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HIGHLIGHTS

e VIIRS EDR and DB AOD products are validated and compared in China.

e Both two products are significantly refined after quality assurance control.

o VIIRS DB retrievals are more accurate with smaller uncertainties than EDR retrievals.
e AOD has significantly decreased by 0.0008 per year in China from 2013 to 2018.

ABSTRACT

Recently, the Deep Blue (DB) algorithm has been successfully applied to the Visible Infrared Imaging Radiometer Suite (VIIRS) to expend the long-term aerosol
records over land in conjunction with the Environmental Data Record (EDR) product. However, the overall accuracy and uncertainty of VIIRS DB and EDR Aerosol
Optical Depth (AOD) products are still unclear in China, in particular, due to the sparse distribution of ground observation stations. Therefore, the objective of this
study is to evaluate and compare VIIRS EDR and DB AOD retrievals against ground measurements collected from both Aerosol Robotic Network (AERONET) and
Chinese Sun-sky radiometer Observation Network (SONET) in China from 2013 to 2018. Results suggest that both EDR and DB products have a significant refinement
after quality assurance (QA) controlling. DB (QA = Best) performs best with high correction (R = 0.92), and up to 80.32% of AOD matches falling within the expected
error (EE), while approximately 46% of EDR (QA = Best) AOD retrievals are overestimated. However, EDR has a higher retrieval frequency than DB over most
regions of China, except for the arid and semi-arid areas such as the Northwest. Generally, despite some exceptions, both EDR and DB products perform relatively
poorly in summer for all statistics. Furthermore, the error analysis explains that DB is less sensitive to varying air pollution levels, diverse aerosol types, and different
surface conditions, while the pattern of EDR is complicated. In addition, due to the common algorithmic heritage, both VIIRS EDR and MODIS DT products only show
good matching over dark surfaces, while VIIRS DB and MODIS DB algorithms have good performance over both dark and bright surfaces. Finally, both EDR and DB
products have shown significant downward AOD trends equal to —0.0008 per year (p < 0.01) in China during the last past six years, especially for three typical urban
agglomerations. These evaluation results are expected to provide appropriate guidance for the application of VIIRS aerosol products in China.
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1. Introduction

Aerosols are solid and liquid particles suspended in the atmosphere,
which have significant effects on global climate changes, directly by
scattering or absorbing solar shortwave radiation and indirectly by
modifying cloud properties (Sundstrom et al., 2015; Wei et al., 2019a;
Xia et al., 2016; He et al., 2017, 2020). To better understand the impacts
of aerosols, long-term aerosol data records with high accuracy are
needed (Wei et al.,, 2021a,b). Satellite remote sensing enables us to
obtain aerosol information on a large scale (Popp et al., 2016; Martins
et al.,, 2017; Mei et al., 2019a). Moderate Resolution Imaging Spec-
troradiometer (MODIS) onboard Terra and Aqua satellites is one of the
most popular sensors to retrieve global aerosol optical properties based
on Dark Target (DT) algorithm over vegetated land and ocean (Levy
et al., 2013), and Deep Blue (DB) algorithm over land only (Hsu et al.,
2013). The MODIS aerosol products have been updated to the latest
Collection 6.1 (C6.1) with a series of improvements in quality assurance,
heavy smoke detection, and surface modeling for elevated terrain,
which has been proved to be more accurate than previous collections
(Hsu et al., 2013; Sayer et al., 2014; Gupta et al., 2016; Mei et al., 2019b;
Wei et al.,, 2019a). However, since MODIS has been operationally
running for more than approximately two decades, there is an urgent
need to expend the long-term continuous aerosol data records for
climate researches. Therefore, in late 2011, the Suomi National
Polar-orbiting Partnership (S-NPP) Visible Infrared Imaging Radiometer
Suite (VIIRS) was successfully launched and is expected to inherit
MODIS to continue the Earth Observing System observation in the future
(Cao et al., 2013; Liu et al., 2014).

Originally, the National Oceanic and Atmospheric Administration
(NOAA) has generated the VIIRS Environmental Data Record (EDR)
Level 2 aerosol products using a refined algorithm similar to the MODIS
DT algorithm (Jackson et al., 2013; Wei et al., 2019b), which is publicly
available on May 2, 2012. To date, the VIIRS EDR aerosol products have
been widely validated and showed noticeable differences from local to
global scales (Liu et al., 2014; Huang et al., 2016; Xiao et al., 2016; Zhu
et al., 2017; He et al., 2018). Note that the EDR aerosol product cannot
retrieve AOD over bright surfaces, in cloud-affected pixels, over inland
water, or at night (DeLuccia et al., 2012; Jackson et al., 2013). For
addressing the shortcoming, on February 6, 2018, the National Aero-
nautics and Space Administration (NASA) has released the VIIRS DB
Level 2 aerosol product based on the second-generation DB algorithm
over land and the Satellite Ocean Aerosol Retrieval (SOAR) algorithm
over ocean (Hsu et al., 2019; Sayer et al., 2018, 2019). The initial DB
algorithm retrieves aerosols based on the assumption that the surface
reflectance (except for snow) at the blue spectral band (~412-490 nm)
is comparatively darker than that of other bands over bright surfaces
(Hsu et al., 2006). Then, the initial DB algorithm is able to retrieve AODs
on the bright surface pixel-by-pixel by creating a surface reflectance data
base from atmospherically corrected satellite observations and by using
an assumed aerosol optical model (Hsu et al., 2006). Subsequently, in
order to expand AOD retrieve coverages from bright surfaces to all
snow-free land surfaces, a second-generation DB algorithm is developed
to VIIRS (Hsu et al., 2013). This is achieved by developing new
spectral-directional relationships for vegetated surface reflectance,
similar in principle to the DT method but with additional stratification
by scene Normalized Difference Vegetation Index (NDVI), geometry,
and subcategories of cover type (e.g., croplands vs. forests) to give a
bidirectional reflectance distribution function (BRDF) model (Hsu et al.,
2013). Additional refinements are also made for the surface database
creation, cloud screening, aerosol optical models, and quality assurance
(QA) tests to address the limitations of the MODIS C6 DB algorithm (Hsu
et al., 2019). However, to date, there has been little validation work on
the VIIRS DB aerosol product, especially for local regions, such as China,
where features severe air pollution with abundant anthropogenic aero-
sol emissions. In addition, there are few aerosol ground monitoring
stations in China, which severely limits such work and increases the
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Table 1
Parameters of the Aqua-MODIS and NPP-VIIRS sensors.
Parameters Aqua-MODIS NPP-VIIRS
Orbit altitude 705 km 824 km
Swath Width 2330 km 3040 km
Equator crossing 13:30 13:30
time (Local Time)
Sensor zenith angle +64° +70°
range
Bands used for 0.412, 0.466, 0.412, 0.445, 0.488, 0.550, 0.555, 0.672,
aerosol retrievals 0.646, 0.856 0.746, 0.865, 1.240, 1.610, and 2.250
1.24, 211,11, pm
and 12 ym
Spatial resolution 250 m (bands 375m (Imagery Bands)
1-2) 750m (Moderate Bands)
500 m (bands
3-7)
1000 m (bands
8-36)
Global coverage 1-2 days 1 day
Repeat cycle ~16 days ~16 days

difficulties of the future algorithm improvement.

Therefore, in this study, we try to comprehensively compare the
VIIRS EDR and DB AOD products against ground measurements from
AERONET (Aerosol Robotic Network) and SONET (Sun-sky radiometer
Observation Network) monitoring stations in China during 2013-2018.
Section 2 briefly introduces VIIRS and in-situ AOD data as well as other
auxiliary data. The evaluation approach and spatiotemporal analysis
method are clarified in Section 3. Section 4 elaborates on the overall
accuracy of the VIIRS EDR and DB AOD products from spatial and
temporal perspectives using AERONET/SONET AOD observations. Sec-
tion 5 presents the error analyses of EDR and DB algorithms to the
diverse surface and varying atmospheric conditions. Section 6 compares
VIIRS EDR and DB products with MODIS official aerosol products.
Furthermore, since the long-term AOD trend in China has always been
inconclusive (Zhang et al., 2017; He et al., 2018), section 7 also esti-
mates the performance of the EDR and DB AOD products in retrieving
long-term trend of AOD across China and illustrates the spatiotemporal
variations of China’s aerosols in the past six years. Finally, a brief
summary is shown in Section 8. Such a systematic analysis of VIIRS
aerosol products has not been previously reported in China and is ex-
pected to be useful for future climate change and air quality studies, as
well as the development of aerosol algorithms.

2. Data source
2.1. VIIRS AOD products

VIIRS launched on Suomi-NPP satellite is a passive multispectral
imaging radiometer with 22 spectral bands from visible to infrared
spectrum (412-2250 nm). Suomi-NPP orbit has a similar equator
crossing time (13:30) with Aqua MODIS. VIIRS has a broader swath
width of 3040 km and a larger sensor zenith angle up to 70° than MODIS
(~2330 km, 64°). Therefore, in surface and aerosol property assump-
tions, the uncertainties related to angles have greater impacts on the
retrieval accuracy of the VIIRS aerosol product when compared to the
MODIS product (Hsu et al., 2019). More details about the characteristics
of MODIS and VIIRS instruments are shown in Table 1.

Nowadays, VIIRS has released two operational global-coverage daily
aerosol Level 2 products at the same spatial resolution of 6 km, including
the NOAA EDR and NASA DB AOD products. The VIIRS EDR land aerosol
algorithm is applied to dark surfaces and is the heritage of the MODIS DT
land algorithm (Liu et al., 2014). Both algorithms retrieve AOD from the
reference channels for the candidate aerosol models (or mixtures) and
select the optimal AOD by finding the minimum residuals between the
calculated and the prescribed surface reflectance ratios. However, the
VIIRS EDR and MODIS DT land aerosol algorithms are structurally
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Table 2
Comparison between MODIS DB and VIIRS DB aerosol products.
MODIS VIIRS DB VIIRS DB Refinement
DB
Product resolution 10 x 10 6 x 6km?  Imporve the spatial resolution
km? of AOD
Spatial coverage Land Land and  Extend the spatial coverage of
only ocean AOD
Improved smoke mask No Yes Distinguish the smoke plumes
from urban/industrial
aerosols
Improved dust aerosol No Yes Retrieve continuous AOD in
optical models the Saharan dust plume
Improved in surface No Yes Retrieve better AOD over

determining scheme vegetated surfaces

different. The VIIRS EDR land aerosol algorithm dynamically selects a
single model from five candidate aerosol models (dust, low absorption
smoke, high absorption smoke, clean urban, and polluted urban). This
differs from the MODIS DT land algorithm, which assigns two aerosol
models based on location and season but allows the retrieval to mix
these two models (Jackson et al., 2013; Liu et al., 2014). The EDR
aerosol product is the Level 2 product. It is retrieved by the VIIRS EDR
land algorithm and created from the intermediate product (IP) product
through a system of quality checks, data filtering, and spatial aggrega-
tion. Note that the current EDR product has no aerosol retrievals over
special pixels such as bright surfaces, inland water, and
cloud-contaminated areas. In addition, the AOD value of EDR product is
limited to the range of 0.0-2.0, limiting in capturing the severe polluted
events with high aerosol loadings (DeLuccia et al., 2012).

100° E
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The initial DB algorithm retrieves aerosols over bright land surfaces
(such as deserts, bare soil, and urban areas) based on the assumption that
the surface reflectance at the deep blue band is far smaller than that of
other bands over bright surfaces (Hsu et al, 2006). Then, a
second-generation DB algorithm extends aerosol retrievals from darkest
surfaces to brightest surfaces, covering all cloud- and snow-free land
surfaces (Hsu et al., 2013). The DB algorithm has been applied to the
MODIS and VIIRS aerosol products (Hsu et al., 2019; Sayer et al., 2018,
2019). However, several major refinements have been made in the VIIRS
DB algorithm compared to MODIS C6 DB (Table 2). For example, the
retrieval coverage of DB is only available over land for MODIS, while for
VIIRS, it extends to both land and ocean for VIIRS by combining with the
SOAR algorithm (Sayer et al., 2018). In addition, the VIIRS DB algorithm
has developed a new smoke mask using spectral curvature of the reflec-
tance at the top of the atmosphere to distinguish the smoke plumes from
urban/industrial aerosols. As a result, by combining the smoke mask with
AOD and ;\ngstrém exponent (AE), a new aerosol-type product is pro-
duced to the VIIRS DB aerosol data suite, which is classified by dust,
urban/industrial, smoke, high-altitude smoke, mixed, and background
aerosols (Hsu et al., 2019). Besides, consistent dust models are improved
in VIIRS DB aerosol retrievals for solving the problem that MODIS DB
cannot continuously retrieve AOD in the Sahara dust plume. Further-
more, the VIIRS DB algorithm retrieves AOD by employing the
short-wave infrared (SWIR) and near infrared (NIR) channels for different
vegetated surfaces (Hsu et al., 2019). Different from the MODIS C6, many
refinements made in the VIIRS DB algorithm have also been implemented
in the MODIS C6.1. However, due to different data processing schedules,
the MODIS C6.1 DB algorithm lacks some enhancements to the VIIRS DB
algorithm, e.g., the use of the NIR channel for cropland and the
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Fig. 1. Spatial distribution of AERONET (marked as red dots) and SONET (marked as pink dots) ground monitoring stations in China, where BTH, YRD, PRD, and NW
represent the Beijing-Tianjin-Hebei, the Yangtze River Basin, the Pearl River Basin, and the Northwest region (NW), respectively. The background image refers to the
land use type obtained from the MCD12C1 product. (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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improvement of nonspherical dust models; and it does not extend the
upper limit of retrieved AOD from 3.5 to 5.0 (Sayer et al., 2019). Further
algorithm information can be found at https://deepblue.gsfc.nasa.gov.

For both VIIRS Level 2 EDR and DB AOD products, Quality Assurance
(QA) is provided to donate different data-quality levels of AOD retrievals
based on a series of individual tests (Wei et al., 2018). In this study, the
daily VIIRS EDR and DB AOD products with all (QA = All) and the best
(QA = Best) quality in China from 2013 to 2018 are employed.

2.2. Ground-based AOD measurements

AERONET provides aerosol optical and microphysical properties
every 15 min at a wide spectral range from visible to NIR channels
(Holben et al., 1998; Giles et al., 2019; Sayer 2020). The AOD obser-
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2.3. Auxiliary data

For in-depth analysis, some auxiliary data, including the MODIS
monthly NDVI and annual land-use type products at a spatial resolution
of approximately 5 km, as well as the landform type at 1 km resolution,
are also collected. For comparison purposes, the latest Aqua MODIS C6.1
DT and DB aerosol products at a coarser spatial resolution of 10 km in
China covering the same period are collected, and only the best-quality
AOD retrievals (QA = Best) are used here. Table 4 summarizes the data
sources used in our study.

Table 4
Summary of satellite remote sensing and ground measured data set used in our
study.

. ) . . . Product Content Spatial Temporal Time
vations have a low systemic bias of ~0.01-0.02 and are classified into resolution resolution period
three quality levels, i.e., Level 1.0 (unscreened), Level 1.5 (cloud -

. . VAOOO EDR AOD (QA = 6 km Daily (Swath) 2013-2018
screened), and Level 2.0 (cloud screened and quality assured). In this All
study, AERONET Version 3 Level 2.0 and Level 1.5 instantaneous AOD EDRAOD (QA=  6km Daily (Swath)  2013-2018
and AE observations at 22 monitoring stations in China from 2013 to Best)
2018 are collected (Fig. 1). AERDB Dﬁ AOD (QA = 6 km Daily (Swath) 2013-2018
. . . All)

B?SIdes the widely 'used AITZI'KONET network, the SQNET ne'ztwork 1‘s DB AOD (QA — 6 km Daily (Swath) 20132018
also included to provide additional ground observation stations uni- Best)
formly covered the whole of China. SONET is a ground-based aerosol AERONET AOD In situ 15 min/ 2013-2018
network organized by the Chinese Academy of Science, which mainly Monthly
provides aerosol properties at visible and near-infrared wavelengths in MYD13C2 ‘I‘\\IED“"?"'H“""‘ In situ 11\/[5 anl 2013’??
China. The SONET AOD observations also have a low systemic bias of MCDlzgl Lan\(/j use type g:g:o Y;I;:y v 2312:2312
~0.25%-0.5% and undergone cloud screening and quality assurance Topography ~ Landform type 1 km _ 2009
followed AERONET protocols (Li et al., 2018). Here, SONET Level 1.5 MYD04_L2 DT AOD (QA = 10 km Daily (Swath) ~ 2013-2018
AOD and AE observations at 14 monitoring stations are collected Best) )

(Fig. 1). Table 3 shows detailed information about the aerosol moni- BDSSSOD QA= 10 km Daily (Swath)  2013-2018
toring stations in China.
Table 3
Detailed information on used aerosol ground monitoring stations across China.
No. Site name Longitude Latitude Altitude Land use type Topography
1 Songshan 113.0961 34.5348 475 Forest Mountian
2 Xinglong 117.578 40.396 970 Mountian
3 AOE_Baotou 109.629 40.852 1270 Grassland Plateau
4 Hong_Kong_Sheung 114.117 22.483 40 Mountian
5 Lingshan_Mountain 115.496 40.054 1653 Mountian
6 Mt WLG 100.896 36.283 3816 Mountian
7 NAM_CO 90.962 30.773 4740 Plateau
8 QOMS_CAS 86.948 28.365 4276 Plateau
9 SACOL 104.137 35.946 1965 Plateau
10 Lhasa 91.0876 29.6476 3678 Plateau
11 Nanjing 118.9572 32.1147 52 Low altitude plain
12 Changchun 125.396 44 207 Cropland Low altitude plain
13 XiangHe 116.962 39.754 36 Low altitude plain
14 Xingtai 114.36 37.182 185 Low altitude plain
15 Hefei 117.1622 31.9047 36 Low altitude plain
16 Kashi 75.9304 39.5043 1320 Tableland
17 Mingin 103.0887 38.6328 1589 Plateau
18 Zhangye 100.3643 38.8544 1364 Plateau
19 Beijing 116.381 39.977 92 Urban Low altitude plain
20 Beijing PKU 116.31 39.992 53 Low altitude plain
21 Beijing RADI 116.379 40.005 59 Low altitude plain
22 Beijing-CAMS 116.317 39.933 106 Low altitude plain
23 Hong_Kong PolyU 114.18 22.303 30 Mountian
24 Shijiazhuang-CHEY 114.55 38 88 Low altitude plain
25 Shijiazhuang-SZF 114.458 38.017 158 Low altitude plain
26 XuZhou-CUMT 117.142 34.217 59 Low altitude plain
27 Chengdu 103.9891 30.5839 510 Low altitude plain
28 Guangzhou 113.3811 23.069 28 Low altitude plain
29 Haikou 110.3267 19.9903 22 Low altitude plain
30 Harbin 126.6141 45.7051 223 Tableland
31 Shanghai 121.4811 31.2841 84 Low altitude plain
32 Xian 109.0006 34.2228 389 Tableland
33 Dunhuang 94.794 40.038 1300 Bare land Low altitude plain
34 Taihu 120.215 31.421 20 Water Low altitude plain
35 Sanya 109.3786 18.29 29 Low altitude plain
36 Zhoushan 122.1897 29.9944 29 Low altitude plain
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3. Methodology
3.1. Evaluation approach

Since AERONET and SONET do not provide the corresponding
spectral AOD measurements at 550 nm, instead of using the Angstrom
algorithm approach, the more robust second-order polynomial fit
approach (Eq. (1)) is selected to interpolate the 550-nm AOD measure-
ments based on the AOD measurements at 870 nm, 675 nm, 500 nm, and
440 nm (Sayer et al., 2019; Wei et al., 2020). For spatiotemporal
matching, the AOD real value is defined as the average of at least two
AOD measurements within +30 min of the satellite overpass time (13:30
local time), and the AOD retrieval value refers to the average of all
effective satellite-retrieved AOD values within the sampling window (3
x 3 pixels) centered on each monitoring station (Sayer et al., 2019).
Traditional statistics metrics mainly include the correlation coefficient
(R), the bias, the mean absolute error (MAE, Eq. (2)), the root mean
square error (RMSE, Eq. (3)), the relative mean bias (RMB, Eq. (4)), and
the widely used AOD expected errors (EE, Eq. (5), Levy et al., 2013).
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EE= =+ (0.05+0.2 X AODGrouna) )

where ay, a;, and b are regression coefficients, n is the sample number of
AOD matches, AOD (sqiiire); indicates AOD retrievals of VIIRS (EDR and
DB) and Aqua MODIS (DT and DB) products, AOD(grounq); refers to AOD
measurements from AERONET and SONET.

3.2. Spatiotemporal analysis

For spatial analysis, monthly AOD maps are averaged from daily
VIIRS EDR and DB AOD retrievals at each grid (at least 20% of AOD
values are available per month). For temporal analysis, the deseason-
alized monthly AOD anomalies are used to calculate the aerosol trends
based on the linear regression approach, and the regressed slope refers
to the monthly AOD trend (Wei et al., 2019c¢). Furthermore, the statis-
tical significance of the AOD trend is tested using the MK (Man-
ner-Kendall) nonparametric method (Egs. (6)-(9)).

n—1 n
S= Z Z sgn(X; — X;) (6)

log(AODssg) = aglog(550) + allog(SSO)2 +b (€)) =1 j=ntl
1 +1, if (X;—X) >0
MAE =~ 3 "|AOD suci)s ~ AOD Grou]| @ sen(X—X)={0, if (X;—X)=0 @)
= -1, if (X;-X) <0
RMSE — . /1 . AOD AOD 2 3) n(n—1)2n+5) =315, — 1) (26, +5)
=\/» Z( (Satellite)i — (Gruund)i) Var(S) = 18 (€))
i=1
|
RMB=- %" (AOD<SH,E,,i,e>i / AOD<G,0L‘nd>i> @
i=1
5 : , ‘ > ‘ : ‘ =
N =12649,R=0.79 i N=11086,R=092 _~_ .’
MAE = 0.20, RMSE =0.28 ,~ MAE =0.11, RMSE=0.19 -
= 4f RMB=2.00 . A RMVB = 1.14 . ]
< = EE: 45.11% P it = EE: 75.45% s #
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Fig. 2. Evaluation of VIIRS EDR (a, ¢) and DB (b, d) AOD retrievals with all (QA = All, top) and the best (QA = Best, bottom) quality against ground measurements
from 2013 to 2018 in China. The dash line refers to the expected error envelope (EE = +(0.05 + 0.2 X AODgouna)); the solid line refers to the 1:1 line. N = the
number of AOD matchups, R = the correlation coefficient, MAE = the mean absolute error, RMSE = the root mean square error, RMB = the relative mean bias.
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-1
Var(S)
Z=1:0, ifS=0 9
S+1
;7 ifS<0
Var(S)

Where S is the statistical value, Var (S) is the variance, X; and X; are the
deseasonalized monthly AOD anomalies in the jth and ith month,
respectively. Only when the standardized test statistics |Z| > |Z(1,a /2|
the AOD trend is significant at the level of 99%, 95%, and 90% when the
|Z(1-as2)| equal to 2.58, 1.96 and 1.65, respectively.

4. Validation and comparison against ground-based
measurements

4.1. Spatial-scale validation

4.1.1. National performance

Fig. 2 illustrates the overall comparison of VIIRS EDR and DB AOD
retrievals at different quality levels with ground measurements in the
whole of China. After quality control, although the number of the data
samples generally decreases, both EDR and DB retrievals show signifi-
cant improvement, where the RMSEs and MAEs have been decreased by
10-11% and 15-19%, respectively. The fraction of EDR and DB AOD
matches falling within EE is increased by 17% and 7%. In addition, the
overestimations in AOD estimates have been decreased for these two
products, especially for the EDR product (RMB = 2.00). Generally, DB
AOD retrievals (QA = Best) shows much better performance with an
increasing number of matchups, correlation, and fraction within EE by
25%, 17%, and 53% compared to EDR AOD (QA = Best) retrievals;
RMSE, MAE, and RMB have also been decreased by 32%, 47%, and 42%,
respectively. Notably, VIIRS EDR AOD retrievals have a narrower range
from 0 to 2, and yield overall underestimations under high aerosol
loadings. By contrast, DB AOD retrievals are extended with a wider
range from O to 5, and the data samples are closer to the 1:1 line,
allowing capturing severely polluted events in China. The reason may be
that the DB algorithm has significant refinements in surface reflectance
estimation, aerosol model assumption, and cloud screening (Liu et al.,
2014; Sayer et al., 2019).

4.1.2. Regional performance

Due to the heterogeneity of surface conditions and aerosol proper-
ties, the regional validation and comparison of VIIRS EDR and DB AOD
products are also performed (Table 5). The regional division is inher-
ently subjective, but it is generally based on distinct aerosol and surface
properties (see Fig. 1). At a regional scale, after quality control, the
number of data samples of both EDR and DB AOD products has signif-
icantly decreased, and the reduction magnitude of EDR is much greater

Table 5
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than DB, especially in the BTH and NW regions. On the other hand, after
quality control, the retrieval accuracy of both EDR and DB has overall
improved in most regions of China, characterized by the decrease of
MAE and RMSE values and the increase of the fractions within EE.
Notably, although the EDR accuracy has slightly improved in the BTH
and NW regions, the number of data samples has significantly decreased
by 45%-65% after quality control. Besides, the DB performance has not
improved in the Tibet region after quality insurance. These results
illustrate that quality control may not always be helpful at the regional
scale (Wei et al., 2018).

In general, VIIRS DB AOD retrievals (QA = Best) show better per-
formance than EDR (QA = Best) in most regions of China. However, both
EDR and DB products perform poorly in the Tibet region (R < 0.2), and
only 34% and 53% of the data samples fall within EE, showing severe
overestimations (RMB > 1.7). On the one hand, Lhasa site (3678 m),
NAM_CO site (4740 m), and QOMS_CAS site (4276 m) of the Tibet region
belong to complex and heterogeneous surface types, characterized by
the crisscross of alpine vegetation, meadow, and desert (Che et al., 2015;
Li et al., 2018). Especially for high-altitude areas, this undoubtedly in-
creases the difficulty of both DB and EDR products in surface reflectance
estimation. On the other hand, the three aerosol sites are all located in
the north of the Himalayas. Affected by the downdraft, they are dry and
windy in winter and spring, and thus dust aerosols are transported to
these sites. Wind erosion leads to an increase in coarse-mode AOD at
these sites, which makes it more difficult for EDR to retrieve dust
aerosols (Xu et al., 2014). However, the number of data samples of DB
product is approximately 62% and 85% more than the EDR product in
the BTH and NW regions. By contrast, in the PRD and Tibet regions, the
number of data samples of DB product is less than EDR product by ~65%
and ~60%, possibly due to the unreliable cloud screening of the EDR
algorithm (Liu et al., 2014). Furthermore, the DB algorithm has higher
retrieval accuracy than the EDR algorithm in most areas of China,
especially in the BTH region. More importantly, EDR AOD retrievals are
significantly overestimated in all regions, especially in the Tebit region
(RMB = 3.83). By contrast, except for BTH and Tibet regions, DB AOD
retrievals are overall underestimated by 8-11% in the remaining regions
of China.

4.1.3. Site-scale performance

Since the ground sites are not evenly distributed, the site-scale per-
formance of VIIRS AOD products is further analyzed (Fig. 3). To be
statistically significant, only those sites with more than ten AOD
matches are plotted. Before and after quality control, the spatial pattern
of VIIRS AOD product retrieval accuracy is similar, but there are still
differences in numerical values for individual sites. In general, the
retrieval accuracy of both VIIRS EDR and DB AOD products has
improved at most sites of China after quality control, i.e., 68-83% and
67-79% of sites show an increase in the correlation and the fraction
within EE, and RMSEs and MAEs have decreased at 67-89% and

Accuracy statistics of VIIRS EDR and DB AOD retrievals against ground measurements from 2013 to 2018 in each region of China.

Region QA VIIRS EDR AOD VIIRS DB AOD
N R MAE RMSE RMB =EE N R MAE RMSE RMB =EE
BTH All 5304 0.82 0.20 0.29 1.14 42.70 5419 0.94 0.10 0.19 1.03 78.46
Best 2891 0.82 0.19 0.27 1.18 44.41 4682 0.95 0.08 0.15 1.01 81.27
YRD All 2415 0.72 0.21 0.32 1.15 42.07 2123 0.82 0.13 0.24 0.94 61.38
Best 1706 0.69 0.16 0.27 1.07 49.12 1519 0.79 0.13 0.24 0.92 61.49
PRD All 716 0.73 0.21 0.30 1.33 44.83 494 0.80 0.13 0.20 0.82 58.91
Best 520 0.76 0.13 0.20 1.11 56.92 180 0.88 0.09 0.13 0.91 77.22
NwW All 2135 0.62 0.15 0.22 0.99 37.99 2059 0.90 0.09 0.14 1.02 65.08
Best 749 0.71 0.14 0.19 1.01 38.85 1385 0.93 0.09 0.13 0.89 67.29
Tibet All 1132 0.18 0.20 0.27 4.52 24.12 317 0.28 0.06 0.11 1.40 75.39
Best 112 0.07 0.14 0.18 3.83 33.93 45 0.14 0.08 0.11 1.78 53.33
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67-71% sites, respectively. Nevertheless, the quality control of VIIRS products in Tibet before and after quality control is caused by the dif-

AOD products is not always effective at the site scale. For example, the ficulty in surface reflection estimation on heterogeneous surface types
retrieval accuracy of VIIRS EDR and DB products has not improved at with high altitudes and the difficulty in retrieving dust AODs (Xu et al.,
sites of Tibet and some urban sites (i.e., Chengdu and Shanghai). As 2014). In addition, the Chengdu site is located in the Sichuan Basin,
shown in section 4.1.2, the poor performance of both EDR and DB where cloudy weather conditions and diverse urban aerosol types make
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it difficult for both EDR and DB products to efficiently retrieve AODs
here. Similar to Chengdu, the Shanghai station also mainly observes
urban aerosols, including black carbon, brown carbon, fine-model
components and maritime aerosols (Li et al., 2018), which undoubt-
edly increases the difficulty of EDR and DB products in aerosol type
assessment.

In general, VIIRS EDR AOD retrievals are overall poorly correlated to
ground measurements, with only 26-37% of the total sites showing high
correlations (R > 0.8). By contrast, VIIRS DB AOD retrievals yield much
higher consistency with ground observations, where high correlations
(R > 0.8) are observed at approximately 73-90% of the sites in China.
However, these sites with low correlations (R < 0.4) are mainly
observed in western China. In addition, DB AOD products showing good
matching, with more than 68% of the AOD retrievals falling within EE at
63-73% of the sites. However, the EDR AOD retrievals are well-matched
with the observations at only 3-20% of the sites in China.

Furthermore, there are similar spatial patterns for estimation un-
certainties (i.e., MAE, RMSE) of VIIRS AOD products at the site scale in
China. In general, DB shows small MAE and RMSE values less than 0.1
and 0.15 at 57-67% and 60-70% sites, where most of them are located
in western and southern China. However, only 3-14% and 3-21% of
sites show low MAE and RMSE values for EDR AOD products, respec-
tively. In particular, both EDR and DB AOD products show large esti-
mation uncertainties (e.g., MAE > 0.18, RMSE > 0.28) in main urban
sites, including Shanghai, Chengdu, Shijiazhuang-CHEY, and
Shijiazhuang-SZF sites, mainly due to numerous anthropogenic aerosols
and unfavorable meteorological conditions. Besides, there are 47-50%
and 23-27% of the sites have small-biased AOD estimates with small
RMB values ranging from 0.9 to 1.1 for DB and EDR AOD retrievals,
respectively. Nevertheless, EDR AOD retrievals are severely over-
estimated (RMB > 1.1) at 57-67% of sites, especially for these sites in
the southeast of China and the Tibet region. By contrast, DB AOD re-
trievals are severely underestimated at approximately 27-33% of the
sites, where are mostly located in central China.

4.2. Temporal-scale validation

Fig. 4 plots the monthly variations in the overall accuracy and un-
certainty between VIIRS EDR and DB products before and after quality
control. Overall, after quality control, although the sample size has
decreased, the retrieval accuracy and uncertainty of EDR and DB AOD

010 020 030 040 050 060 070 010 020 030 040 050 060 0.70

NDVI NDVI

products have been significantly improved throughout the year but
present obvious seasonal variations. In general, EDR and DB products
show a smaller number of AOD matchups in the middle of the year,
mainly due to the high cloud coverage in the rainy season (Mhawish
et al., 2019). In terms of correlation, DB retrievals are highly correlated
(R > 0.9) to ground measurements in the whole year, except for July.
However, EDR retrievals present a more significant seasonal change
with lower R values than DB over time. In terms of uncertainty, MAE and
RMSE present similar unimodal curves with the peaks in July, which is
mainly due to the high aerosol loadings caused by straw burning and
aerosol hygroscopic growth in summer (Xia et al., 2016). In terms of
RMB, EDR products always show significant overestimations in most
months throughout the year, and the peaks are observed around the
summer. However, DB retrievals show lower and more stable RMB
values below 1.1 for the whole year. Moreover, EDR and DB products
show similar seasonal variations in terms of the fraction within EE, and
the lower fractions are observed in these months in the middle of the
year.

5. Error and uncertainty analysis of VIIRS AOD products

To further reveal the uncertainty sources of VIIRS AOD products, the
section focuses on the sensitivity of EDR and DB algorithms to different
land surface conditions and aerosol optical-microphysical properties.
Only EDR and DB products passing the quality assurance (QA = Best) are
used hereafter.

5.1. Related to varying surface conditions

5.1.1. NDVI

Minor errors in surface reflectance estimations may cause large de-
viations in AOD retrievals, especially under low aerosol loading condi-
tions. Therefore, the sensitivity of EDR and DB products to NDVI
changes is investigated under low (AOD < 0.2), moderate (0.2 < AOD <
0.4), and high (AOD > 0.4) aerosol loading scenarios. Here, NDVI is used
as a proxy of surface conditions, which are classified into four types:
permanently arid areas (NDVI < 0.2), arid and semi-arid areas with
seasonal variations of vegetation (0.2 < NDVI < 0.4), moderate vege-
tation covers (0.4 < NDVI < 0.6) and dense vegetation covers (NDVI >
0.6). In order to be consistent with AOD validation, the spatial window
of NDVI has also selected as 18 km x 18 km, and the daily NDVI is
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interpolated from the MODIS NDVI product using the spline interpola-
tion. To be significant, the number of EDR and DB AOD retrievals in each
bin must be greater than 20.
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Fig. 5 illustrates EDR and DB AOD biases as a function of NDVI under
different aerosol loading scenarios. In general, DB AOD bias presents
little sensitivity to NDVI under all aerosol loadings, while the variations
of EDR AOD bias become more complicated. For the low aerosol loading
scenario (Fig. 5 a-b):, when NDVI < 0.2, EDR AOD bias is continuously
positive and the standard deviation gradually narrows down with the
NDVI increase, while the DB AOD bias is more stable (< 0.07); when 0.2
< NDVI < 0.4, EDR retrievals show large positive biases, but the DB bias
is always stable around 0.01; when 0.4 < NDVI < 0.6, although the EDR
bias is still large, the spread of bias is fairly stable around 0.15; when
NDVI > 0.6, EDR and DB biases become closer to zero and the standard
deviations narrow down. For the moderate aerosol loadings (Fig. 5¢-d),
EDR and DB products show similar AOD bias patterns and variations but
with larger numerical values than those results of the low-aerosol-
loading conditions. However, for the high aerosol loadings (Fig. 5 e-f),
although the standard deviations become larger, the biases of both EDR
and DB AOD products are closer to zero, indicating that the sensitivity of
EDR and DB AOD biases to NDVI is not significant.

5.1.2. Land use type

Here, the surface is divided into five main types, including water,
forest, grassland cropland, and urban according to the MODIS land use
cover product. Fig. 6 shows the performance of EDR and DB AOD re-
trievals at different land-use types. EDR product shows the highest ac-
curacy in the forest with the smallest bias, and up to 80% of AOD
matches falling within EE, followed by the water, cropland, and grass-
land. The reason is that the VIIRS EDR product is designed based on the
MODIS DT algorithmic heritage, which is suitable for aerosol retrieval
over dark surfaces (Liu et al., 2014; Huang et al., 2016). In contrast, the
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EDR product shows the worst accuracy over the bright urban surface
with a large positive bias, and only 47% of the data samples fall within
EE. However, the VIIRS DB algorithm is developed to retrieve aerosols
over all snow-free land surfaces (Hsu et al., 2019); thus, the DB product
shows satisfactory retrieval accuracy for all land-use types. In general,
DB retrievals are overall more accurate than DT retrievals with smaller
biases and higher fractions of the data samples falling within the EE at
most land-use types in China, especially for urban, where the fraction of
DB AOD retrievals within EE is as high as 84%, and the bias is close to
zero.

5.1.3. Landform type
Fig. 7 plots the evaluation of EDR and DB AOD products over the four
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landform types, including plain, mountain, tableland, and plateau. In
general, DB shows good performance in all landform types in terms of all
statistics, while the pattern of EDR becomes more complicated. EDR
presents the best performance in mountainous landforms, with a high
correlation (R = 0.83) and up to 64% of AOD matches falling within EE.
The reason may be that vegetation surfaces such as forests dominate the
mountainous areas (Sayer et al., 2019). On the contrary, EDR shows the
worst performance in plateau landforms, where only about 41% of AOD
matches fall within EE, and more than 43% of EDR retrievals are over-
estimated. The main reason is that these ground stations are mainly
distributed in the Loess Plateau and the Tibet Plateau, where bare bright
surfaces and dust aerosols dominate (Huang et al., 2007). Therefore,
EDR performs poorly in plateau landforms. However, the DB algorithm
shows satisfactory performance in all landform types, especially in the
plain landform, where up to 83% of DB AOD matches fall within EE. The
reason may be that the stations of the plain landform are mainly located
around urban agglomerations with bright surfaces.

5.2. Related to varying atmospheric conditions

5.2.1. Air pollution level

Fig. 8 shows the EDR and DB AOD retrieval biases at different
pollution levels in China. AOD ground measurements are divided into
bins with a width of 0.1. In general, DB shows a very small mean AOD
bias close to zero under all aerosol loadings, while the bias pattern of
EDR is more complicated. Especially for AOD < 0.4, the mean EDR AOD
bias is always positive, indicating that EDR AODs are significantly
overestimated at low air pollution levels. For 0.4 < AOD < 1.0, although
the mean EDR AOD bias is positive, it is closer to zero. However, for AOD
> 1.0, the mean EDR AOD bias becomes more negative with the growth
of aerosol loading, suggesting that EDR AODs are underestimated at
high air pollution levels. The reason may be that the inappropriate
assumption of aerosol properties leads to a large bias on EDR retrievals,
especially at high-polluted levels (Huang et al., 2016; Hsu et al., 2019).

5.2.2. Aerosol particle size

Improper assumptions of aerosol optical and microphysical proper-
ties usually lead to considerable uncertainty in the satellite retrieval of
the top-of-atmosphere reflectance, especially under high aerosol
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loadings (Hsu et al., 2019; Sayer et al., 2014). Aerosol AE index char-
acterizes aerosol particle size, and a larger AE means a smaller aerosol
particle size. Here, we divide aerosols into four types according to AE
(Sayer et al., 2014), including the coarse-mode aerosols dominated by
mineral coarse (AE > 0.7), mixed-mode aerosols (0.7 < AE < 1.3), and
fine-mode aerosols likely dominated by smoke or industrial pollution
(AE > 1.3).

Under low aerosol loadings (AOD < 0.2), the EDR AOD biases are
always positive and continuously increases with AE values, indicating
that it is more sensitive to aerosol particle size than DB (Fig. 9a). By
contrast, DB presents a fairly stable mean bias (~0.005), suggesting that
it is less sensitive to aerosol particle size compared to NDVI (Fig. 9b).
Additionally, the performance of EDR is far worse than DB, as only 46%
of EDR AOD matches fall within EE, and a large number of the EDR AOD
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retrievals are overestimated (Table 6).

Under moderate (0.2 < AOD < 0.4, Fig. 9¢) and high aerosol loading
conditions (AOD > 0.4, Fig. 9e), EDR is more sensitive to the aerosol
particle size and shows much worse accuracy in retrieving coarse-mode
aerosols, showing a smaller number of data samples, larger MAE and
RMSE values, and only 38%-40% of AOD matches falling within EE. It is
worth noting that the coarse-mode EDR AOD retrievals are over-
estimated by 19% under moderate aerosol loadings, while they are
underestimated by 15% under high aerosol loadings. By contrast, DB
AOD retrievals are less influenced by the aerosol particle size under
moderate (Fig. 9d) and high aerosol loadings (Fig. 9f), showing small
MAE and RMSE values and high fractions of 66%-83%.

Table 6
Accuracy statistics of VIIRS EDR (QA = Best) and DB (QA = Best) AOD retrievals against ground measurements over different aerosol types.
Metrics AOD < 0.2 0.2-0.4 > 0.4
AE440.870 / Coarse Mixed Fine Coarse Mixed Fine
N EDR 2219 242 822 829 145 1385 944
DB 2874 383 1012 810 284 1786 1072
MAE EDR 0.134 0.167 0.131 0.135 0.257 0.223 0.200
DB 0.042 0.087 0.072 0.071 0.160 0.163 0.119
RMSE EDR 0.16 0.20 0.15 0.14 0.27 0.27 0.26
DB 0.05 0.10 0.09 0.10 0.24 0.24 0.17
Bias EDR 0.104 0.057 0.089 0.103 -0.143 —0.049 0.053
DB 0.005 —0.033 —0.023 —0.007 —0.029 —0.033 0.000
RMB EDR 2.073 1.189 1.337 1.383 0.856 0.966 1.097
DB 1.170 0.880 0.915 0.980 0.946 0.955 0.994
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10. Validation of MODIS DT (top) and DB (bottom) AOD retrievals against ground measurements over China (a, e), BTH (b, f), YRD (c, g), and PRD (d, h).
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Fig. 11. Evaluation of VIIRS (top) and MODIS (bottom) AOD retrievals against ground measurements over dark (a, b, e and f) and bright (c, d, g and h) surfaces from
2013 to 2018.

6. Comparison between VIIRS and MODIS AOD products between VIIRS and MODIS, VIIRS is expected to continue to provide
global multispectral aerosol retrievals for decades after MODIS (Liu
Given the sensor characteristics and common algorithmic heritage et al.,, 2014). Here, we compare VIIIRS EDR and DB products with
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Fig. 13. Spatial distributions of annual and seasonal mean VIIRS EDR (left), DB (middle), and their difference (right) AODs during 2013-2018 in China, respectively.

MODIS Aqua C6.1 DT and DB products in different regions of China
(Fig. 10). Generally, MODIS DB AOD retrievals are more accurate than
MODIS DT AOD with a higher correlation, alower MAE and RMSE, and a
higher fraction within EE in China. Moreover, MODIS DT tends to be
severely overestimated by 51%. MODIS DT and DB algorithms present
similar performances with VIIRS EDR and DB products (Fig. 2) in China.
The reason is closely attributed to the common algorithmic heritage
between VIIRS and MODIS. At the regional level, MODIS DB performs
better than MODIS DT with all better statistical metrics in the BTH and
YRD regions. By contrast, the MODIS DT product shows higher accuracy
than MODIS DB in the PRD region, showing a larger fraction of 67%, and
lower estimation uncertainties (e.g., MAE = 0.13, RMSE = 0.17). It
should be noted that 14% of MODIS DB AOD retrievals are under-
estimated. In conclusion, VIIRS EDR (DB) products show comparable
performance with MODIS DT (DB) products in China and most regions
(Fig. 2 and Table 5), suggesting that VIIRS can extend the long-term
aerosol records together with MODIS.
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Fig. 11 illustrates the comparison results of VIIRS and MODIS AOD
retrievals against AOD ground observations over dark and bright sur-
faces. VIIRS EDR and MODIS DT products show good accuracy over dark
surfaces with small MAE and RMSE values, and approximately 60%-—
69% of the data samples fall within the EE. However, they perform much
poorly over bright surfaces, showing larger estimation uncertainties (i.
e., MAE > 0.20, RMSE > 0.27), and the AOD retrievals are significantly
overestimated (RMB > 1.62). Additionally, VIIRS and MODIS DB
products show similar performance with close evaluation metrics
compared to EDR and DT products over dark surfaces. By contrast, they
perform much better over bright surfaces with much lower estimation
uncertainties (i.e., MAE < 0.12, RMSE < 0.21), and about 1.6-1.9 times
more data samples falling within the EE. The finding reveals the superior
performance of the VIIRS DB algorithm over both dark and bright
surfaces.
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7. Spatiotemporal characteristics of VIIRS AOD products
7.1. Spatial coverage and distribution

Fig. 12 illustrates the spatial distributions of VIIRS EDR and DB AOD
products under a light pollution event on January 4, 2018, and a heavy
dust event on May 4, 2017, in China, respectively. In general, DT and DB
products have a relatively consistent spatial pattern in aerosol loadings,
but there are obvious differences in spatial coverage. Both EDR and DB
products can provide similar spatial distributions of aerosol information
under low-polluted conditions. However, they show a large number of
missing values in high latitudes of northern China and high altitudes of
the Tibetan Plateau because both EDR and DB algorithms cannot work
on snow/ice surfaces (Hsu et al., 2019). More importantly, DB enables to
retrieve extremely high AOD values under high-polluted dust conditions
where were occurred in the North China Plain, Northeast China, and the
Taklamakan Desert. By contrast, EDR fails to capture the severe air
pollution event, showing numerous missing values (Fig. 12e-f).

Fig. 13 shows the spatial patterns of multi-year annual and seasonal
average VIIRS EDR, DB, and their differences (DB-EDR) AODs in China
from 2013 to 2018. The corresponding statistical results are further
listed in Table 7. In general, both EDR and DB capture relatively high
AOD retrievals in the BTH, YRD, and Sichuan Basin regions with dense
populations and frequent industrial activities. However, EDR AODs are
much higher than DB AODs in these areas because EDR retrievals are
severely overestimated by 46% with reference to the ground measure-
ments (Fig. 2). Especially in summer, their AOD difference reaches up to
0.28-0.55, mainly due to the algorithm differences in addressing aerosol
hygroscopic growth during the rainy season (Mhawish et al., 2019). On
the contrary, in the Taklamakan Desert, DB AOD values are much higher
than EDR, with the largest difference (>0.2) in spring. The reason is that
unlike EDR, DB has a good ability to retrieve dust aerosols over bright
surfaces, especially in deserts (Sayer et al., 2018, 2019). However, DB
products show a large number of missing values in Tibet and Northeast
China due to permanent snow/ice covers, especially in winter. By
contrast, EDR has effective but unreliable AOD values in these regions,
which may be due to inaccurate pixel screening (Liu et al., 2014; Huang
et al., 2016). In addition, our results illustrate that spatial distributions
of VIIRS EDR and DB products are highly consistent with MODIS DT and
DB products across China (Liu et al., 2019).

Fig. 14 illustrates the spatial frequency of VIIRS EDR and DB AOD
retrievals and their difference in China from 2013 to 2018. The results
show that the retrieval frequency of EDR and DB AOD products is higher
in the BTH region and Northeast China due to fewer clouds. However, in
the NW region, especially in the Taklamakan Desert, the retrieval fre-
quency of the EDR AOD product is relatively low < 90 days/year, while

Table 7
Statistics of annual and seasonal mean AOD loads over China and each region
calculated from VIIRS EDR and DB AODs product during 2013-2018.

Region Data  Annual Spring Summer Autumn Winter

China EDR  0.32+ 0.35 + 0.40 + 0.26 + 0.27 +
0.14 0.17 0.16 0.14 0.14

DB 0.14 + 0.21 + 0.10 + 0.12 + 0.15 +
0.12 0.19 0.12 0.11 0.13

BTH EDR  0.37 + 0.34 + 0.57 + 0.33 + 0.23 +
0.13 0.15 0.18 0.14 0.10

DB 0.21 + 0.24 + 0.17 + 0.23 + 0.21 +
0.15 0.16 0.11 0.17 0.17

YRD EDR  0.54 + 0.35 + 0.40 + 0.26 + 0.27 +
0.11 0.17 0.16 0.14 0.14

DB 0.19 + 0.21 + 0.12 + 0.17 + 0.24 +
0.08 0.09 0.08 0.08 0.10

PRD EDR  0.56 + 0.70 + 0.60 + 0.51 + 0.42 +
0.07 0.08 0.09 0.08 0.07

DB 0.18 + 0.21 + 0.05 + 0.13 + 0.23 +
0.06 0.07 0.08 0.04 0.08
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the DB AOD product shows a much higher retrieval frequency > 210
days/year. The main reason is that the EDR algorithm has a poor ability
to retrieve aerosols in bright desert areas. Furthermore, there are also
some differences in retrieval frequency at the seasonal level, where DB
has a lower AOD retrieval frequency in summer, mainly due to a large
number of clouds in the rainy season (Liu et al., 2019). However, EDR
has a lower AOD retrieval frequency in winter, especially in the Sichuan
Basin and the Taklamakan Desert. In general, except for northwest
China, the EDR AOD retrieval frequency is overall higher than DB
throughout the year in most areas of China.

7.2. Temporal variation and trend

Fig. 15 displays the linear AOD trends derived from EDR and DB
products across China from 2013 to 2018. Areas where the AOD trends
did not pass the significance test (p > 0.1) are marked as blank. The
results show that both EDR and DB products show significantly
decreasing AOD trends > 0.01 per year in Eastern and Southern China
with heavy anthropogenic aerosol loadings. This is closely related to the
effective implementation of China’s energy-saving and emission reduc-
tion policies in recent years (Zhang et al., 2017; Leeuw et al., 2018).
However, EDR shows overall increasing AOD trends in Western China,
especially in Tibet (p < 0.01), while DB presents non-significant AOD
trends in these areas. Nevertheless, due to the inadaptability of the EDR
algorithm in the bright surfaces, the observed trends may not be reliable.

Fig. 16 investigates the monthly variations of VIIRS EDR and DB
AOD anomalies across China and each region from 2013 to 2018. Both
EDR and DB presented similar temporal AOD variations with a signifi-
cant downward trend equal to —0.0008 per year (p < 0.01) in the whole
of China. However, there are noticeable differences in the three main
typical urban agglomerations, where these two products show similar
decreasing AOD trends by —0.0204 and —0.0168 per year at the same
significant level (p < 0.01) in the YRD region, respectively. In addition,
similar conclusion can be obtained in the PRD region, where the AOD
trends are —0.0228 (p < 0.01) and —0.0096 (p < 0.05) per year,
respectively. However, a large difference exited in the BTH region,
where DB AOD is significantly decreased by —0.0156 per year (p <
0.01), while no similar aerosol trend was observed for EDR AOD product
(Trend = —0.0024, p = 0.49).

Therefore, to explore the authenticity of different aerosol products in
describing the aerosol change in the BTH region, we collected and
calculated the real aerosol trends using the same method at three long-
term AERONET monitoring stations, including two typical urban sites (i.
e., Beijing and Beijing-CAMS) and one vegetated site (i.e., Xianghe) in
this area (Fig. 17). The results show that the EDR products show the
same significant decreasing AOD trends as the ground measurements in
two urban sites (Fig. 17a-b); on the contrary, their AOD trends are
totally opposite in the vegetated site (Fig. 17c). However, the DB
products exhibit more similar AOD variations with the observations with
closer significant decreasing trends at all three sites. These findings
demonstrate that DB products can capture more accurate aerosol
changes compared to the EDR products in China.

8. Conclusion

In this study, we perform an initial and comprehensive evaluation of
VIIRS DB and EDR products throughout China from 2013 to 2018. The
overall accuracy assessment suggests that both EDR and DB products
have significantly improved after quality assurance (QA) control. DB
(QA = Best) shows satisfactory retrieval accuracy with high correction
(R = 0.92), and up to 80.32% of AOD matches falling within EE, while
only 52.62% of EDR (QA = Best) AOD retrievals fall within EE, and up to
46% of EDR AOD retrievals are significantly overestimated. At the
temporal scale, despite some exceptions, both EDR and DB display a
worse performance in summer for all statistics, which is likely related to
larger cloud cover and higher relative humidity in the rainy season.
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Fig. 14. Spatial frequencies of VIIRS EDR (left), DB (middle) AOD products and their differences (right) from 2013 to 2018 in China.

Uncertainty analyses reveal that both EDR and DB algorithms are
impacted by surface properties and atmospheric conditions. In terms of
surface characteristics, DB is less sensitive to NDVI under different
aerosol loadings, while the EDR AOD bias becomes lower with the in-
crease of NDVI. EDR performs well in dark surfaces but poorly in urban.
By contrast, DB shows satisfactory performance in most land-use types,
especially in urban. Furthermore, DB performs well in all landform
types, while EDR only performs well in mountainous areas, with suffi-
cient vegetation coverage. Furthermore, EDR shows the worst accuracy
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in coarse-mode-aerosol-dominated conditions; however, DB shows su-
perior ability under diverse atmospheric conditions. Moreover, MODIS
DT and DB algorithms show similar performances with VIIRS EDR and
DB products in China due to the common algorithmic heritage. How-
ever, the VIIRS DB product shows the highest accuracy over both dark
and bright surfaces, with almost all the best statistical metrics.
Spatiotemporal analyses suggest that the VIIRS DB products have a
better ability to capture heavy dust events than EDR products. However,
except for Northwest China, EDR has a higher AOD retrieval frequency
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Fig. 15. Spatial distributions of linear trend (AOD yr’l) calculated from deseasonalized VIIRS EDR (a) and DB (c) monthly AOD anomalies from 2013 to 2018 in

China. (b) and (d) represent their corresponding significance level via p-value.
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Fig. 16. Time series of deseasonalized monthly VIIRS EDR and DB AOD anomalies from 2013 to 2018 in China and each region.

than DB in most areas of China. EDR is characterized by higher AOD
loadings than DB in Eastern and Southern China with rapid urbanization
and industrialization. Both EDR and DB products can capture the same
significant downward AOD trends in China, YRD, and PRD regions from
2013 to 2018, which benefits from the prevention and control of air
pollution in China. However, opposite trends are observed in the BTH
region and compared with the ground observations, and we find that DB
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products can capture the long-term aerosol change more accurately than
EDR in China. In general, our study demonstrates that the VIIRS DB
products show superior retrieval accuracy compared to EDR products,
and it allows us to extend long-term aerosol records combined with
MODIS products, which opens up new perspectives for future aerosol-
related studies in China.
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Fig. 17. Time series of deseasonalized monthly anomalies of VIIRS EDR
(green), DB (blue), and AERONET (red) AOD measurements from 2013 to 2018
at Beijing (a), Beijing-CAMS (b), and Xianghe (c) sites. (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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