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With worldwide urbanization, hazy weather has been increasingly frequent, especially in the North China Plain.
However, haze aerosol monitoring remains a challenge. In this paper, MODerate resolution Imaging
Spectroradiometer (MODIS) measurements were used to develop an enhanced haze aerosol retrieval algorithm
(EHARA). This method can work not only on hazy days but also on normal weather days. Based on 12-year
(2002–2014) Aerosol Robotic Network (AERONET) aerosol property data, empirical single scattering albedo
(SSA) and asymmetry factor (AF) valueswere chosen to assist haze aerosol retrieval. For validation, EHARA aero-
sol optical thickness (AOT) values, alongwithMODIS Collection 6 (C6) dark-pixel and deep blue aerosol products,
were compared with AERONET data. The results show that the EHARA can achieve greater AOT spatial coverage
under hazy conditions with a high accuracy (73% within error range) and work a higher resolution (1-km).
Additionally, this paper presents a comprehensive discussion of the differences between and limitations of the
EHARA and the MODIS C6 DT land algorithms.
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1. Introduction

Haze is defined as aweather phenomenon inwhich air has a relative
humidity of ≤80% and atmospheric visibility of b10 km (World Meteo-
rological Organization,WMO). Thick haze is detrimental to the environ-
ment and public health (Hoek et al., 2010). In recent years, due to rapid
worldwide urbanization, haze has become a serious problem in many
countries. In China in particular, increased industrialization and
fossil-fuel consumption have caused serious particulate-matter (PM)
pollution, resulting in frequent haze. The increase in haze has been asso-
ciated with mortality and morbidity from respiratory diseases and car-
diovascular problems (Ram et al., 2014). Haze can contain high
concentrations of heavy metals and PM, which are thought to be the
most harmful pollution components (Huang et al., 2012). Thus, mitiga-
tion of haze pollution has become a crucial challenge for environmental
management agencies in urban areas. In this context, the sources and
spatial distribution of haze are of particular concern.

Many studies have been performed to analyze the physical and
chemical characteristics of haze (Che et al., 2009; Huang et al., 2011;
Sun et al., 2006). However, most studies have been based on ground
and point measurements, which lack spatial coverage andmay not elu-
cidate the sources contributing to the formation of haze in widespread
ent of Land Surveying and
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areas (Tao et al., 2012). To overcome this limitation, satellite remote
sensing can be used to monitor and describe the spatial variability of
regional haze. In recent studies, the Moderate Resolution Imaging
Spectroradiometer (MODIS) has been widely applied in the field of
haze analysis due to its large spatial and temporal coverage (Lee et al.,
2006a; Lee et al., 2006b; Noh et al., 2009; Tao et al., 2014). For example,
Tao et al. (2012) provided large-scale and long-term insights into
regional haze over the North China Plain of Eastern China using
MODIS data, and Han et al. (2013) proposed an enhanced dust index
for Asian dust detection.

Using satellite imagery to monitor haze aerosol optical thickness is
also an effective way to assess air pollution levels. The MODIS atmo-
sphere Level 2 aerosol product has been widely used and shown a
high accuracy. It has three aerosol retrieval algorithms: dark-target
(DT) land algorithm, DT ocean algorithm anddeep-blue (DB) algorithm.
However, the aerosol model on hazy days is very different from that on
less-polluted days, the default aerosolmodel in the DT land algorithmof
MODIS Aerosol Optical Thickness (AOT) products may be not suitable.
In addition, hazy weather conditions are always accompanied by a
thick aerosol layer, which causes uncertainty in the relationship
between the visible (VIS) and the short-wave infrared (SWIR) bands,
but it is still used in the DT land algorithm of the MODIS AOT products.
Lee et al. (2006b) also found that using the MODIS SWIR-to-VIS ratio to
determine surface reflectance overNortheast Asia could lead to errors in
aerosol retrieval. In order to monitor haze distribution, Li et al. (2013)
presented an AOT retrieval method for heavy haze events based on a
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lookup table (LUT)method; however, themaximum retrieval of AOT by
this method is 3.0, while in Beijing the AOT will be more than 5.0 on
some hazy days, such as on July 6, 2014. Thus, accurate AOT retrieval
is still a difficult task under hazy weather conditions. In addition, al-
though many current aerosol retrievals make use of the LUT, it is time
consuming when building it (Li et al., 2005; Wong et al., 2011; Zha
et al., 2011). Tang et al. (2005) used the synergy of Terra and Aqua
MODIS data (SYNTEM) to obtain AOTs in China without an LUT, but
the results tended to be poor when there was an obvious difference in
weather conditions between two observation passes. Luo et al. (2015)
proposed an improved aerosol retrieval algorithm with fast calculation
and reliable outcomes; however, the method is based on Landsat im-
ages and intended for urban-scale studies, and is not suitable for haze
aerosol monitoring of larger areas.

The purpose of this study is to develop a new algorithm to obtain
aerosol conditions; it includes haze identification, retrieval of AOT not
only on hazy days but also in normal weather. A comprehensive discus-
sion of thedifferences and limitations of thismethod comparedwith the
C6 DT land algorithm is also presented in this study.
2. Data and methods

2.1. Study area

The North China Plain is the largest alluvial plain in China, with an
area of 409,500 km2, as shown in Fig. 1. The region includes Beijing,
Tianjin, and Hebei, whose gross domestic product accounted for 11.3%
of China's GDP in 2007. With the development of urbanized construc-
tion, the land cover in the North China Plain has changed markedly.
Many main roads and residential buildings have been built to accom-
modate the increase in motor vehicles and in population. Even though
the government has made great efforts to improve the environment,
urban air pollution problems have become increasingly serious. Particu-
late matter levels are severe around the cities and continuous air-
Fig. 1. Stud
pollution episodes such as haze events are more frequent than in the
past (Li et al., 2013).

2.2. Satellite data

Daytime MODIS TERRA satellite images were acquired (https://
ladsweb.nascom.nasa.gov/data/search.html) from December 2013 to
June 2015, as shown in Table 1. TERRA is a satellite launched in 1999
that passes from north to south over the study area every morning
(ca. 10:30 a.m. local time); with 36wavebands, it can be used for atmo-
spheric, oceanic, and land studies at both global and local scales.

Collection 6 MODIS aerosol products (C6 MOD04) were
obtained for this study, and C6 DT AOT with 10-km and 3-km
resolution (Optical_Depth_Land_And_Ocean) were used as a
comparison. In addition, MODIS C6 DB AOT with 10-km resolution
(Deep_Blue_Aerosol_Optical_Depth_550_land_Best_Estimate)was also
obtained for comparison, which was filtered by quality assurance (QA)
(Hsu et al., 2013; Sayer et al., 2013). The C6 cloud mask data
(Aerosol_Cldmsk_Land_Ocean) were extracted from MOD04 and used
for cloud detection in our algorithm.

The MODIS Albedo product (MCD43) was also acquired. It provides
data describing both directional hemispherical reflectance (black-sky al-
bedo) and bi-hemispherical reflectance (white-sky albedo). The
MCD43A1 Bi-directional Reflection Distribution Function (BRDF)/Albedo
Model Parameters Product provides theweighting parameters associated
with the Ross Thick–LiSparse Reciprocal BRDFmodel. These three param-
eters (fiso, fvol, and fgeo) are provided for each of the MODIS spectral
bands. In this study, fiso, fvol, and fgeo in Bands 1 and 3 were collected
to calculate surface reflectance.

2.3. Enhanced haze aerosol retrieval algorithm (EHARA)

A new method is described here for haze monitoring and AOT re-
trieval based on MODIS data. This algorithm is designed for application
in large areas characterized by the complex land surfaces of cities or
y area.

https://ladsweb.nascom.nasa.gov/data/search.html
https://ladsweb.nascom.nasa.gov/data/search.html


Table 1
The MODIS data used in this study.

MODIS Date Month Year AERONET
Stationa

Date Month Year AERONET
Stationa

TERRA 11 12 2013 BJ, BR,BC 16 10 2014 BR,XH
12 12 2013 BJ, BR 17 10 2014 BC,BR
14 12 2013 BJ,BR 18 10 2014 BJ,BC,BR,XH
26 12 2013 BJ,BR 25 10 2014 BC,BR,BT,XH
28 12 2013 BJ,BR 13 11 2014 BJ,BC,BR
30 12 2013 BJ,BR,BC 17 11 2014 BJ,BR,BC
1 1 2014 BJ,BR 22 11 2014 BJ,BR,BC
3 1 2014 BJ,BR,BC 26 11 2014 BJ,BC,BR,XH

13 1 2014 BJ,BR,BC 1 12 2014 BR,BC
22 1 2014 BJ,BR,BC 3 12 2014 BR,BC
3 2 2014 BJ,XH 17 12 2014 BJ,BR
4 2 2014 BJ,BR 24 12 2014 BJ,BR,BC

27 2 2014 BR,XH 31 12 2014 BJ,BR,BC
2 3 2014 BR,XH 2 1 2015 BJ,BR,BC

14 3 2014 BJ,BR 6 1 2015 BJ,BC
22 3 2014 BJ,XH 11 1 2015 BJ,BR,BC
7 4 2014 BJ,XH 27 1 2015 BJ,BC
2 5 2014 BJ,BC,XH 30 1 2015 BJ,BR,BC
7 5 2014 BJ,BC,XH 5 2 2015 BJ,BR,BC

16 5 2014 BJ,XH 17 2 2015 BJ,BR,BC
18 5 2014 BJ,XH 26 2 2015 BJ,BR,BC
3 6 2014 BJ,BC 3 3 2015 BJ,BR,BC

12 6 2014 BJ,BC 11 3 2015 BR,BC
27 6 2014 BJ,BC 21 3 2015 BJ,BC
28 6 2014 BJ,XH 23 3 2015 BC,XH
5 7 2014 BJ,BC,XH 21 4 2015 BC,XH
6 7 2014 BJ,BC,XH 22 4 2015 BC,XH

10 7 2014 BJ,BC 24 4 2015 BJ,BR,BC
12 7 2014 BJ,BC 26 4 2015 BR,BC
15 8 2014 BJ,BC 4 5 2015 BJ,BR,BC
25 8 2014 BC,XH 7 5 2015 BJ,BR,BC
3 9 2014 BR,BC 19 5 2015 BJ,BR,BC
8 9 2014 BJ,BR,BC 26 5 2015 BJ,BR,BC
9 9 2014 BJ,BR 2 6 2015 BR,BC

15 9 2014 BJ,BR 8 6 2015 BJ,BC
9 10 2014 BC,BR,BT,XH 18 6 2015 BJ,BR,BC

10 10 2014 BC,BR,BT,XH

a BJ=BeijingAERONET station; BR=Beijing-RADIAERONET station; BC=Beijing-CAMS
AERONET station; XL=Xinglong AERONET station; XH=Xiang He AERONET station; BT=
AOE_Baotou AERONET station.

Fig. 2. Schematic diagram for the EHARA.
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dense vegetation. A schematic diagramof thismethod is shown in Fig. 2.
The central idea of this algorithm is dependent on the spectral charac-
teristics received by a satellite to detect haze, and it then uses an aerosol
model to calculate AOT. In this method, haze detection rules of MODIS
image is based on Table 1 in Li et al. (2013).

Initially MODIS L1B data have a gas-absorption correction, as does
the latest C6 method, based on Appendix A in Levy et al. (2013). The
EHARA is described as follows. The MODIS-measured TOA spectral
reflectance can be estimated by (Drury et al., 2008):

ρTOA λð Þ θ0; θ;ϕð Þ ¼ ρAer θ0; θ;ϕð Þ þ ρRay θ0; θ;ϕð Þ þ T θ0ð ÞT θð Þρs θ0; θ;ϕð Þ
1−ρs θ0; θ;ϕð ÞS λð Þ

ð1Þ

where θ0 is the solar zenith, θ is the sensor view zenith, and ϕ is the rel-
ative azimuth angle, ρAer(θ0,θ,ϕ) is the aerosol reflectance, ρRay(θ0,θ,ϕ)
is theRayleigh reflectance formolecules, T(θ0) and T(θ) are thedownward
and upward total scattering transmittances, and S(λ) is the atmospheric
backscattering ratio. T(θ0) and T(θ) are defined by:

T θ0ð Þ ¼ exp
− τR þ τað Þ

μs

� �
þ td μsð Þ

T θð Þ ¼ exp
− τR þ τað Þ

μv

� �
þ td μvð Þ

9>>=
>>;

ð2Þ
where μs is the cosine of the solar zenith angle, μv is the cosine of the
sensor zenith angle and τa is the AOT. τR is the Rayleigh optical depth,
which can be calculated as follows:

τR ¼ 0:00864λ− 3:916þ0:074λþ0:05
λð Þ ð3Þ

td(μ) is the diffuse transmittance and can be well approximated by
(Liu and Liu, 2009; Tanre et al., 1979):

td μð Þ ¼ exp − τR þ τað Þ=μð Þ exp 0:52τR þ τa 1þ gð Þ=2ð Þ=μ½ �−1f g ð4Þ

For the atmospheric backscattering ratio S(λ), it can be approximated
by:

Sλ ¼ 0:92τR þ 1−gð Þτað Þ exp − τR þ τað Þ½ � ð5Þ

in which g is the asymmetry factor (AF).
ρAer(θ0,θ,ϕ) is the aerosol reflectance in the absence of airmolecules,

which results from single scattering; it can be approximated by
(Antoine and Morel, 1998):

ρAer θ0; θ;ϕð Þ ¼ ω0τaPa θ0; θ;ϕð Þ
4μsμv

ð6Þ

where ω0 is the single scattering albedo (SSA), Pa(θ0,θ,ϕ)is the aerosol
scattering phase function as (Rahman et al., 1993):

Pa θ0; θ;ϕð Þ ¼ 1−g2

1þ g2−2g cos π−Θð Þ½ �32
ð7Þ
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Then, the Rayleigh reflectance for molecules ρRay(θ0,θ,ϕ) can be ap-
proximated by (Antoine and Morel, 1998):

ρRay θ0; θ;ϕð Þ ¼ ωRτRPR θ0; θ;ϕð Þ
4μsμv

ð8Þ

where ωR is the Rayleigh single-scattering albedo; in this study, ωR≈1.
PR(θ0,θ,ϕ) is the Rayleigh scattering phase function as (Levy et al.,
2007):

PR θ0; θ;ϕð Þ ¼ 3
4

1þ cos2 Θð Þ� � ð9Þ

with

Θ ¼ cos−1 − cos θ0ð Þ cos θð Þ þ sin θ0ð Þ sin θð Þ cos ϕð Þð Þ: ð10Þ

Thus, AOT (τa) can be calculated by:

τa ¼
4μsμv ρTOA λð Þ−

ωRτRPR

4μsμv
−

T θð ÞT θ0ð Þρs

1−ρs 0:92τR þ 1−gð Þτa½ �exp − τR þ τað Þ½ �
� �

ω0Pa

ð11Þ

In Eq. (11), the surface reflectance (ρs) is a key parameter in the
aerosol retrieval algorithm. In this study, surface reflectance was calcu-
lated by MCD43 at corresponding MODIS L1b data angles (Roujean
et al., 1992). In EHARA, we used the single-scatter approximation for
aerosol reflectance as Eqs. (6) and (7), and a BRDF assumption for sur-
face reflectance. Then EHARA combined these with a multiple-
scattered light equation over a Lambertian surface as Eq. (1). However,
it should be noted that the physical assumptions in EHARA are not as
self-consistent as DB and DT with a full radiative transfer model.

2.4. 2.6 Aerosol model

The aerosol model varies significantly in different areas and seasons.
The SSA and the asymmetry factor (AF) are two key parameters in de-
termining aerosol physical properties. The SSA and AF may differ for
each pixel in MODIS data due to large coverage (Drury et al., 2008).
Thus, in this study, we determined the SSA and AF values for each
pixel from the nearest AERONET station (Table 1). If the nearest
AERONET station's measurements were under hazy conditions, the
non-hazy areas used empirical SSA and AF values based on last years'
mean value in the corresponding season. On the other hand, if the
nearest AERONET station's measurements were under non-hazy
Fig. 3. Interval plot of haze SSA from2002 to 2014 (95% confidence interval; the black points are
line is themean SSA at 675 nmover the 12 years, and the green dashed line is themean SSA val
legend, the reader is referred to the web version of this article.)
conditions, the hazy areas were assigned empirical SSA and AF values,
as will be discussed in detail in Section 3.1.

3. Results

3.1. Haze aerosol model

To obtain empirical SSA and AF values for haze aerosol retrieval, 12-
yr. (2002–2014) AERONET data for hazy days in Beijing were collected.
Fig. 3 shows SSA values at 440 nmand 675 nmunder hazy conditions. It
is evident that 675-nm SSA values are always higher than 440-nm SSA
values, which means that aerosol particles are more strongly scattered
at 675 nm on hazy days. From 2002 to 2006, SSA was low in these
two wavelengths. Lee et al. (2006a) also found that the haze aerosol
had a large absorption (SSA=0.88)with black carbon particles in Octo-
ber 2004. After 2007, the SSA values at 675 nm (total mean SSA at
675 nm) were generally above 0.90, with the highest mean value of
0.95 in 2012, which approximates to the dust model in the MODIS re-
trieval algorithm (Levy et al., 2010). The mean SSA value at 440 nm in
these yearswas always between 0.89 and 0.91,whichwas a little higher
than the total mean value of 0.89. The SSA values increase when the
haze aerosol displays more scattering and the secondary aerosols in-
clude both sulfate and nitrate (Yan et al., 2008). Thus, the empirical
SSA for the haze aerosol model in this study were 0.9 (blue band) and
0.92 (red band), values that are consistent with the results of previous
studies (Noh et al., 2009; Tao et al., 2013; Tao et al., 2014). It is interest-
ing that SSA has been higher over Beijing area in recent years. Yu et al.
(2012) found that from 2002 to 2008, the mean values of haze SSA
were 0.91 (675 nm) and 0.89 (440 nm). And in the normal days,
Bergin et al. (2001) indicated that SSA over Beijing in 1999 was 0.81
and Mao and Li (2005) showed that the mean SSA was 0.79 in 2003.
Fig. 4 shows the AF variation at 440 nm and 675 nm, clearly showing
that AF values were higher at 440 nm than at 675 nm, and always
ranged from 0.69 to 0.71, which approximates to the total mean value
of 0.7. AF mean values were always between 0.65 and 0.66, similar to
the 12-yr mean value of 0.66. Therefore, the empirical AF in this study
was 0.71 for the blue band and 0.67 for the red band (Tanre et al., 1979).

3.2. Haze aerosol optical thickness retrieval

To illustrate the outcomes of the EHARA, we use three retrieval
results as examples. The first case is under heavy haze conditions. Fig.
5A is a true-color satellite image taken on 9 October 2014, which
shows significantly different colors that distinguish heavy haze and
cloud. Generally, clouds are white and haze appears gray. The haze
mark based on Li et al. (2013) is shown in Fig. 5B, with extensive
SSA at 675 nmwavelength; the blue points are SSA at 440 nmwavelength; the red dashed
ue at 440 nmover the 12 years). (For interpretation of the references to color in this figure



Fig. 4. Interval plot of haze AF values from 2002 to 2014 (95% confidence interval; the black points are AF at 675 nm wavelength; the blue points are AF at 440 nmwavelength; the red
dashed line is themean AF value at 675 nmover the 12 years, and the green dashed line is themean AF value at 440 nmover the 12 years). (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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coverage over Beijing, Hebei, and Shanxi. Fig. 5F presents the EHARA
1-km AOT spatial distribution for the same day, revealing a high haze
aerosol-loading event over the North China Plain. High AOT values
(2.5–3) are evident between Beijing andHebei due to the local topogra-
phy, which forms a bowl ringed by mountainous terrain (Yanshan and
Taihang mountains) in the west (Lee et al., 2006a). When the atmo-
spheric structure is stable, air masses are easily blocked by thesemoun-
tains, which leads to haze accumulation.

The second case is a hazy day with cloud. Fig. 6A shows cloudy
weather conditions over the North China Plain on 5 July 2014. Haze
Fig. 5. (A) True-color MODIS image taken on 9 October 2014. (B) Result of haze identification
(F) EHARA 1-km AOT.
detection revealed scattered haze pixels that covered a wide, area
including Beijing, Tianjin, Hebei, Shanxi, Henan, and Shandong (Fig.
6B). Fig. 6F shows the high aerosol values (AOT: 4–5.5) over the Beijing,
Liaoning, Hebei, and Shandong regions,where valuesweremuch higher
than in the northwestern areas (AOT: 0.2–0.4).

The third case is under normal weather conditions on 16 October
2014. The true-color satellite image shows a fine and cloud-free day
on the North China Plain (Fig. 7A). No haze pixels were detected,
indicating good weather conditions (Fig. 7B). Fig. 7F shows that high
AOT values were observed in southeastern areas with high population
. (C) MODIS C6 DT 10-km AOT. (D) MODIS C6 3-km AOT. (E) MODIS C6 DB 10-km AOT.



Fig. 6. (A) True-colorMODIS image on 5 July 2014. (B) Result of haze identification. (C)MODIS C6DT 10-kmAOT. (D)MODIS C6 3-kmAOT. (E)MODIS C6DB 10-kmAOT. (F) EHARA 1-km
AOT.
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densities, with low AOT values in the western region with high
elevations and dense vegetation. These AOT spatial characteristics are
consistent with previous research (Guo et al., 2012; Luo et al., 2015).
3.3. Validation

Fig. 8 presents the validation result of EHARAAOT,MODIS C6 DB 10-
km AOT, MODIS C6 DT 10-km AOT, and MODIS C6 DT 3-km AOT with
AERONET AOT. 88 AERONETmeasurements at 550 nmAOT (interpolat-
ed by 675 nm and 440 nm) from 2 AERONET stations Beijing and
Xianghe with Level 2 data were collected over the course of ±2 to
30 min when satellite overpasses. The dotted red line is the estimated
error envelope line ±(0.05+0.15AERONET AOT), and the solid red line is
the 1:1 line. Fig. 8A compares EHARA AOT with AERONET measure-
ments, showing the close correspondence between them. The EHARA
AOT misses 3.4% of data, and the majority of the observations (73%)
are within the error range ±(0.05+0.15AERONET AOT), which indicates
that the retrieved AOT values are of good quality. Good agreement
was also observed for the MODIS C6 DB AOT as most of data points lie
close to the 1:1 line (Fig. 8C). It has 68% data within the error range
and 9% data is missed. However, for the DT AOT products, 43% of
10-km AOT and 38% of 3-km AOT are missed in this study. In the
MODIS DT 3-km AOT, only 53% of the data are within the error range
line, while the 10-km AOT is 66%. Remer et al. (2013) also found that
the 3-km AOT product matches AERONET less well than the 10-km
product. Furthermore, Munchak et al. (2013) indicated that the
performance of the 3-km AOT product is poor especially over urban
surfaces, which clearly suggests a limitation for air quality applications
as well.
4. Comparison and discussion

As shown in Figs. 5 and 6, the EHARA AOT had better spatial
coverage than theMOD04 DT AOT products. Especially under hazy con-
ditions, the MODIS DT aerosol products missed most values. Tao et al.
(2012) found that the MODIS DT AOT could not provide a full retrieval
due to haze clouds over the North China Plain, which led to an underes-
timation of the haze aerosol loading. Because in Section 3.2 the MODIS
DB AOT also shows a good performance, thus we only focus on the
comparison between the EHARA and MODIS DT AOT.

4.1. Surface reflectance assumptions

The C6 updates of the DT algorithm include refinements and code
bug fixes, but they are based on the same principles as the C5 version
(Sayer et al., 2014). The C6 still uses the VISvs2.1 surface reflectance pa-
rameterization with NDVIswir dependence (Levy et al., 2013), which is
described in Levy et al. (2007). However, hazy days with thick aerosols
make the VISvs2.1 surface reflectance relationship inappropriate (Wang
et al., 2010). From Fig. 9, theNDVIswir for hazy days has amean value of
0.381, which is significantly higher than that for non-hazy days (0.325).
As presented in Eq. (8) to (10) in Levy et al. (2007), NDVIswir is the
most important parameter for the calculation of surface reflectance. In
hazyweather, overestimation of NDVIswir can lead to large errors in es-
timates of the surface reflectance of hazy pixels. Kaufman et al. (1997)
indicated that an error of 0.01 in surface reflectance can lead to an
error of 0.1 in retrieved AOT values. Thus, the EHARA uses MCD43
BRDF parameters to calculate surface reflectance. As shown in Fig. 1A,
most elevations in the North China Plain are of less than 50m, resulting
in a low BRDF effect in the majority of urban areas. Li et al. (2013)



Fig. 7. (A) True-colorMODIS image on 16October 2014. (B) Results of haze identification. (C)MODIS C6 10-kmAOT. (D)MODIS C6 3-kmAOT. (E)MODIS C6DB 10-kmAOT. (F) EHARA 1-
km AOT.

Fig. 8.Validation of AOT against AERONET (A: EHARA 1-kmAOT, B: C6DT10-kmAOT, C: C6DB10-kmAOT, D: C6DT3-kmAOT. Two error lines are y=1.15×+0.05 and y=0.85×-0.05,
which correspond to the error Δτ=±(0.05+0.15AERONET AOT).
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Fig. 9. NDVIswir on hazy and non-hazy days.
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showed that between March and September, both mountain and urban
areas have low surface reflectance and show small non-Lambertian be-
havior in the North China Plain; thus, errors in surface reflectance using
MCD43 are likely to be less than 0.03.

4.2. Null data pixels

There are “null data” in almost everyMODIS AOT image, which limit
the inversion of ground-based air data like PM2.5 and PM10 values. Here
some brief reasons are presented for the C6 DT land algorithm to illus-
trate why the significant “Null Data” problem exists. A big reason for
data gaps is cloud and snow cover. Second, in the C6 DT land algorithm,
“dark pixels” are first selected based on 2.13-μm reflectance; fine- and
coarse-mode aerosol-type LUTs are built and corrected for elevation.
The LUT simulations are indexed by seven values at 550 nm AOT,
which are 0.0, 0.25, 0.5, 1.0, 2.0, 3.0, and 5.0 (Levy et al., 2010). Then
the inversion is conducted at 2.12-, 0.66-, and 0.47-μm wavelengths:
the path and surface reflectance are a function of τ(0.55 μm), and this
part of the algorithm attempts to find the surface reflectance at
2.12 μm and the value of τ at 0.55 μm. Although this should match the
0.47-μm band, the 0.66-μm band may have errors. Thus, the solution is
found when the error at 0.66 μm is minimized. The exact procedure is
shown as Eqs. 12–14. The calculated error evaluates the AOT retrieval
result and an indicator (quality assessment, QA) is set from 0 to 3. For
example, if ε is more than 0.25, QA confidence will be set at 0. As for
some pixels in hazy conditions, integrated using Eqs. (12) and (14),
Eq. (19) is solved and an extremely low ρ�

0:66 value is obtained
compared with ρm

0:66, which causes ε to exceed the limitation (0.25),
and MOD04 of Optical_Depth_Land_And_Ocean only presents data of
specific quality (QA confidence flag = 3).

ρm
0:47−ρ�

0:47 ¼ 0 ð12Þ
ρm
0:66−ρ�

0:66 ¼ ε ð13Þ

ρm
2:12−ρ�

2:12 ¼ 0 ð14Þ

where ρ�
0:47,ρ�

0:66,ρ�
2:12 are the calculated spectral total reflectance

values at the top of the atmosphere, which are the weighted sums of
the spectral reflectance from fine- and coarse-dominated models;
ρm

0:47,ρm
0:66,ρm

2:12 are the MODIS measured reflectance values.
Third, the C6 DT algorithm includes a thin-cirrus test to determine

clouds which may lead to aerosol contamination. Pixels with
ρ1.38N0.01are deemed to be “thin cirrus” and the QA confidence of
these pixels is then reduced to zero. The C6 also updates the code
such that AOT values close to a cloudy area are not retrieved. For exam-
ple, as shown in Fig. 6A and B, hazy weather is usually accompanied by
clouds; thus, C6maymiss haze aerosol retrieval in areas of “thin cirrus”
or close to clouds.

Several “null data” AOT pixels may be acquired using the EHARA
method, as shown in Fig. 10B. The reason is that aerosol and Rayleigh
reflectance (ρAer(θ0,θ,ϕ),ρRay(θ0,θ,ϕ)) are obtained by experience
formulas (Eqs. 6 and 8), which may lead to ρTOA(λ)(θ0,θ,ϕ)−
ρAer(θ0,θ,ϕ)−ρRay(θ0,θ,ϕ)b0 in some pixels. This may be related to
the influence of weather and viewing angle. Nevertheless, this phenom-
enon is significantly less evident than in MODIS DT aerosol products, as
shown in Fig. 10B and D.

4.3. Differences in aerosol models

The C6 aerosol products have been updated with new aerosol type
selections; however, their overall spatial distribution remains the
same as defined for the C5 version (Levy et al., 2013). The weakly



Fig. 10. (A) True-color MODIS image on 12 July 2014. (B) EHARA AOT values. (C) Interpolation of EHARA AOT and (D) MODIS C6 DT 10-km AOT values. (E) Interpolation of MODIS C6 DT
10-km AOT values (black dots are Beijing environmental monitoring stations.)

39X. Yan et al. / Atmospheric Research 171 (2016) 31–40
absorbing (SSA = 0.95) and the moderately absorbing (SSA = 0.91)
aerosol models in C6 are generally adopted for the North China Plain
(Levy et al., 2010). However, the EHARA uses intraday AERONET SSA
to retrieve AOT. Another issue for theMODIS DT land retrieval algorithm
is that it often selects the dust aerosol model over land areaswhere dust
is unlikely to be found. This is especially likely when AOT values are
small (Mielonen et al., 2011).
4.4. Application to air quality assessment

To assess air pollution levels at large scales, the relationship between
satellite-based AOT values and ground-based air-pollution data, includ-
ing air quality index (AQI) PM2.5 and PM10 values, is useful. However, as
shown in Fig. 10D, the C6 aerosol products omit a number of the Beijing
environmental monitoring stations, which obstructs the spatial
assessment of air pollution and the mapping of air quality. To solve
this problem, interpolation is conducted, as shown in Fig. 10E.
Nevertheless, it is clear that the resulting AOT spatial distribution differs
from that in Fig. 10C. The inappropriate interpolation is due to the large
number ofmissing values southeast of Beijing. Additionally, the contrast
between Fig. 10B and D indicates that EHARA AOT values are more spa-
tially complete than the C6 AOT values. Fig. 10B and C shows that using
interpolation for the null EHARA AOT data results in almost the same
spatial distribution as the original data. Moreover, most importantly,
the EHARA can provide better performance for AOT values on hazy
days and result in more appropriate air quality assessment. Another
problem for the C6 AOT application is that of output of negative values.
It should be noted that the MODIS retrieval algorithm permits negative
AOT values, and negative retrieval results are especially common on
days with low-AOT values (Hyer et al., 2011).
5. Conclusions

This study developed the EHARA to retrieve AOT values and
compare them with the latest MODIS C6 aerosol products. Based on
12 years of AERONET data, we proposed empirical SSA and AF values
for haze aerosol retrieval: 0.9 (SSA) and 0.71 (AF) for the blue band,
and 0.92 (SSA) and 0.67 (AF) for the red band. Comparison with
ground-based AERONET data showed that EHARA-derived AOT had a
fine spatial resolution of 1-km and a high level of accuracy (73% within
error range and 3.4% missed value), which is higher than MODIS C6 DT
10-km (66% within error range and 43% missed value) and 3-km (53%
within error range and 38% missed value) aerosol products. In this
study, the C6 DB also has a good performance under haze or normal
weather days (68% within error range and 9% missed value). The main
reasons for the high accuracy of the EHARA are thought to be the use
of real time AERONET data to determine the aerosol model (SSA and
AF values) and the differences in assumptions regarding surface reflec-
tance. Additionally, because of its haze detection, the EHARA can assign
an appropriate aerosol model for haze pixels, and successfully retrieve
more AOT values on hazy days. This paper also discussed the differences
between the EHARA and MODIS C6 DT land algorithm in detail. The
main limitations for the MODIS C6 DT aerosol products are related to
“null data” and negative AOTvalues. This study offers a fast and effective
method for investigating aerosol spatial distributions at large scales,
especially for haze aerosol monitoring. Environmental authorities can
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use this method for aerosol distributionmapping and air quality assess-
ment in large areas.
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