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An effective Simplified Aerosol Retrieval Algorithm (SARA) based on real viewing geometry and encompassing a
wide range of aerosol conditions and types (ωo= 0.30–1.0) was tested over Beijing, a city under the influence of
both anthropogenic emissions and dust storms. The SARA AODwas retrieved at seven resolutions (500m, 1 km,
2 km, 4 km, 6 km, 8 km, and 10 km) usingMODIS level 1 and 2 data products (MOD02, MOD03, andMOD09) for
the years 2012 and 2013. For comparison purposes, theMODIS dark-target (DT) AOD observations at 10 km res-
olution were obtained for the same time period. Both algorithms, SARA and MODIS DT were validated using
Beijing_RADI and Beijing_CAMS AERONETAODmeasurements and accuracywas evaluated using the Confidence
Envelope of Expected Error (CEEE). The SARA AOD achieved very high correlation (0.972–0.994) with low Root
Mean Square Error (RMSE ~ 0.067–0.133) and very high accuracy (87–95%). In comparison, the MODIS DT algo-
rithm overestimated AOD for both low and high AOD observations with large RMSE (0.115–0.342) and very low
accuracy (20–52%). The robustness and accuracy of SARA and theMODISDT algorithms for low (AOD b 0.40) and
high (AODN 0.40) aerosol loadingswas evaluatedusing the Fraction of Expected Error (FEE). The SARAalgorithm
achieved 46–60% higher average accuracy than the MODIS DT algorithm indicating SARA's greater accuracy and
reliability in AOD retrieval over Beijing under low and high aerosol loadings, including severe dust storms. The
SARA algorithm is unique among satellite based AOD retrievals, in its ability to depict extreme dust storms
(AOD ~ 5.0) at fine spatial resolution (500 m) over urban and suburban areas such as Beijing, XiangHe and the
Bohai Sea, as is demonstrated by the dust storm of 17th April 2006.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Atmospheric aerosols emitted from natural and anthropogenic
sources (Dubvoik et al., 2002; El-Fadel & Hashisho, 2001; Wallace and
Hobbs, 2006) have gained attention worldwide, as they are responsible
for uncertainty in the climate system (Cruz & Pandis, 1997; Kaufman,
Tanre, & Boucher, 2002; Sun & Ariya, 2006), poor air quality, degrada-
tion of visibility, and impact on human health (Pope et al., 2002; Gent
et al., 2009). Ground-basedmonitoring stations, includingNASA's AEro-
sol RObotic NETwork (AERONET, Holben et al., 1998, 2001), have been
establishedworldwide for regularmeasurement of aerosol optical prop-
erties, such as aerosol optical depth (AOD). AOD represents the attenu-
ation of incoming solar light by aerosol particles (Ångström, 1930; van
de Hulst, 1948) and is the most important quantitative parameter. The
AERONET network provides high spectral and temporal information of
852 2330 2994.
AOD but only at point locations. Due to the short lifetime of aerosol par-
ticles, a detailed spatial coverage alongwith fine spectral and high tem-
poral information is required for full understanding of aerosol loadings
at local to global scales. Satellite remote sensing has been shown to be
effective for retrieving much denser spatial distribution of AOD over
the globe. Satellite AOD retrievals provide spatial detail, but the re-
trievals are challenged by four factors, namely, sensor calibration, re-
moval of clouds, separation of the aerosol signal from that of the
ground surface, and determination of the aerosol type formore accurate
retrieval (Li et al., 2009). These four factors can generate large errors.
Over land, AOD retrieval is difficult especially over regions where
the surface contribution is more dominant than the atmospheric
contribution in the satellite received signal (Kaufman et al., 1997;
Kokhanovsky et al., 2007).

The MODerate resolution Imaging Spectroradiometer (MODIS) is a
key sensor of NASA's Earth Observing System (EOS), and is carried on
both the Terra and Aqua satellite platforms. MODIS has 36 wavelength
channels ranging from 0.41 to 14 μm at moderate spatial resolutions
(250 m, 500 m and 1 km) and good temporal resolution (1 to 2 days)
with a swath width of 2330 km (Salomonson, Barnes, & Masuoka,
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Table 1
Summary of AERONET stations.

AERONET site Latitude Longitude Data Year Purpose

Beijing 39.977ο 116.381ο Level 2.0 2012–2013 Input
Beijing_RADI 40.005ο 116.379ο Level 1.5 2012–2013 Validation
Beijing_CAMS 39.933ο 116.317ο Level 1.5 2012–2013 Validation
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2006). The operational MODIS Dark-Target (DT) algorithm (Kaufman
et al., 1997; Levy, Remer, Mattoo, Vermote, & Kaufman, 2007; Levy
et al., 2010; Remer et al., 2005, 2008) retrieves AOD from three
channels (0.47, 0.66 and 2.12 μm) over land with 10 km resolution.
In the MODIS DT algorithm, the 500 m pixels within the 20 × 20
(400 pixels) kernel are masked for cloud, snow/ice, and water
using NDVI b 0.1. Dark-target pixels are then selected for the retriev-
al at 2.12 μm within the range of surface reflectance 0.01–0.25, and
since urban surfaces are not particularly bright in the MODIS SWIR
band, this selection includes both dark vegetated, as well as most
urban surfaces. From the pixels remaining after masking and dark
target selection, the darkest 20% and brightest 50% (at 0.66 μm sur-
face reflectance) of pixels are discarded to reduce cloud and surface
contamination. At this stage some of the brightest urban surfaces
may be discarded but some pixels within the 20 × 20 kernel normally
remain for computation of AOD for that 10 km pixel. Surface
reflectances with a relationship between visible and SWIR as a func-
tion of scattering angle and NDVISWIR (Levy et al., 2007) are mea-
sured for the remaining dark target pixels and at least 12 pixels
(out of 120 pixels remaining) should be present in the 20 × 20-
pixel kernel (Remer et al., 2005). The MODIS DT algorithm over
land has been validated globally and regionally (Hyer, Reid, &
Zhang, 2011; Levy et al., 2010; Li et al., 2007; Mi et al., 2007;
Papadimas et al., 2009). It has been found that the MODIS DT algo-
rithm overestimates and underestimates AOD over bright and
unusually dark surfaces, respectively, and 72% (QA flag = 3) of re-
trievals fall within the Confidence Envelope of Expected Error
(CEEE) on a global basis (Levy et al., 2010). In our previous study
(Bilal, Nichol, Bleiweiss, & Dubois, 2013), it was observed that the
MODIS DT algorithm has some missing pixels over the urban area
of Hong Kong where the 2.12 μm surface reflectance is lower than
0.20, and these missing pixels are probably due to thresholding in
the visible band (discarding the darkest 20% and brightest 50% pixels
at 0.66 μm surface reflectance). High accuracy (81% of the retrievals
fall within CEEE) and low accuracy (only 12% of the retrievals fall
within CEEE) for the MODIS DT algorithm was reported over the
coastal area of Hong Kong for vegetated land and bright surfaces of
the Hong Kong International Airport, respectively (Bilal et al., 2013).

Recently, a Simplified Aerosol Retrieval Algorithm (SARA, Bilal et al.,
2013) was developed to retrieve AOD from MODIS swath level 1 and 2
data products at 500 m spatial resolution without constructing a look-
up-table (LUT) and it has been tested over the complex/hilly surfaces
of Hong Kong, a coastal sub-tropical city with mixed aerosol types and
moderate aerosol loadings. The SARA retrieved AOD (0.55 μm) at 500
m was successfully validated using three types of Sun photometers
(AERONET, Sky-radiometer, and Microtops II), and very high accuracy
(78% to 100% of the retrievals fall within CEEE) was observed. In addi-
tion to SARA's superior AOD retrieval ability, it is able to retrieve AOD
for a particular location more frequently than MODIS DT algorithm
due to its consideration of all cloud-free pixels, as opposed to the selec-
tion of dark-target pixels by the MODIS DT algorithm.

Aerosol pollutants contribute significantly to very high pollution
levels in Beijing, a city with sparse vegetation cover and frequent high
aerosol loading events. The high aerosol loadings are due to a combina-
tion of long-range transport of dust particles from the Gobi Desert and
fine particulates from local anthropogenic emissions (Zhang, Ma, Tie,
Huang, & Zhao, 2009). In order to improve the air quality of Beijing by
monitoring and better understanding of high aerosol loadings at fine
spatial resolution, the SARA algorithmwas tested over the region. This study
aims to (i) validate SARA retrieved AOD (0.550 μm) at 500m to 10 km reso-
lutions over the urban surfaces of Beijing, (ii) compare SARAwith the opera-
tional level-2 MODIS Collection 5.1 (C5.1) AOD (0.55 μm) at 10 km spatial
resolution, and (iii) evaluate the robustness and accuracy of SARA and the
MODIS DT algorithm for low (AOD b 0.40) to high (AOD N 0.40) aerosol
loadings using the Confidence Envelope of Expected Error (CEEE) and
Fraction of Expected Error (FEE).
2. Datasets and methods

2.1. AERONET

AERONET (Holben et al., 1998, 2001), a network of approximately
more than 700 well calibrated ground-based Sun photometers, has
been installed worldwide for regular measurements of aerosol optical
properties. It provides spectral AOD in the wavelength range of
0.340–1.060 μm under cloud-free conditions (Smirnov, Holben, Eck,
Dubovik, & Slutsker, 2000) with high temporal resolution (15 min)
and low uncertainty (0.01–0.02) (Holben et al., 2001). AERONET
provides AOD measurements 3 to 5 times more accurate than satellite
AOD (Remer et al., 2009) and is a standard source for validation of
satellite observations (Bilal et al., 2013; Levy et al., 2010; Hyer et al.,
2011; Sayer et al., 2012) due to its higher data quality. In this study,
level 2.0 AOD data (cloud-screened and quality-assured) from the
AERONET site “Beijing” were obtained to input to the SARA algorithm,
and level 1.5 AOD data (cloud-screened) from January 2012 to
December 2013 (Table 1) from both the AERONET sites “Beijing_RADI”
and “Beijing_CAMS”were obtained for validation purposes, as level 2.0
data were not available for these sites. However, level 2.0 and level 1.5
data are highly correlated (R ~ 0.99) with a slope of 1 and no offset
(Munchak et al., 2013).

2.2. MODIS satellite data

The MODIS (Terra) level 1 (MOD02HKM calibrated radiance and
MOD03 geolocation data) and level 2 (MOD09 surface reflectance
and the operational MODIS DT Collection 5.1 aerosol product) cloud-
free products were obtained from the GSFC (Goddard Space Flight
Center) Level-1 and Atmosphere Archive and Distribution System
(LAADS) (http://ladsweb.nascom.nasa.gov) for the years 2012 to 2013
(Table 2). The MODIS data products MOD02HKM, MOD03 and MOD09
were used to retrieve the SARA AOD over Beijing and surrounding
areas, and the MODIS DT product was used for comparison purposes.

2.3. Simplified Aerosol Retrieval Algorithm (SARA)

MODIS data products (MOD02, MOD03, and MOD09) were used to
develop an effective Simplified Aerosol Retrieval Algorithm (SARA) at
500 m resolution based on real viewing geometry and encompassing a
wide range of aerosol conditions and types (ωo = 0.80–1.0) that does
not use the common technique of constructing a LUT (Bilal et al.,
2013). In this study, a wider range of aerosol types (ωo = 0.30–1.0,
g=0.0–1.0) was considered to retrieve SARA AOD based on three as-
sumptions: (i) the surface is Lambertian, (ii) single scattering ap-
proximation, and (iii) the single scattering albedo (ωo) and
asymmetric parameter (g) do not vary spatially over the region for
the day of retrieval (Eq. (1)). The SARA algorithm requires AERONET
data to retrieve the ωo and g, the MOD03 product for solar and sensor
angles (zenith and azimuth), the MOD02HKM image product for esti-
mation of the at-satellite received reflectance (top of the atmosphere
(TOA) reflectance) and the MOD09 surface reflectance product for
daily surface reflectance at 500 m resolution. The SARA retrieved AOD
at 500 m resolution has been successfully validated for Hong Kong
over suburban areas (80% of the retrievals fall within CEEE), coastal
areas mixed with vegetation cover (100% of the retrievals fall within

http://ladsweb.nascom.nasa.gov


Table 2
A summary of MODIS sensor products.

Product Parameter Resolution Purpose

Original Used

MOD02HKM Radiance 500 m 500 m Input
MOD03 Height 1 km 500 m Input

Zenith Angles
Azimuth Angles

MOD09 Surface Reflectance 500 m 500 m Input
MOD04 C5.1 AOD 10 km 10 km Comparison
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CEEE) and bright surfaces (78% of the retrievals fall within CEEE) re-
spectively, using three types of Sun photometers (AERONET, Sky-radi-
ometer, and Microtops II). Details of the SARA algorithm can be found
in Bilal et al. (2013).

τa;λ ¼ 4μsμv

ωoPa θs ; θv ;ϕð Þ

"
ρTOA λ;θs ; θv ;ϕð Þ−ρRay λ;θs ; θv ;ϕð Þ

−
e− τRþτa;λð Þ=μs e− τRþτa;λð Þ=μvρs λ;θs ; θv ;ϕð Þ

1−ρs λ;θs ; θv ;ϕð Þ 0:92τR þ 1−gð Þτa;λ
� �

exp − τR þ τa;λ
� �h i

#
ð1Þ

Where

τa,λ aerosol optical depth (AOD)
τR Rayleigh optical depth (Liang, 2005)
ρTOA λ;θs ; θv ;ϕð Þ top of atmosphere (TOA) reflectance
ρRay λ;θs ;θv ;ϕð Þ Rayleigh reflectance (Wong et al., 2010)
ρs λ;θs ;θv ;ϕð Þ surface reflectance
μs cosine of solar zenith angle
μv cosine of sensor zenith angle
ωo single scattering albedo (SSA)
g asymmetry parameter
Pa θs ;θv ;ϕð Þ aerosol phase function

2.4. Data processing

In this study, level 2.0 AOD data of the years 2012–2013 from
the AERONET site “Beijing” was input into the SARA algorithm to
Fig. 1.Validation of SARAAOD (500m) against Beijing_RADI and Beijing_CAMSAERONETAOD f
lines = regression lines.
retrieve AOD at 500 m resolution over Beijing, a temperate zone
city dominated by continental air masses and moderate to very
high aerosol loadings. Validation was conducted with the level
1.5 AOD measurements obtained from “Beijing_RADI” and
“Beijing_CAMS” AERONET sites located in Beijing at a distance of
about 3 km and 7 km, respectively, from the Beijing AERONET
site. In order to increase the number of statistical samples used
in validation and also to consider the spatial variability imposed
by atmospheric motion, the SARA AOD observations were averaged
using 9 pixels centered on the ground-based Sun photometer station
(Beijing_RADI and Beijing_CAMS), and the AERONET AOD measure-
ments were averaged between 10 and 12 noon. A total of 220 and
93 of the SARA retrieved AOD observations coincided with
Beijing_RADI and Beijing_CAMS AODmeasurements (Fig. 1), respec-
tively. For comparison purposes, the operational level-2 MODIS C5.1
DT AOD at 10 km resolution was also obtained from the parameter
“Optical_Depth_Land_and_Ocean (AOD at 0.55 μm for both ocean
(best) and land (corrected) with best quality data, QA flag ~ 3)”.
For this MODIS DT AOD product, only 46 and 15 AOD observations
were matched with Beijing_RADI and Beijing_CAMS AOD measure-
ments (Fig. 2), respectively, as most observations were missing due
to limitation of the MODIS DT algorithm which discards pixels
not meeting the reflectance criteria, as well as cloud cover. In
order to evaluate the consistency and robustness of SARA and
the MODIS DT algorithm, AOD measurements at 0.55 μm were cat-
egorized into two levels: low (τ b 0.40) and high (τ ≥ 0.40) AOD
levels (Levy et al., 2010; Li et al., 2003). The accuracy of both algo-
rithms (SARA and DT methods) was evaluated using a Confidence
Envelope of Expected Error (CEEE, Eq. (2)) (Levy et al., 2010;
Remer et al., 2008) and Fraction of Expected Error (FEE, Eq. (3))
(Mi et al., 2007):

CEEE ¼ ðCEEE¼ AODAERONET− � 0:05þ 0:15AODAERONETð Þj j
≤AODsatellite≤AODAERONET þ � 0:05þ 0:15AODAERONETð Þj jÞ

ð2Þ

FEE ¼ AODSatellite−AODAERONET= � 0:05þ 0:15AODAERONETð Þj jð Þ ð3Þ

Data falling within the CEEE or −1 b |FEE| b 1 range indicate high
accuracy. Values of FEE b 0 and FEE N 0 represent underestimation and

(2)
or the years 2012–2013. The dotted lines=CEEE lines, the dashed line=1:1 line and solid
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Fig. 2.Validation ofMODIS DT AOD (10 km) against Beijing_RADI and Beijing_CAMSAERONETAOD for the years 2012–2013. The dotted lines=CEEE lines, the dashed line=1:1 line and
solid lines = regression lines.
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overestimation of the satellite retrievals, respectively. The relativemean
bias (RMB, Eq. (4)) was also used to analyze the average overestimation
and underestimation of both the algorithms.

RMB ¼ AOD Satelliteð Þ=AOD AERONETð Þ
� �

ð4Þ

where, RMB N 1.0 and RMB b 1.0 indicate the overestimation and
underestimation of the retrievals, respectively. Since SARA and the
MODIS DT algorithms are at different resolutions of 500 m and
10 km respectively, agreement between the AERONET point loca-
tion and SARA at 500 m would be expected to be higher due to
proximity. Therefore, in order to test the performance of the two al-
gorithms independently of the proximity to the validation point,
input datasets (MOD02HKM, MOD03 and MOD09) were resampled
at increasingly coarse resolutions (1 km to 10 km) using Nearest
Neighbor technique and then SARA AOD was retrieved for each res-
olution separately. As the validation sites Beijing_RADI and
Beijing_CAMS are close to the initial AERONET site Beijing, which
was input to the SARA algorithm, the pixels within the 9 pixel win-
dow used for validation which contain the initial site were excluded
from the validation.

3. Results and discussion

3.1. Validation of SARA and MODIS DT algorithms

The SARA retrieved AOD at 500 m resolution was validated with
Beijing_RADI and Beijing_CAMS AOD (Fig. 1). In Fig. 1, dotted lines
represent the CEEE lines, the dashed lines are the 1:1 lines, and solid
lines represent the regression lines. A very high correlation from 0.983
(N=220) to 0.993 (N=93)was observedwith small rootmean square

error RMSE ¼ 1
n∑

n

i¼1
AOD Satelliteð Þi−AOD AERONETð Þi
� �2� �

of 0.070 to 0.103.

The RMB of 0.97 (average AOD: SARA ~ 0.57, AERONET ~ 0.59) and
1.00 (average AOD: SARA ~ 0.57, AERONET ~ 0.57) were observed at
Beijing_RADI and Beijing_CAMS AERONET sites which indicate an
average underestimation of 3% and no under/overestimation, respec-
tively. Fig. 1 shows that 95% and 98% of the observations had AOD
values b 2.0, and 5% and 2% of the observations had AOD values ≥
2.0 at Beijing_RADI and Beijing_CAMS sites, respectively. The SARA
retrieved AOD observations appear highly accurate as the majority of
data points lie close to or on the 1:1 line with most occurrences of
high accuracy (92% to 95%).

Fig. 2 shows the scatter plots of MODIS DT AOD observations at
10 km resolution against Beijing_RADI and Beijing_CAMS AOD mea-
surements. A higher correlation of 0.967 (N = 46) with RMSE ~ 0.115
was observed at Beijing_RADI site than at Beijing_CAMS site where
the correlation coefficient is 0.726 (N = 15) and a large RMSE
(~0.342) is observed. Of the MODIS DT AOD observations, 89% (41
values out of 46 values at Beijing_RADI) and 93% (14 values out of 15
values at Beijing_CAMS) of theMODIS DT AOD observations are greater
than AERONET AOD measurements and the MODIS DT algorithm tends
to overestimate for all aerosol loading conditions at both AERONET sites
with RMB of 1.12 to 1.33 (12% to 33% overestimations), which is consis-
tent with the result from Xie, Zhang, Xiong, Qu, and Che (2011). The
MODIS DT algorithm exhibits very low accuracy over Beijing especially
at Beijing_CAMS sitewhere only 20% of theAODobservations fall within
the CEEE, compared with Beijing_RADI site (CEEE ~ 52%), as was also
observed in previously reported studies (Li et al., 2007; Xie et al.,
2011). It is notable (Fig. 2) that theMODIS DT algorithmhas a good cor-
relation with AERONET measurements but has very low accuracy. In
general, the accuracy of MODIS DT algorithm is observed to be affected
by two critical factors; namely the aerosol model and the surface reflec-
tance (Chu, kaufman, & Ichoku, 2002; He et al., 2010; Li et al., 2007; Xie
et al., 2011). In clear (low aerosol loadings) and turbid (high aerosol
loadings) atmospheric conditions, the systematic overestimation in
theMODIS DT AOD is mostly caused by the underestimation of the sur-
face reflectance (Levy et al., 2010) and errors in the aerosol model as-
sumptions (Levy et al., 2010; Li et al., 2007; Mi et al., 2007), respectively.
Xie et al. (2011) concluded that the large intercept in MODIS DT AOD ver-
sus AERONET AOD at urban sites is caused by error in the assumption of
VIS/SWIR surface reflectance estimation. In the present study, systematic
overestimation of MODIS DT AOD was observed during both low and
highaerosol loadingswhich is caused less byerror in the surface reflectance
estimation, than in the assumption of aerosol types, and this is consistent
with the other studies (Li et al., 2007; Mi et al., 2007).

The maximum relative error (AOD(AERONET) − AOD(Satellite)/AOD
(AERONET)) of theMODIS DT algorithm at Beijing_RADI and Beijing_CAMS
was −44% (AERONET AOD ~ 1.38, MODIS DT AOD ~ 1.99, on 5th May
2013) and 90% (AERONET AOD ~ 0.94, MODIS DT AOD ~ 0.09, on 22nd
May 2013), respectively, whereas very low error was observed for
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the SARA algorithm on the same dates, 5th May 2013 (Beijing_RADI
~ 1.4%, AERONET AOD ~ 1.38, SARA AOD ~ 1.36) and 22nd May 2013
(Beijing_CAMS ~ 9.6%, AERONET AOD ~ 0.94, SARA AOD ~ 0.85). The
Fig. 3. Validation of SARA AOD (1 km, 2 km, 4 km, 6 km, 8 km, and 10 km) against Beijing_RADI
1:1 line and solid lines = regression lines.
results (Figs. 1 and 2) show that the SARA algorithm is superior to the
MODIS DT algorithm over Beijing as it has better ability to retrieve
AOD at higher resolution during both low and high aerosol conditions,
AERONET AOD for the years 2012–2013. The dotted lines = CEEE lines, the dashed line=

image of Fig.�3


Fig. 4.Validation of SARA AOD (1 km, 2 km, 4 km, 6 km, 8 km, and 10 km) against Beijing_CAMS AERONET AOD for the years 2012–2013. The dotted lines= CEEE lines, the dashed
line = 1:1 line and solid lines = regression lines.
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Fig. 5. Fraction of Expected Error (FEE) of SARA AOD retrieval at 500m, 1 km, 2 km, 4 km, 6 km, 8 km, and 10 km resolutions, andMOD04 DT retrieval at 10 km resolution at Beijing_RADI
(top) and Beijing_CAMS (bottom) AERONET sites. Where (a) = low, and (b) = high AOD observations.
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with high correlation, low errors and very high accuracy. The SARAalgo-
rithm also achieved higher correlation and lower errors than previously
reported studies of the MODIS DT algorithm (Li et al., 2007; Qi, Ge, &
Huang, 2013;Wang et al., 2007; Xie et al., 2011). It also achieved higher
accuracy than previous aerosol algorithms developed over Beijing at
100 m (Li, Xue, He, & Jie, 2012, R = 0.94, RMSE = 0.24) and 500 m
(Wang et al., 2012, R = 0.82, RMSE = 0.13) which were based on
look-up-tables (LUT), whereas SARA does not require a LUT.

To test the performance of the SARA algorithm independently of the
proximity to the AERONET validation points and to enable more mean-
ingful comparison with the 10 km MODIS DT product, the SARA AOD
was resampled at increasingly coarse resolutions (1 km, 2 km, 4
km, 6 km, 8 km, and 10 km). Similar to the SARA AOD at 500 m resolu-
tion, the majority of the SARA AOD observations at multi-resolution fall
within the CEEE and lie close to the 1:1 line. At Beijing_RADI and
Beijing_CAMS AERONET sites (Figs. 3 and 4), the SARA AOD achieved a
very high correlation for all resolutions from 0.972 to 0.994 with RMSE
~ 0.067 to 0.133 and accuracy of 87% to 94%. An average higher correla-
tion of 0.987, maximum accuracy of 93.6%, small RMSE of 0.092,
and maximum overestimation of 2% were observed at 1 km, 6 km,
1 km and 8 km resolutions, respectively, at both AERONET sites.
The SARA AOD at 10 km shows the lowest accuracy but this is still
much better than the MODIS DT algorithm, and has no missing data
pixels. Although, the SARA algorithm has a better ability than
MODIS DT algorithm to retrieve AOD over Beijing at coarser resolu-
tions up to 10 km with high accuracy, the highest correlations with
very high accuracy and small RMSE were observed at 500 m resolution
at both AERONET sites (Fig. 1). In Figs. 1, 3 and 4, the slopes close to
unity and small intercepts (b ± 0.07) indicate that the assumptions of
aerosol conditions and types (ωo = 0.30–1.0, g = 0.0–1.0) and the
surface reflectance used in the SARA algorithm are reasonable.

3.2. Accuracy assessment

AOD from both the SARA algorithm at 500 m to 10 km resolutions
and the MODIS DT algorithm was categorized into low (AOD b 0.40)
and high (AOD N 0.40) aerosol loadings (Levy et al., 2010; Li et al.,
2003) to evaluate the robustness of satellite retrievals at Beijing_RADI
and Beijing_CAMS AERONET sites using the FEE (Fig. 5). The FEE N 0
and FEE b 0 represent overestimation and underestimation respectively,
whereas, FEE N 1 and FEE b−1 represent low accuracy and FEE between
± 1 represent high accuracy of the retrieved AOD. Fig. 5 shows that the
Table 3
Accuracy statistics using FEE for low to high AOD aerosol loadings for SARA and MOD04 DT re

Low aerosol loadings (AOD b 0.40)

Beijing_RADI AERONET (SARA, N = 120, and MOD04, N = 23)
SARA AOD
Resolutions 500 m 1 km 2 km 4 km
Accuracy (%) 91 88 89 93
RMSE 0.06 0.07 0.06 0.0
RMB 1.05 1.00 1.00 1.0

Beijing_CAMS AERONET (SARA, N = 52, and MOD04, N = 6)
Accuracy (%) 92 90 90 90
RMSE 0.05 0.05 0.06 0.0
RMB 1.00 1.00 1.05 1.0

High aerosol loadings (AOD N 0.40)
Beijing_RADI AERONET (SARA, N = 100, and MOD04, N = 23)
Accuracy (%) 94 94 92 93
RMSE 0.26 0.23 0.24 0.2
RMB 0.94 0.93 0.94 0.9

Beijing_CAMS AERONET (SARA, N = 41, and MOD04, N = 9)
Accuracy (%) 93 91 86 84
RMSE 0.13 0.12 0.15 0.1
RMB 0.98 0.98 1.00 1.0
majority of the FEE values from the SARA algorithm at 500 m to 10 km
resolutions fall between± 1 lines during low and high aerosol loadings
over Beijing which indicate the much better accuracy of the SARA than
theMODISDT algorithmas themajority of the FEE values obtained from
the latter lie outside the FEE boundaries (± 1 lines). The statistics of
evaluation (Table 3) show that SARA can retrieve AOD very well at all
resolutions of 500m to 10 km over Beijing as it has an average accuracy
of 91% and 90% for both AERONET validation sites with mean RMSE of
0.06 and 0.20, and average overestimations of only 3.5% and underesti-
mation of only 3% during low and high aerosol loadings, respectively.
However, the MODIS DT product shows poor ability to retrieve AOD
over Beijing as it has a low average accuracy of 45% and 30% for both
AERONET validation sites with mean RMSE of 0.14 and 0.35, and aver-
age overestimations of 15.2% and 12.5% during low to high aerosol load-
ings, respectively. The results show that the SARA retrieved AOD has
46% more occurrences with high accuracy for low aerosol loadings,
and 60% more for high aerosol loadings than the MODIS DT algorithm,
and has only half of the RMSE. This suggests that the SARA algorithm
can retrieve AOD with much greater accuracy and reliability than the
MOD04 DT algorithm over Beijing for the full range of atmospheric
AOD loadings from low to high, as well as during severe air pollution
episodes.

3.3. Severe floating dust storm (17th April 2006)

An extreme floating dust stormon 17thApril 2006, originating in the
Gobi Desert (Logan et al., 2010; Lue et al., 2010) led to severe air
pollution in Beijing (Papaynannis et al., 2007), XiangHe (Logan et al.,
2010), Xinglong (Zu et al., 2014) and the Bohai sea areas. The area
covered by the dust was mapped by the Chinese National Disaster
Reduction Center (NDRC) as the red dotted line on Fig. 6. A total of
330 thousand tons of dust was estimated to have fallen in Beijing
during this extreme dust storm (Yang et al., 2008) with particle
sizes between 2 and 50 μm (Lue et al., 2010). AOD levels were extremely
high (AOD N 3.5) and the angstrom exponent fell to below 0.1 (Logan
et al., 2010; Papaynannis et al., 2007; Zu et al., 2014) which also indicates
very large dust particles.

Fig. 7a is a MODIS Terra satellite true color (RGB:143) composite of
Beijing and the Bohai sea areas under the influence of the dust storm
(brown color) of 17th April 2006. Yellow dots represent the locations
of Beijing, XiangHe and Xinglong AERONET sites which are located in
the urban center of Beijing, in a suburban area 70–80 km to the east of
trievals at Beijing_RADI AERONET site.

MODIS DT AOD
6 km 8 km 10 km 10 km

93 93 94 57
6 0.05 0.06 0.06 0.12
0 1.05 1.05 1.00 1.41

92 90 88 33
6 0.07 0.07 0.07 0.15
5 1.05 1.10 1.10 1.63

94 90 89 48
5 0.25 0.23 0.23 0.24
4 0.95 0.96 0.95 1.22

88 84 81 11
9 0.14 0.19 0.18 0.45
0 0.99 1.03 1.04 1.29



Fig. 6. Extent of dust highlighted by red-dotted polygon (adopted from Lue et al., 2010. Data Source: National Disaster Reduction Center of China). (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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Beijing, and at the top of a mountain (970 m a.s.l) about 100 km
northeast of Beijing, respectively. Extremely high AOD at 0.55 μm was
measured at AERONET sites Beijing (AOD ~ 3.67) and XiangHe (AOD ~
3.72), and AOD levels at Xinglong were also very high (AOD ~ 2.77),
but significantly lower, probably due to the mountain top location of
the site. We applied the SARA algorithm for this extreme dust event
using Beijing AERONET data and observed comparable AOD with the
Fig. 7. Severe Dust Storm in Beijing, XiangHe and Bohai Sea on17th April 2006,where (a)MODIS
(d) MODIS DB AOD at 10 km. (For interpretation of the references to color in this figure legend
other two AERONET stations (XiangHe and Xinglong). Fig. 7b shows
the spatial distribution of the floating dust layer over Beijing, XiangHe
and the Bohai sea regions retrieved by the SARA algorithm, which coin-
cide almost exactly with the area indicated by the Chinese NDRC (red
dotted line on Fig. 6). The retrieved AOD (Table 4) was found within
the CEEE, indicating that SARA is capable of retrieving accurate AOD
during an extreme dust event. It is also notable that the significantly
Terra RGB: 143 composite, (b) SARA retrievedAOD at 500m, (c)MODISDTAOD at 10 km,
, the reader is referred to the web version of this article.)

image of Fig.�6
image of Fig.�7


Table 4
Comparison of the satellite algorithms with AERONET measurements during the extreme
dust storm in Beijing, XiangHe and Xinglong on 17th April 2006.

AERONET AOD
(level 2.0)

Algorithms CEEE

SARA MODIS DT MODIS DB Lower limit Upper limit

Beijing 3.67 Input Missing 2.17 3.07 4.27
XiangHe 3.72 4.02 Missing 2.45 3.11 4.33
Xinglong 2.77 2.41 Missing Missing 2.31 3.24
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lower AOD for the mountain top AERONET location was also observed
by SARA (Table 4). For comparison purpose, the MODIS DT and MODIS
Deep Blue (DB, Hsu, Tsay, King, & Herman, 2004, 2006) AOD images
were also obtained. TheMODISDT algorithm (Fig. 7c) hasmanymissing
pixels and was unable to retrieve AOD during this extreme dust event
due to its limitation of pixel thresholding as the observed surface reflec-
tance at 2.21 μmwas greater than 0.30 (observed from theMOD09 sur-
face reflectance product at 500 m resolution) over Beijing. The MODIS
DB algorithm (Fig. 7d) was able to retrieve AOD during the dust storm
and has fewermissing pixels over land compared to theMODISDT algo-
rithm, but the retrieved AOD has low accuracy with great underestima-
tion (Table 4). The SARA AOD was resampled to 10 km resolution over
the Bohai Sea and the same spatial extent covered by MODIS DT AOD
was extracted (Fig. 8). Fig. 8 shows that SARAandMODISDTAODobser-
vations have very similar spatial pattern and values over the Bohai Sea.
Since MODIS uses an ocean algorithm over the sea (Remer et al., 2005)
which is observed to have greater accuracy than over land (Levy et al.,
2005; Remer et al., 2002), the similarity between SARA and MODIS DT
Fig. 8. (a)MODIS DTAOD at 10 km resolution, (b) SARA AOD at 10 km resolution, over the
Bohai Sea during severe dust storm.
suggests the reliability of SARA for high AOD levels over the sea. This
is the only study among many satellite-based techniques, or based on
numerical simulations and models (Logan et al., 2010; Papaynannis
et al., 2007; Sun & Zhao, 2008; Zu et al., 2014) which accurately and
completely depicts the spatial extent of severe dust storms at fine spa-
tial resolution (Fig. 7b) as outlined in Fig. 6.

4. Conclusion

The aim of this research was to implement and test the robustness
and accuracy of the Simplified Aerosol Retrieval Algorithm (SARA) in
Beijing, an area with a wide range of, and extremely high, AOD levels.
The SARA retrieved AOD at fine to coarser resolutions (500 m, 1 km,
2 km, 4 km, 6 km, 8 km, and 10 km) was validated during low to
high aerosol loadings at two AERONET sites. The SARA algorithm
achieved a very good agreement with AERONET measurements as
compared to the MODIS DT algorithm. The results showed that the
SARA algorithm hasmuch higher accuracy than theMODIS DT algorithm
over thewhole range of low (AOD b 0.40) to high (AOD N 0.40) AOD ob-
servations. During the extreme dust event in Beijing, XiangHe and Bohai
sea areas on 17th April 2006, the MODIS DT algorithm was unable to
retrieve AOD due to its limitation of dark-target selection criteria and
has a lot of missing pixels over the region, and although the MODIS
DB algorithm has fewer missing pixels due to its ability to retrieve
AOD over bright surfaces, the retrieved AOD shows low accuracy,
with significant underestimation. This study demonstrates that the
SARA algorithm is superior to both MODIS DT and DB algorithms in
both resolution and accuracy, and has better ability to depict extreme
floating dust layers at fine spatial resolution (500 m). It is effective over
all types of surfaces including bright and dark land areas and over the
ocean. Further investigation is needed for proper validation of the SARA
algorithm over ocean, and this will be considered in future work.
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