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ARTICLE INFO ABSTRACT

Keywords: The MODIS Multiple Angle Implication of Atmospheric Correction (MAIAC) algorithm enables simultaneous
Aerosols retrieval of aerosol and bidirectional surface reflectance at high resolution of 1 km. Taking advantage of multi-
MAIAC angle and image-based information, the MAIAC algorithm has great potential for improving retrieval of aerosols
Algorithm over both dark and bright surfaces. Here, by comparing MAIAC aerosol products with the ground-based ob-
Eﬂhoinl-ljis servations at 9 typical sites spread out in China, we gain the insights regarding the performance of MAIAC

algorithm, for the first time, over Asia that has complicated surface types, diverse aerosol sources, and heavy
loading of aerosols in the atmosphere. While aerosol products from MAIAC show similar spatial distribution as
that from MODIS Dark-Target (DT) and Deep-Blue (DB) algorithms, they are superior to reveal numerous hot-
spots of high AOD values in fine scales due to their higher resolution at 1 km. Moreover, since MAIAC algorithm
for cloud screening uses time series of observations, it shows higher effectiveness to mask cloudy pixels as well as
the pixels of the melting and aging ice/snow surfaces. While MATAC and ground-observed AOD values show high
correlation coefficient of ~0.94 in two AERONET sites of Beijing and Xianghe, considerable bias is prevalent in
other regions of China. Systematic underestimation is found over the deserts in western China likely due to the
high bias of single scattering properties of aerosol model prescribed in MAIAC algorithm. In eastern China, the
distinct positive bias is found in conditions with low-moderate AOD values and likely results from errors in
regression coefficients in the surface reflectance model. Given its advantages in cloud and snow/ice screening
and retrieval in fine spatial resolution, MAIAC algorithm can be improved by further refinement of regional
aerosol and surface properties.

1. Introduction

Atmospheric aerosols play key roles in the Earth's climate and en-
vironmental systems through intricately interacting with solar radia-
tion, clouds, and atmospheric chemistry (Charlson et al., 1992; Fan
et al., 2018; Martin et al., 2003). Atmospheric aerosol particles can be
originated from both human activities such as fossil fuel combustion
and industrial emissions and natural processes such as fires, volcanic
eruptions, and surface aeolian (wind-blown) activities. Both the amount
and composition of aerosol particles often exhibit very inhomogeneous

distribution from regional to global scales due to their short lifetime
and diverse sources, exerting large uncertainties in climate research
(IPCC, 2013). Therefore, global observation of aerosol properties with
high spatiotemporal resolution and accuracy is a fundamental re-
quirement toward further understanding of aerosol impacts on air
quality and climate (Diner et al., 2018; Mishchenko et al., 2004).
Since the late 1990s, different algorithms have been used to retrieve
aerosol properties globally from various well-calibrated satellite in-
struments (King et al., 1999). Because of many unknowns of aerosol and
surface parameters that regulate the transfer of radiation at the surface
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and in the atmosphere, satellite retrieval of aerosol optical depth (AOD)
is a challenging work. In particular, the sensitivity of backscattered
radiances at the top of the atmosphere (TOA) to the variations of
aerosol properties is much weaker over visibly bright surfaces (such as
deserts and urban regions) than dark surfaces. Ultraviolet, multi-angle,
and polarization satellite sensors such as Ozone Monitoring Instrument
(OMI), Multi-angle Imaging SpectroRadiometer (MISR) and PQOLariza-
tion and Directionality of Earth's Reflectance (POLDER) have ad-
vantages to derive aerosol properties because surface reflectance in UV
and polarized surface reflectance are smaller than the counterparts in
the visible spectrum (Diner et al., 2005; Dubovik et al., 2011; Torres
et al., 2007). However, current satellite sensors with the capabilities of
measuring UV or polarization often have coarser pixel resolution or
narrower swath width or shorter data records when they are compared
with MODerate Resolution Imaging Spectroradiometer (MODIS), thus
making a considerable impediment in some applications.

MODIS instruments aboard Terra since 2000 and Aqua since 2002
respectively provide daily near global aerosol products operationally
with a wide swath of ~2330km at the ground (Hsu et al., 2013; Levy
et al., 2013). The standard MODIS aerosol products are provided with
two spatial resolutions, one at 10 km at nadir, and another at 3 km that
was added in MODIS Collection (C) 6 for air quality studies (Remer
et al., 2013). However, Lambertian land surface is assumed in MODIS
Dark Target (DT) and Deep Blue (DB) algorithm, and surface anisotropy
can result in uncertainties of aerosol retrievals (Lyapustin et al., 2011a).
Recently, MODIS Multiple Angle Implication of Atmospheric Correction
(MAIAC) algorithm enables simultaneous retrieval of aerosol loading
and Bidirectional Reflectance Distribution Function (BRDF) parameters
at high resolution of 1km (Lyapustin et al., 2011b, 2018), providing
excellent opportunity for aerosol research at finer spatial scales. Al-
though MODIS MAIAC algorithm exhibits high accuracy in North and
South America (Martins et al., 2017; Superczynski et al., 2017), its
performance remains unclear in China due to few validation studies in
the past, despite of high loading and complicated properties of aerosols
in China (Tao et al., 2012, 2015).

The main purpose of this study is to present, for the first time, a
comprehensive evaluation of and the insights therein the performance
of the MAIAC algorithm in regions of heavy aerosol loading and diverse
surface types in China. MODIS MAIAC retrievals are evaluated via
ground-based validation across China with Sun photometers from
Aerosol Robotic Network (AERONET) and Chinese Aerosol Remote
Sensing Network (CARSNET). Inter-comparison of MODIS MAIAC
aerosol products with operational C6.1 MODIS DT and DB aerosol
products is conducted to examine characteristics of MAIAC retrieval in
regional scale. In addition, the uncertainty and applicability of MAIAC
algorithm in China are also discussed.

2. Data and methods
2.1. MODIS aerosol algorithms

To retrieve independent variables from the multi-spectral MODIS
radiances that depend on atmosphere and surface properties as well as
their coupling in radiative transfer, assumption or prior knowledge has
to be used to constrain and simplify the problem of inversion or re-
trieval. The operational MODIS aerosol retrieval was first implemented
by the Dark Target (DT) algorithm over surfaces of dense vegetation
using assumed relationship in surface reflectance between visible and
shortwave bands (Kaufman et al., 1997). Variation of aerosol single
scattering properties is prescribed based on the AERONET climatology,
and only regional-to-continental variations at seasonal scale are con-
sidered. Hence, the size distributions and refraction indices for both
fine and coarse-mode aerosol particles are predefined in the generation
of the lookup table (LUT) in which radiances at TOA are simulated as a
function of the retrieval parameters such as aerosol optical depth (AOD)
and fine-mode AOD fraction. For aerosol retrieval over bright surfaces
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such as deserts, MODIS Deep Blue (DB) algorithm establishes pre-cal-
culated surface reflectance database in blue bands (412 and 470 nm) as
a function of scattering angle, NDVI (Normalized Differential Vegeta-
tion Index), and season (Hsu et al, 2013; 2013). Moreover, in MODIS
C6, DB retrieval has been extended to all snow/ice-free areas by uti-
lizing spectral relationship of surface reflectance in vegetated region
and considering angular shapes of surface BRDF in urban/croplands
areas.

MAIAC is applied to the MODIS level 1B land-surface radiances that
is generated for the sinusoidal grids at 1km resolution globally.
Subsequently, to simultaneously retrieve aerosol and surface para-
meters, MAIAC algorithm utilizes multi-angle information from time
series of MODIS observation for up to 16 days for a given pixel at the
resolution of 1 km (Lyapstin et al., 2011b). With the spectral similarity
assumption for BRDF shape, a spectral regression coefficient (SRC) can
be used to relate bidirectional reflectance factors (BRF) at blue to
shortwave band at 2.1 pm; the latter band is usually considered as at-
mospherically transparent except in dusty conditions (Wang et al.,
2010). Started for the North America, the C6 MAIAC algorithm has
been expanded recently to the global land surfaces with considerable
changes, and improved several key components including snow/ice
screening, SRC estimation and aerosol properties (Lyapstin et al.,
2018). Since SRC determination using multiday minimization method
within 25 X 25km can lead to discontinuity in block edges, the C6
MAIAC utilizes minimal ratio of spectral reflectance (0.47/2.13 ym) in
2-month period to estimate SRC at 1 km pixel level, which is similar as
that used in Wang et al. (2010). Instead of retrieving fraction of fine/
coarse aerosols, eight aerosol models are prescribed to different regions
of the world to represent corresponding aerosol types. China is mainly
covered by two aerosol models: industrial aerosol model derived from
AERONET site of Beijing for the whole eastern China, and the same
aerosol model considering contribution of dust particles in western USA
for western China.

The current C6.1 MODIS aerosol products provide DT AOD data at
two spatial resolutions of 10 km and 3 km respectively at nadir, and DB
aerosol data at 10km. Ground validation shows that ~2/3 global
MODIS DT retrievals fall within expected error envelope
of + (15%A0Dsgroner + 0.05) (Levy et al., 2013). However, DT AOD
retrievals exhibit obviously systematic overestimation in eastern China,
which is dominated by improper aerosol models and bias in surface
reflectance estimation in urban regions (Tao et al., 2015; Wang et al.,
2010). There has been some improvement in estimation methods of
urban surface reflectance since C6.1 MODIS aerosol algorithm (Gupta
et al, 2018). By contrast, MODIS DB retrievals perform well in eastern
China, but obviously underestimate aerosol loading in deserts of wes-
tern China (Tao et al., 2017a). The C6 MODIS MAIAC aerosol products
has strict screening for pixels possibly cloudy and adjacent to clouds
(Lyapstin et al., 2018). We utilize C6.1 MODIS 3 km DT, 10 km DB, and
C6 MAIAC 1km AOD for inter-comparison, in which only retrievals of
best quality are selected. The MAIAC data used for this analysis in
China region was obtained from NASA released in May 2017 (https://
portal.nccs.nasa.gov/datashare/maiac/).

2.2. AERONET and CARSNET measurements

AERONET is a global ground-based remote sensing network of Sun
photometers providing highly accurate measurements and inversions of
aerosol optical and microphysical properties (Holben et al., 1998; Giles
et al., 2019). By direct sun observations of Sun photometers, spectral
AOD can be determined in 10-15min intervals with very low un-
certainties ~0.01-0.02 (Eck et al., 1999). Combined with spectral
AOD, sky light measurements in almucantar mode enable reliable in-
version of aerosol physical properties such as size distribution and re-
fractive index (Dubovik et al., 2000). Although the refraction index is
assumed to be independent of particle size in the AEROENT inversion,
this assumption is needed because the measurements of sky radiances
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Fig. 1. a) Geographic location of AERONET sites (red) and CARSNET sites (blue) in MODIS true color image of mainland China. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

alone are not sufficient for separate inversion of refraction index for
both fine and coarse particles (Xu and Wang, 2015), and future
AEROENT sensors with measurements of sky light polarization may be
helpful to alleviate this assumption (Xu et al., 2015). The AERONET
aerosol products have consistent cloud screening and quality control
procedures in Level (L) 1.5, and quality-assured check with post-filed
calibration in L2.0.

Since CARSNET follows closely with AEORENT's instrumentation
and measurement protocol, it has similar accuracy of the spectral AOD
in China as that of AERONET (Che et al., 2009). Established in 2002
with continuous updates in last several years, CARSNET also use the
similar protocol as AERONET in terms of data collection and calibra-
tion. As shown in Fig. 1, we combined AERONET and CARSNET at a
total of 9 sites with available observations during 2003-2016 to eval-
uate performance of MAIAC algorithm in typical surface types such as
urban, rural areas, mountain and deserts.

To have a cross-examination of the performance of current C6
MODIS MAIAC retrievals, we used recent C6.1 MODIS 3km DT and
10km DB aerosol products for inter-comparison, which has been
compared against ground-based observations and showed well-quanti-
fied accuracy (Gupta et al., 2016; Tao et al., 2015). Ground validation
of MAIAC aerosol algorithm is conducted by using Level 2 AERONET
and CARSNET AOD data after calibration. However, for those sites such
as Xuzhou site that has fewer or don't have L2.0 products, L1.5 data is
selected. Since Sun photometers do not have 550 nm bands, spectral
AODs at neighboring bands of 550 nm are interpolated with standard
Angstrbm exponent.

To match satellite retrieval with ground measurements, collocation
methods with spatial and temporal average are adopted (Ichoku et al.,
2002). Validation of MODIS 10 km aerosol products usually chooses a
spatial radius of 25 km for satellite pixels with selected site centered in
and a temporal interval of + 30 min of satellite passing time for ground
observations (Levy et al., 2013; Anderson et al., 2013). Some valida-
tions such as MODIS 3km AOD adopt smaller radius (Gupta et al,
2018), but sensitivity test shows that spatial and temporal window sizes
within the same order have no obvious influence on correlation of the
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matchups (Martins et al., 2017). To facilitate inter-comparison with
MODIS aerosol retrievals, here we utilize consistent collocation ap-
proach with matched satellite pixels in 25km radius and ground ob-
servations in + 30 min interval. Considering that the few available re-
trievals in cloudy or snow/ice conditions may not well represent overall
AOD within the spatial radius, such daily matchup is discarded if
fraction of selected satellite pixels with valid retrievals is < 20%.

3. Results and analysis
3.1. Overadll inter-comparison of MODIS aerosol products

Fig. 2 shows spatial variations of MODIS 1 km MAIAC, 3km DT and
10km DB AOD on one clear day of summer in northern China. Com-
pared with the MODIS DT and DB aerosol products, the most striking
feature of MAIAC AOD is the fine-scale characterization of the hotspot
pixels with high aerosol loading such as small towns, which likely re-
flects numerous sources of emissions at local scale. Despite abundant
vegetation during summer in northern China, the MODIS 3 km DT re-
trievals are unavailable in most urban regions due largely to insufficient
dark pixels (Fig. 2¢). There is a generally similar spatial distribution
between MAIAC and DT AOD, but the DT AOD values are lower.
Moreover, because 10 km DB AOD product misses most of the hotspots
of high aerosol loading, its values are lower than MAIAC results. Con-
sidering the distinct difference of MAIAC aerosol retrievals with respect
to the current MODIS aerosol products, accuracy and uncertainties of
MAIAC algorithm are quantified below.

To have an overview of different MODIS aerosol products in China,
annual mean of AOD values retrieved respectively from MAIAC, DB,
and 3km DT algorithms and their corresponding sampling frequency
are displayed in Fig. 3. Both MAIAC and DB algorithm retrieve aerosol
properties over cloud-free and ice/snow-free land surfaces, but their
results exhibit clear differences. It is worth noting that annual mean of
MAIAC AOD values is lower than that of DB in northeastern China and
northern part of northern China, and higher in most of the other areas.
Frequency of available annual retrievals of DB AOD is higher than that
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Fig. 2. a) Hourly concentration of PM; 5 in Aqua MODIS true color image, b) MODIS MAIAC 1 km AOD, ¢) DT 3km AOD, d) DB 10 km AOD on August 28, 2016. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

of MAIAC except in the Tibetan Plateau, which is caused by different
cloud mask methods and pixel aggregation of 10 km DB retrieval. It
should be noted that C6 MAIAC algorithm does not retrieve AOD at
high elevation (> 4.2km), and assumes a low climatology AOD ~0.02
instead (Lyapstin et al., 2018). Therefore, the fixed low AOD over Ti-
betan Plateau and its associated high frequency result from climatolo-
gical value in MAIAC. By contrast, annual available retrievals of 3 km
DT AOD are ~1/3 of these of MAIAC and DB, which can largely limit
its application to study Particulate Matter (PM) air quality due to the
poor temporal representativeness and spatial coverage.

To make a further inspection of the difference between MAIAC re-
trievals and well validated DB AOD product, a pollution day typical in
winter in eastern China was selected (Fig. 4). Regional haze pollution is
prevalent during the coal burning period in winter (Tao et al., 2012).
Although both MAIAC and DB AOD values are higher in areas that show
the gray haze plumes in MODIS true color image, their magnitude differ
significantly from their corresponding annual mean values. It can be
seen that MAIAC AOD values around Beijing and in northeastern China
are obviously lower than DB AQOD results. Conversely, MAIAC AQD
values get much higher than DB retrievals in the south of ~38°N. In
particular, MAIAC AOD shows prevalent high values (~0.7) around
rectangle B in Fig. 4b, about twice of the DB values (~0.3).

Another prominent contrast in Fig. 4 is the spatial coverage of dif-
ferent MODIS AOD products. The area of high AOD values in DB
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product (denoted as rectangle A at the top of Fig. 4c) is not available in
MAIAC retrievals (Fig. 5b), because it was confirmed as snow region by
MAIAC algorithm. Unlike the strict cloud mask scheme of MAIAC al-
gorithm, the very high AOD values in DB in the region with melted
snow can be caused by failure of ice/snow screening in DB algorithm
(Fig. 5c). Cloud screening of DB depending on threshold values of
spectral radiance and their calculation is more sensitive to white snow.
On the other hand, removal of pixels adjacent to cloud/snow leads to
smaller area of MAIAC AOD than that of DB (Fig. 5e and f). The slightly
lower frequency of MAIAC AOD retrievals can be mainly caused by its
strict removal of pixels adjacent to clouds.

3.2. Ground validation of MODIS MAIAC aerosol algorithm

Fig. 6 shows the validation of MODIS MAIAC AOD in different re-
gions of China. There is an obvious spatial difference in uncertainties of
MATAC retrievals. Consequently, performance of MAIAC retrievals in
China can be separated into three cases. First, most of MAIAC AOD
values fall within expected error envelop of £ (20%AO0Dagro.
ner+0.05) around Beijing, Xianghe, and Xinglong, but satellite re-
trievals get very scattered with larger bias in conditions of high AOD
(> 1.0). Second, obvious overestimation of MAIAC AOD prevails in
Xuzhou, Taihu, and Hongkong sites, which spreads across most part of
eastern China. In contrast, aerosol loading in the deserts of western
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Fig. 3. Annual mean AOD (top) and its sampling frequency (bottom) respectively for a, ¢) MODIS MAIAC 1 km AQD, b, d) DB 10 km AOD, ¢, f) DT 3km AOD of 2016.

China is widely underestimated. There is a notable systematic under-
estimation in low-moderate AOD values of MAIAC retrievals in Hotan
and Tazhong of Taklimakan Desert, and such low bias disappear in
conditions with high AOD values. Moreover, ground validation in Ejina
shows much larger underestimation for MAIAC AOD in the Gobi de-
serts.

To enhance inter-comparison of MODIS aerosol algorithms, un-
certainties of DB and DT AOD are also evaluated by ground validations
(Figs. 7 and 8). DB retrievals show similar performance as MAIAC in
Beijing, Xianghe, and Xinglong. Unlike the prominent overestimation of

MAIAC AOD in Xuzhou, Taihu, and Hongkong, DB AOD values in
eastern China mostly fall within the expected error envelop
of + (20%A0Dagroner +0.05) except underestimation of some re-
trievals in Hongkong. However, DB retrievals has much lower accuracy
in western China with numerous abnormally-low AOD values (Tao
et al., 2017a). By comparison, DT retrievals display good accuracy in
Xianghe and Hongkong (Fig. 8), but they have considerable over-
estimation in low-AOD conditions in urban sites of Beijing and in
moderate-high AOD (> 0.5) conditions in Xuzhou and Taihu. Although
each aerosol algorithm has its own uncertainties, inter-comparison with

35°
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115° E 120° E
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Fig. 4. a) Aqua MODIS true color image, b) MODIS MAIAC 1 km AOD, c¢) 10 km DB AOD over eastern China on February 7, 2016. The rectangles denote regions with
obvious difference in AOD values and AOD spatial coverage. (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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Fig. 6. Scatter plots of MODIS MAIAC 1 km AOD at 550 nm compared with AERONET or CARSNET measurements in typical surface types of China. The red, black
and dotted lines indicate their linear fitting, + (0.05 + 20%) of the AERONET AOD, and 1:1 line, respectively. (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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Fig. 7. Same as Fig. 6 but for Collection 6.1 MODIS DB 10 km AOD.

DB and DT retrievals provides a regional insight into strengths and
weaknesses of MAIAC algorithm.

The dependence of MAIAC AOD bias on true AOD values exhibit
distinct patterns in different season and regions (Fig. 9). Despite their
normal distribution centered around zero, MAIAC AOD errors in Beijing
and Xianghe show obvious seasonal changes with respect to ground-
based AOD. Considering that only one fixed aerosol model is used in
eastern China throughout the whole year, MAIAC AQOD is generally
overestimated in summer and underestimated in winter. While centered
close to zero, the envelop of error spread gets larger as AOD values get
larger, but such dependence is opposite when AQOD is higher than 2.0.
MAIAC retrieval errors in the mountain site of Xinglong monotonically
increase with AOD. Although notable overestimation (positive bias) is
predominated for MAIAC retrievals in Xuzhou, Taihu, and Hongkong,
there is a clear decline in MAIAC retrieval bias as AOD increases.
Contrary to its performance in eastern China, MAIAC AOD product
shows large underestimation (negative bias) over the deserts of western
China without notable seasonal dependence.

To further examine performance of different aerosol algorithms,
collocated daily AOD values from AERONET, MODIS DB, and MAIAC
retrievals are compared in Beijing and Xuzhou during 2016 (Fig. 10).
Consistent with ground validation in Beijing, both DB and MAIAC AOD
accurately capture the variations of the daily aerosol loading except
several abnormal high cases in DB values, which can be caused by
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heavy haze plumes in the edge of matchup box (Tao et al., 2015). While
MODIS DB retrievals in Xuzhou perform well as in Beijing, prevalent
overestimation appears in MAIAC AOD values. The strong dependence
of MAIAC AOD bias on seasonal and geographical location indicates
improper assumptions for aerosol or surface models.

3.3. Source of uncertainties of MODIS MAIAC algorithm in China

Statistical correlation between satellite AOD and ground observa-
tions is the most common way to analyze error sources of aerosol re-
trieval algorithms (Anderson et al., 2013; Levy et al., 2013; Tao et al.,
2015). Past studies have revealed that the slope and the intercept of the
linear fit of AOD values between retrieved (y) and ground truth (x)
indicate respectively the extent to which aerosol model assumption and
surface reflectance estimation are accurate in the retrieval algorithm;
the slope close to 1 and the intercept close to 0 suggest the good validity
of assumptions made for the retrieval. As shown in Figs. 6 and 9, the
low slope (0.21-0.84) of MAIAC validation in the deserts of western
China demonstrates obvious systematic overestimation of aerosol
scattering ability in MAIAC aerosol model, which is also one important
source of MODIS DB AOD errors (Tao et al., 2017a). By contrast, po-
sitive bias of MAIAC AOD in Xuzhou, Taihu, and Hongkong is higher in
low-moderate values, and gets lower as aerosol loading increases. Slight
errors in surface reflectance estimation can cause large retrieval bias in
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Fig. 8. Same as Fig. 6 but for Collection 6.1 MODIS DT 10 km AOD. Comparison with ground observation in desert site is not shown due to few available DT

retrievals.

low-moderate AOD conditions, and influence of surface noise declines
as aerosol loading becomes larger. How, it remains unclear why over-
estimation of MAIAC AOD associated with surface reflectance error in
eastern China does not appear in Beijing and Xianghe, because the
surface types in these regions and other parts in east China have similar
surface types.

Fig. 11 shows the variations of MAIAC AOD bias with estimated
surface reflectance, aerosol size, and scattering angle. In Beijing, these
factors and retrieval errors show no obvious correlation. Surprisingly,
MAIAC AOD bias in Xuzhou does not change with estimated surface
reflectance as MODIS DT and DB retrieval errors (Tao et al., 2015,
2017a). Instead, MAIAC retrieval bias increases with ‘smgstrﬁm ex-
ponent of AERONET AOD. It should be noted that SRC used for calcu-
lation of surface reflectance at 0.47 pm is determined from minimal
value of spectral 0.47/2.13 pm reflectance ratio in 1-2 month period.
Considering that the predominant deciduous vegetation and cropland
in eastern China have fast temporal changes in vegetation density,
surface contribution can be underestimated by minimal SRC in transi-
tional regions (Hsu et al., 2013). To tackle this issue, Wang et al. (2010)
used the 5-day running mean of the slope in the linear fit between
0.47 um and 2.13 pm MODIS TOA reflectance in 40 days as the 0.47/
2.13 pm surface reflectance ratio for the retrieval on the day that is
centered in 40 days. Moreover, coarse dust particles can affect the ra-
diative transfer at 2.1 ym. Hence, in dusty days, correcting the dust
effect at 2.1 ym is needed to derive surface reflectance at 0.47 pm from
TOA reflectance at 2.1 ym (Wang et al., 2010). However, such correc-
tion requires the knowledge of the dust AOD fraction (Wang et al.,
2010) that is not obtained in MAIAC algorithm because it assumes a
constant AOD fraction. In addition, aerosol single scattering albedo
from Xuzhou to southern China is larger than that in areas around
Beijing and Xianghe (Tao et al., 2017b). Slight underestimation of SRC
can lead to considerable bias in calculation of SRC, which then causes
overestimation at 1 km aerosol retrieval by error propagation. In ad-
dition, MAIAC AOD bias increases within scattering angle of 80° and
130° due to longer slant path of aerosol scattering in large viewing
angles.
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Although seasonal aerosol models are utilized in MODIS DT and DB
retrievals, they might be insufficient to describe the large variation of
aerosol properties due to the diverse sources of aerosol emissions and
dynamic weather patterns in China (Tao et al., 2017b). Fig. 12 shows
daily variations of mean values of available MAIAC AQOD bias and
collocated AERONET AOD in Beijing and Xuzhou. Consistent with
Fig. 9, MAIAC AOD bias in Beijing turns from slightly negative to po-
sitive in summer, which is largely due to deviation of fixed aerosol
model to seasonal changes. Furthermore, Fig. 9 indicates that the actual
daily bias has dramatic fluctuation in Beijing and Xianghe, where re-
gional transport and floating dust prevail (Tao et al., 2012). By contrast,
there is no obvious time dependence for MAIAC retrieval errors in
Xuzhou and Hongkong. In particular, MAIAC AQOD bias is distinct only
in conditions with low-moderate AOD values (and not for conditions
with large AOD values), indicating that retrieval errors mainly result
from inappropriate assumption used in SRC estimation. Generally,
MAIAC algorithm displays an excellent performance in China in com-
parison with that of MODIS DB and DT products. However, the in-
homogeneous distribution of aerosol and surface properties in eastern
China impacts obviously the accuracy of MAIAC retrievals, which
should be considered in regional scales.

4. Conclusions

Recent C6 MODIS MAIAC algorithm enables retrieval of AOD and
BRDF over both dark and bright surfaces at high resolution of 1 km,
which has great application potential for air quality studies. However,
satellite aerosol retrievals are usually subjected to considerable un-
certainties in China that is characterized by high aerosol loading and
diverse emission sources. To gain insights of the performance of MAIAC
algorithm in such complicated background, ground-based validation
with AERONET and CARSNET and inter-comparison with MODIS DT
and DB retrievals were conducted in this study.

It is shown that MATAC AOD values exhibit high accuracy in Beijing
and Xianghe, but have prevalent biases in other regions. There is an
obvious overestimation in low-moderate values of MAIAC AOD in
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eastern China, and systematic underestimation dominates MAIAC re-
trievals over western China. Comparison with MODIS DB and DT pro-
ducts further confirms these findings for the MAIAC AOD products.
Systematic negative bias demonstrates that MAIAC algorithm obviously
overestimates single scattering properties of dust particles in north-
western China. Furthermore, SRC assumption could lead to under-
estimation of surface reflectance and subsequently propagates to 1 km
aerosol retrieval.

In general, the uncertainties in surface SRC and aerosol model are
two major error sources of MAIAC AOD in China. Given that aerosol
sources are diverse and have strong seasonal and regional dependences,
the aerosol single scattering properties derived from AEROENT sites
around Beijing and western USA may not be applicable to regions in
eastern and western China. Future studies are recommended to improve
SRC calculation and assumption of aerosol properties in satellite re-
trieval algorithms with the data from more recent ground-based ob-
servation in eastern and western China. Considering the striking ad-
vantage in cloud and snow/ice screening, spatial coverage, and pixel
resolution, MAIAC algorithm has the great potential for enhancing
aerosol retrieval in China by improving its assumption of surface re-
flectance model and aerosol properties in regional scales.
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