than expected errors, and 18.4% are smaller
than the expected error lines. For MODIS products, there are more than

69.25% of DT retrievals falling in the expected error envelops
(± 0.05 ± 0.15×AOD) over China (Wei et al., 2018). According to
the EE2 from GCOS, only 22.9% of AOD retrievals fall within the me-
tric. The results indicate that the AHI overestimates the aerosol load-
ings. Most AOD values are from 0 to 1. According to the standard de-
viation in AOD bins, the standard deviation increased with AOD when
AOD is lower than ∼2.5. Fig. 3 shows the bias between AHI AOD and
ground AOD versus ground AOD. The bias decreases with the AOD
magnitude. Positive bias is shown when the AOD is lower than 0.5. The
bias can reach at −0.8 when the AOD is higher than 3. The analysis
indicates that the aerosol model between heavy polluted weather and
clear days varies a lot. It is essential to distinguish the correct aerosol
model for aerosol retrieval. Fig. 4 shows the spatial distribution of R2

and RMSE between AHI AOD and ground AOD. The R2 for all stations
are larger than 0.67 and the highest R2 and lowest R2 are both shown in
Beijing. The RMSE is from ∼0.27 to ∼0.31. The largest RMSE can be
found in Beijing.

Ångström exponent (AE) is one indicator of aerosol size, which is
calculated by the AOD at 440 nm and 675 nm. AE can help to under-
stand the influence of aerosol size on AOD retrievals. Fig. 5 shows the
bias between AHI AOD and ground AOD versus ground Ångström ex-
ponent. The bias between AHI AOD and ground AOD versus ground
Ångström Exponent for ground AOD>0.4 and AOD≤ 0.4 are dis-
played in Fig. 6 and Fig. 7, respectively. For larger AOD (AOD>0.4),
systemic positive bias is shown. The bias is larger than 0.3 when the AE
is smaller than 0.4. Then, the bias was around 0 when the AE is larger
than 0.6. For smaller AOD (AOD≤ 0.4), the bias is relatively small
compared with the high AOD group. However, the positive bias is

Fig. 10. Diurnal variations (8:00–18:00 local time) of AHI AOD and ground AOD in different seasons with mean (blue circle and orange triangle) and standard
deviation (blue and orange line) for urban. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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shown. Larger positive bias is shown when AE is smaller than 0.5. The
analysis shows that the AHI fails to capture the aerosol model when the
aerosol size is very small and the heavy aerosol loadings occurs.

3.2. Comparison of AHI aerosol retrieval against ground data over land
cover types

Surface reflectance is one of the important factors that could affect
the accuracy of aerosol retrievals significantly. Different land types
have different characteristics. Cropland and grassland show large sea-
sonal variations, while urban land has little seasonal changes with
obvious surface bidirectional reflectance characteristic (Xie et al.,
2017). AHI aerosol algorithm assumes that surface reflectance has little
changes in 30 days. The assumption is like the DB aerosol algorithm and
could affect the accuracy of AHI AOD. Fig. 8 shows the scatter plots of
AHI AOD and ground AOD in urban, cropland, grassland, and wetland
regions. Best performance can be found in urban ground stations, with
R2 of 0.74 and RMSE of 0.28. The R2 in cropland is about 0.53, with
51.3% falling in EE1 envelop and 20.7% falling in EE2 envelop. In
wetland, The R2 and RMSE are 0.62 and 0.2, respectively. Pixels in
grassland exhibit poor performance in aerosol retrievals. This might be
induced by the low number of retrievals and the AHI aerosol retrievals
is very poor when the AOD is low. The analysis indicates that the AHI
aerosol retrievals are efficient for urban and wetland regions, and the
accuracy of surface reflectance database over grassland and cropland is
needed to improve.

3.3. Impacts of seasonal variability on AOD retrievals

China suffers different aerosol types in spring (March, April, May),
summer (June, July, August), autumn (September, October,
November), and winter (December, January, February). In spring, dust
aerosols influence China significantly, especially for North China
(Zhang et al., 2016b). Biomass burning aerosols affect China a lot in
summer (Long et al., 2016). In winter, the stable weather could induce
the accumulation of aerosol and form severe polluted days (Zhang
et al., 2018). The changes of surface reflectance in different seasons
could also affect the performance of aerosol retrievals (Mhawish et al.,
2017). Therefore, it is essential to evaluate the effect of seasonal var-
iations of surface reflectance and aerosol models on AHI retrievals.
Seasonal comparisons of AHI AOD and ground AOD are shown in Fig. 9.
The R2 is 0.22, 0.89, 0.79, and 0.59 in spring, summer, autumn, and
winter respectively. There are more than 57% of AHI AOD retrievals
within the expected error envelops in summer and autumn. In winter,
there are also more than 50% of AOD falling in the envelops of EE. In
spring, only 47.8% of AHI AOD within the expected error lines and
about 34.6% of AHI AOD are larger than the expected error envelops.
For the metric from GCOS, less than 31% of the AOD retrievals fall in
the EE2. This indicates that the AHI AOD is not accurate enough to be
used in climate studies. The result shows that the aerosol retrieval al-
gorithm performs best in summer and performs worst in spring. AHI
AOD tends to overestimate the aerosol loadings, especially for spring.

Seasonal analysis for different surface types is conducted to evaluate
the temporal performance of AHI aerosol retrieval algorithm. Table 4
show the seasonal performance of AHI aerosol retrievals over different
land cover types. In urban, better performance of AHI AOD is shown in

Fig. 11. Same as Fig. 10, but for cropland.
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autumn and summer than that in spring and summer. The R2 is larger
than 0.8. There are more than 60% of AHI AOD within the expected
error envelops in these two seasons. In grassland, the number of AHI
retrievals is very small and AHI aerosol algorithm performs very poor,
with R2 of 0. In cropland, high correlation of AHI AOD and ground AOD
occurs in autumn (0.72) and summer (0.84). In wetland, there is no
observations in autumn. AHI AOD performs better in summer than in
other three seasons. The analysis indicates that the AHI aerosol re-
trievals are influenced by the seasonal variation of surface reflectance
and aerosol models significantly. The AHI aerosol algorithm performs
better in summer and autumn than those in other two seasons, except
for grassland. Wei et al. (2018) also found similar results that the VIIRS
AOD performs better in summer, spring, and autumn.

3.4. Diurnal variability validation

AHI AOD can observe the aerosol information every 10min in the
daytime. Sun photometers in ground stations can measure the AOD
every 15min. Both of these two sensors can reflect the diurnal varia-
bility of AOD. Fig. 10 displays the temporal variations of AOD observed
by AHI and ground. In urban, the AHI AOD retrievals are higher than
the ground observations from 8:00 to ∼9:00 in local time and AOD
change little from 9:00 to 11:00 (Fig. 10). AOD peak at 13:00 and de-
crease after 13:00 in spring. In summer, the aerosol loadings increase
from 8:00 and peak at 12:00. After 12:00, AOD decrease and reach to
the minimum at∼17:00. In summer, the AHI AOD retrievals agree very
well with ground measurements and can reflect the diurnal variability
of AOD. In winter, highest AOD can be found in the noon (12:00 in local
time) from ground-based measurements. However, the AHI AOD peaks

at 13:00. Similar situation can be found in spring. In autumn, high AOD
can be found in the morning (8:00 in local time) and AHI under-
estimates the AOD during this period.

In cropland, similar diurnal variability as in urban is shown in
spring and summer (Fig. 11). In autumn, the AOD increase between
8:00 and 12:00 and decrease to minimum at∼16:00. In winter, the AHI
AOD increase from ∼9:00 to ∼15:00. Ground observations show a
different trend. The AOD increase from ∼9:00 to ∼11:00 and decrease
to 0.3. In winter, the AOD change little from ∼9:00 to ∼11:00 and the
AOD peak from AHI retrievals and ground measurements is different.
Fig. 12 shows the diurnal variability of AOD from AHI and ground in
wetland. The decreasing AOD trend can be found in spring and AHI
AOD is lower than ground AOD in the morning. The discrepancies be-
tween AHI AOD and ground AOD is narrowed from morning to after-
noon. There are no observations in autumn. The analysis in this paper
shows that the AHI AOD can reflect the diurnal variability well in
summer over urban and cropland. For other three seasons, there are
some discrepancies between AHI aerosol retrievals and ground-based
measurements.

3.5. Comparison between AHI AOD and MODIS datasets

Fig. 13 shows the mean AOD from Himawari and Aqua, and their
differences in four seasons. Seasonal comparisons of Himawari AOD
with Aqua AOD illustrate that the Himawari overestimated AOD in
North China Plain, Northwest China, where have high aerosol loadings.
In Spring, high aerosol loadings can be found over East China and West
China from Aqua. Although AHI AOD showed some regions with rela-
tively high AOD, the aerosol loadings were significantly overestimated.

Fig. 12. Same as Fig. 10, but for wetland.
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The difference between AHI AOD and Aqua AOD can even exceed 0.5 in
Northwest China. In summer, large differences were also found in North
China Plain. In Autumn, Himawari can reflect the AOD in Southeast
China well. However, the AOD in east China is still overestimated. In
all, AHI AOD have large uncertainties over land, especially for those
regions with high aerosol loadings. The large AOD bias in heavy pol-
luted region could be induced by the large uncertainties of estimation of
surface reflectance and aerosol model. Tao et al. (2017) found the
change of single scattering albedo leaded large AOD bias. Therefore, it
is essential to consider the aerosol optical properties in heavy polluted

weather and create the surface reflectance database based on multi-year
satellite data.

Clear days are selected to compare the MODIS DB and DT combined
AOD with AHI AOD in Fig. 14. AOD was underestimated by AHI re-
trievals over North China Plain and lots of pixels were missing. How-
ever, MODIS true color image showed no cloud pixels. This might be
induced by the optimal estimation method in the aerosol retrieve al-
gorithm. The surface reflectance database in AHI aerosol retrievals is
based on finding the second lowest reflectance in one month, which
might contain low aerosol information. This causes a bias when low-

Fig. 13. Mean value of AHI AOD (left), Aqua DB and DT combined AOD (middle), and their difference in spring (March-April-May), summer (June-July-August),
autumn (September-October-November), and winter (December-January-February).
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AOD conditions are sometimes not retrieved.
Heavy aerosol layer was one of factors that influenced the accuracy

of aerosol retrieval. Li et al. (2009) found that the heavy aerosol layer in
China could be misclassified as cloud. The MODIS aerosol products
improve a lot in retrieving high AOD (Tao et al., 2015). This could also
occur in AHI AOD retrievals. Therefore, two haze days were used to
compare the AHI AOD with MODIS AOD. According to MODIS true
color image, there was no cloud over North China Plain on 5 February
2016. Both AHI AOD and MODIS aerosol retrievals can observe the high
aerosol loadings in east China. However, the AHI AOD is very high in
northwest China while low AOD can be found from MODIS (Fig. 15).
This could be induced by the error of aerosol models in AHI aerosol
algorithm. The high AOD in China from MODIS occurs in Jiangsu
province and high AOD from AHI measurements shows in Shandong
province. This indicates that there are still lots of spaces to improve the
AHI aerosol retrievals.

4. Conclusion

Himawari satellite is the new generation geostationary satellite that
can be used to retrieve the high temporal resolution of Aerosol Optical
Depth (AOD). In this study, we presented a comprehensive research on

evaluating the performance of AOD over China based on sixteen
ground-based sun-photometers in AErosol RObotic NETwork
(AERONET) and Sun–Sky Radiometer Observation Network (SONET)
stations and MODerate-resolution Imaging Spectrometer (MODIS). The
R2 of overall comparison of AHI AOD and ground AOD is 0.67, with
about 55% of AHI AOD falling in the envelop of expected error. The
bias between AHI AOD and ground AOD is also related with the AOD
magnitude. High AOD (> 2.3) is underestimated. Aerosol models also
affect the performance of AHI aerosol retrievals. High positive AOD bias
are shown when AE is smaller than 0.5. The performance of AHI aerosol
algorithm is evaluated as a function of surface types. AHI aerosol re-
trievals are more efficient for urban (R2= 0.74) and wetland
(R2= 0.62) than other regions. For different surface types, seasonal
changes also influence the performance of aerosol retrievals. Best per-
formance of AHI AOD can be found in summer. Through the diurnal
variability validation, decreasing trend of AOD occurs in the afternoon
in summer, autumn, and winter. The AHI AOD can reflect the diurnal
variability of AOD well in summer. Comparisons of AHI AOD with
MODIS regional AOD also indicates that the spatial distribution of AOD
from AHI is not very accurate. Clear days show low aerosol conditions
are missed due to the uncertainties of aerosol models in the algorithm
and larger errors are shown in northwest China. The surface estimation

Fig. 14. MODIS true color image (top), MODIS DB and DT combined (middle) and AHI AOD (bottom) on 8 August (a, b, c) and 8 June (e, d, f) 2016. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and identification of aerosol models in the AHI aerosol algorithm are
needed to improve. The analysis in this study investigated the perfor-
mance of AHI aerosol retrieval algorithm and provided several aspects
that can be used to improve the accuracy of AHI AOD.
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