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Abstract: The SEMARA approach, an integration of the Simplified and Robust Surface Reflectance
Estimation (SREM) and Simplified Aerosol Retrieval Algorithm (SARA) methods, was used to
retrieve aerosol optical depth (AOD) at 550 nm from a Landsat 8 Operational Land Imager (OLI)
at 30 m spatial resolution, a Terra-Moderate Resolution Imaging Spectroradiometer (MODIS) at
500 m resolution, and a Visible Infrared Imaging Radiometer Suite (VIIRS) at 750 m resolution over
bright urban surfaces in Beijing. The SEMARA approach coupled (1) the SREM method that is used
to estimate the surface reflectance, which does not require information about water vapor, ozone,
and aerosol, and (2) the SARA algorithm, which uses the surface reflectance estimated by SREM
and AOD measurements obtained from the Aerosol Robotic NETwork (AERONET) site (or other
high-quality AOD) as the input to estimate AOD without prior information on the aerosol optical
and microphysical properties usually obtained from a look-up table constructed from long-term
AERONET data. In the present study, AOD measurements were obtained from the Beijing AERONET
site. The SEMARA AOD retrievals were validated against AOD measurements obtained from two
other AERONET sites located at urban locations in Beijing, i.e., Beijing_RADI and Beijing_CAMS,
over bright surfaces. The accuracy and uncertainties/errors in the AOD retrievals were assessed
using Pearson’s correlation coefficient (r), root mean squared error (RMSE), relative mean bias (RMB),
and expected error (EE = ± 0.05 ± 20%). EE is the envelope encompassing both absolute and relative
errors and contains 68% (±1σ) of the good quality retrievals based on global validation. Here, the EE
of the MODIS Dark Target algorithm at 3 km resolution is used to report the good quality SEMARA
AOD retrievals. The validation results show that AOD from SEMARA correlates well with AERONET
AOD measurements with high correlation coefficients (r) of 0.988, 0.980, and 0.981; small RMSE of
0.08, 0.09, and 0.08; and small RMB of 4.33%, 1.28%, and −0.54%. High percentages of retrievals, i.e.,
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85.71%, 91.53%, and 90.16%, were within the EE for Landsat 8 OLI, MODIS, and VIIRS, respectively.
The results suggest that the SEMARA approach is capable of retrieving AOD over urban areas with
high accuracy and small errors using high to medium spatial resolution satellite remote sensing
data. This approach can be used for aerosol monitoring over bright urban surfaces such as in Beijing,
which is frequently affected by severe dust storms and haze pollution, to evaluate their effects on
public health.

Keywords: AOD; SARA; SREM; AERONET; MODIS; VIIRS; Landsat 8; Beijing

1. Introduction

Aerosol optical depth (AOD) is retrieved from satellite observations using a variety of
methods depending, among others, on the sensor characteristics and the retrieval approach
chosen [1,2]. Satellite-retrieved AOD is used by a wide scientific community to monitor and
investigate atmospheric aerosol properties at regional to global scales. AOD enables under-
standing of how aerosols affect the Earth’s climate system [3], atmospheric visibility [4], and
public health [5]. Ground-based Sunphotometer networks, such as the AErosol RObotic
NETwork (AERONET) [6], have been established worldwide for continuous measurements
of aerosol optical properties, including AOD, with high temporal resolution. However,
these point measurements have sparse coverage. This spatial limitation is overcome by
satellite remote sensing, which provides near-real-time AOD information at a global scale.
Satellite remote sensing provides operational AOD products at spatial resolutions of 1 km,
3 km, 4.4 km, 6 km, and 10 km from several sensors including Moderate Resolution Imag-
ing Spectroradiometer (MODIS), Multi-angle Imaging Spectroradiometer (MISR), Visible
Infrared Imaging Radiometer Suite (VIIRS), etc., [7–16]. AOD inversion is mainly sensitive
to an accurate cloud mask, an appropriate selection of the aerosol model, an accurate esti-
mation of the surface reflectance, or an effective decoupling of the surface and atmospheric
contributions to the reflectance at the top-of-atmosphere (TOA) [1,17,18]. Similarly, an
accurate surface reflectance estimation based on a Radiative Transfer Model (RTM) depends
on precise and accurate AOD retrievals. In other words, the retrieval of either AOD or
surface reflectance requires accurate knowledge of the effects of the other parameters on
the measured TOA reflectance, and thus, retrieval algorithms for these variables depend on
each other.

In the present study, surface reflectance was estimated using the SREM (Simplified
and Robust Surface Reflectance Estimation Method) atmospheric correction method [19,20].
SREM is the simplest atmospheric correction method compared to other existing image-
based and physical atmospheric correction methods. It performs surface reflectance in-
version for VIS-SWIR bands based on the Satellite Signal in the Solar Spectrum-Vector
(6SV) [21–23] RTM equations ‘without’ incorporating information on AOD, aerosol model,
water vapor concentrations, ozone concentrations, and atmospheric gases. It only requires
TOA reflectance/radiance and solar-sensor geometries to estimate surface reflectance. Pre-
vious studies [19,20] showed that the SREM estimated surface reflectance is similar to the
surface reflectance obtained from operational surface reflectance products of Landsat 8 OLI
(Operational Land Imager), MODIS (Moderate Resolution Imaging Spectroradiometer),
and VIIRS (Visible Infrared Imaging Radiometer Suite). It should be noted that the SREM
estimated surface reflectance is different from the Rayleigh-corrected TOA reflectance,
which is only a subtraction of the Rayleigh reflectance from the TOA reflectance and does
not incorporate total transmission and the atmospheric backscattering ratio. Details of the
SREM atmospheric correction method can be found in Bilal et al. [19].

Monitoring of atmospheric aerosol properties over complex and mixed bright urban
surfaces, such as in Beijing, is challenging, especially during high aerosol loading. The
Simplified high-resolution Aerosol Retrieval Algorithm (SARA) has been developed using
MODIS data with a spatial resolution of 500 m to retrieve AOD at a regional scale. SARA
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does not create a comprehensive look-up table (LUT) for AOD inversion and can retrieve
AOD directly for the green channel. SARA requires TOA reflectance/radiance, solar-
sensor zenith and azimuth angles, and aerosol information to perform aerosol inversion
by iterating a wide range of aerosol types (ωo = 0.30–1.0 and g = 0.0–1.0), as SARA does
not have prior information of aerosol types over the region. Aerosol information can be
obtained from the local AERONET site or any reliable remote sensing aerosol product.
SARA results have been validated over the complex and bright urban surfaces in Hong
Kong [24], over the mixed urban surfaces in Beijing during dust storms [25] and haze
episodes [26], and over water surfaces [11]. The SARA retrieved AOD has also been used
for the estimation of concentrations of fine particulate matter (PM2.5) at 500 m resolution
over Hong Kong and the Pearl River Delta (PRD) [27]. The SARA results are very promising
compared to the previously published high-resolution aerosol retrieval algorithms [28–30].

The objective of this study is to introduce a new regional approach ‘SEMARA’, i.e., an
integration of the SREM and SARA methods, which can accurately retrieve regional AOD
over bright urban surfaces, such as Beijing, from multi-resolution remote sensing data. In
previous studies of SARA AOD, surface reflectance was obtained from the operational
surface reflectance products. For example, in the case of MODIS and Landsat 8 OLI, surface
reflectance was obtained from MOD09 [24,25] and LaSRC [31] surface reflectance products,
respectively. These operational products show positive and negative biases in surface
reflectance over bright urban and hilly terrain surfaces, respectively, compared to the
surface reflectance estimated by [19,20]. Therefore, the SEMARA integrated approach is
expected to be an improvement as it obtains corrected surface reflectance from the SREM
compared to MOD09 and LaSRC.

2. Dataset
2.1. Satellite Data

Remote sensing images from three satellite sensors, including Landsat 8 OLI, MODIS,
and VIIRS, were obtained to retrieve AOD using the SEMARA approach described in
Section 3. The Landsat 8 OLI Level-1 cloud-free TOA reflectance images and solar-sensor
images at 30 m resolution were obtained on demand from the EROS Science Processing
Architecture on Demand Interface (https://espa.cr.usgs.gov/; accessed on 14 August 2021)
from 2013 to 2021. The MODIS Level-1b calibrated radiance product (MOD02HKM) at
500 m and geolocation product (MOD03) at 1000 m resolution for the year 2017 were
downloaded from the Level-1 and Atmosphere Archive & Distribution System Distributed
Active Archive Center (LAADS DAAC: https://ladsweb.modaps.eosdis.nasa.gov/; ac-
cessed on 14 August 2021). VIIRS Sensor Data Record (VIIRS_SDR) and SDR terrain
corrected geolocation (GMTCO) products at 750 m resolution for the year 2017 were ob-
tained from the NOAA Comprehensive Large Array-data Stewardship System (CLASS:
https://www.avl.class.noaa.gov/; accessed on 14 August 2021). Terra and Aqua MODIS
NDVI (Normalized Difference Vegetation Index) products from 2013 to 2021 were also
obtained to evaluate the performance of the SEMARA approach for different land surfaces.

2.2. AERONET Data

AERONET Version 3 (V3) Level 1.5 (L1.5) AOD measurements [32] were obtained for
the Beijing_RADI site from 2013 to 2021. V3 L2.0 AOD data at the Beijing site from 2013
to 2017 and V3 L1.5 AOD data at the Beijing_CAMS site from 2017 to 2021 were obtained
from the AERONET website (https://aeronet.gsfc.nasa.gov/; accessed on 14 August 2021)
(Table 1). In our previous study [26], we found a Pearson’s correlation coefficient (r) = 1,
slope = 1, and intercept = 0 between L1.5 and L2.0 AOD measurements. Therefore, L1.5
AOD was used when L2.0 AOD data were not available. AOD measurements from the
Beijing site were used as an input in the SEMARA approach as explained in the research
methodology section (Section 3). AOD data from the Beijing_RADI and Beijing_CAMS
sites were used to validate the SEMARA retrieved AOD.

https://espa.cr.usgs.gov/
https://ladsweb.modaps.eosdis.nasa.gov/
https://www.avl.class.noaa.gov/
https://aeronet.gsfc.nasa.gov/
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Table 1. AERONET AOD measurements were used in the present study.

AERONET Site Longitude Latitude Altitude (m)
Time Period

Level 2.0 Level 1.5

Beijing 116.381◦ 39.977◦ 92 2013–2017 2018–2021
Beijing_CAMS 116.317◦ 39.933◦ 106 2013–2017 2018–2021
Beijing_RADI 116.379◦ 40.005◦ 59 - 2013–2021

3. Research Methods
3.1. Description of the SEMARA Approach

In the present study, AOD was retrieved with spatial resolutions of 30 m, 500 m, and
750 m using data in the green channels of Landsat 8 OLI, Terra-MODIS, and SNPP-VIIRS
by application of the SEMARA approach (Equation (1a,b)), an integration of the SREM
(Equation (1a)) [19] and the SARA (Equation (1b)) [24] algorithms.

ρs =
ρTOA − ρR

(ρTOA − ρR)Satm0 + Ts0Tv0
(1a)

τa =
4µsµv

ωoPa

[
ρTOA − ρR −

TsTvρs

1− ρsSatm

]
(1b)

where

ρTOA = the top-of-atmosphere (TOA) reflectance, which is a function of measured spectral
radiance (LTOA), solar zenith angle, earth-sun distance (d) in the astronomical unit, and
mean solar exoatmospheric radiation (ESUN).
ρR = Rayleigh reflectance in the absence of aerosols.
λ = wavelength.
Ts = atmospheric transmittance on the sun-surface path (downward).
Ts0 = same as Ts but in an aerosol-free atmosphere.
Tv = atmospheric transmittance on the surface-sensor path (upward).
Tv0 = same as Tv but in an aerosol-free atmosphere.
ρs = SREM estimated surface reflectance.
Satm = atmospheric backscattering ratio to account for multiple reflections between the
surface and atmosphere.
Satm = same as Satm but in an aerosol-free atmosphere.
µs = cosine of the solar zenith angle.
µv = cosine of the sensor zenith angle.
Pa = aerosol phase function.
ωo = single scattering albedo.
τa = SARA AOD.

To solve Equation (1a) for SREM estimated surface reflectance (ρs), the atmospheric
transmissions Tso Equation (2a) and Tvo (Equation (2b) [33,34], Rayleigh reflectance (ρR,
Equation (3)) based on air mass (M, Equation (3a)) [35], Rayleigh optical depth (τR,
Equation (3b)) [36], Rayleigh phase function (PR, Equation (3c)) [35], scattering angle
(Θ, Equation (3d)), and atmospheric backscattering ratio (Satm, Equation (4)) [19] were
calculated for an aerosol-free atmosphere.

Ts0(λ) = e(−τR/µs) + e(−τR/µs)
{

e(0.52τR/µs) − 1
}

(2a)

Tv0(λ) = e(−τR/µv) + e(−τR/µv)
{

e(0.52τR/µv) − 1
}

(2b)

ρR(λ, θs, θv, ϕ) = PR(θs, θv, ϕ)

(
1− e−MτR

)
4 (µs + µv)

(3)

τR(λ) = 0.008569(λ)−4
(

1 + 0.0113 (λ)−2 + 0.00013 (λ)−4
)

(3a)
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M(θs, θv) =
1
µs

+
1
µv

(3b)

PR(Θ) =
3A
4

(
1 + cos2Θ

)
+ B ; A = 0.9587256, B = 1− A (3c)

Θ = cos−1(cosθscosθv + sinθssinθvcosφ) (3d)

where

λ = wavelength in µm
τR = Rayleigh optical depth
θs = solar zenith angle
θv = sensor zenith angle
ϕ = relative azimuth angle

A and B are coefficients that account for the molecular asymmetry.

Satm0(λ) = (0.92τR)e−τR (4)

Using Equations (2a,b)–(4) in Equation (1a,b), the SREM surface reflectance (ρs) can be
estimated. The SREM method is described in detail in Bilal et al. [19].

To solve Equation (1b) for SARA AOD (τa), the atmospheric transmission (Equations
(5a–c)) [33,34], the aerosol scattering phase function (Pa , Equation (6)), and the atmospheric
backscattering ratio (Satm, Equation (7)) [24,25] were calculated but ‘with’ incorporating
information on aerosol particles.

Ts(λ) = e(−(τR+τA)/µs) + e(−(τR+τA)/µs)
{

e(0.52τR+βτA/µs) − 1
}

(5a)

Tv(λ) = e(−(τR+τA)/µv) + e(−(τR+τA)/µv)
{

e(0.52τR+βτA/µv) − 1
}

(5b)

β = (1 + g)/2 (5c)

where g is the asymmetry factor.

Pa =
1− g2

[1 + g2 + 2gcos(π −Θ)]
3/2 (6)

Satm(λ) = {0.92τR + (1− g)τA} e−(τR+τA) (7)

In Equations (5a–c) and (7), τA (AOD, where A represents AERONET) is an unknown
parameter that can be obtained from the AERONET Sunphotometer or other remote sensing
aerosol products. In the present study, τA is obtained from the Beijing AERONET site,
another urban site besides Beijing_RADI and Beijing_CAMS, to solve Equations (5a–c) and
(7). In Equations (1a,b), (5a–c)–(7), ωo and g are unknown. The ωo and g are derived using
AERONET AOD (τA), which is required on the right-hand side of Equation (1b) for the
calculation of the total atmospheric transmittances (TsTv) and atmospheric backscattering
ratio (Satm). This is achieved by varying ωo and g within the ranges of 0.30–1.0 and 0.0–1.0,
respectively, until AOD (τa) on the left-hand side (τa) of Equation (1b) becomes equal to
the input AERONET AOD (τA) on the right-hand side of Equation (1b). In this way, the
values of ωo and g are selected such that τa equals τA in Equation (1b) when the TOA
reflectance (ρTOA) is measured over the Beijing AERONET site. The selected values of ωo
and g are used to retrieve the AOD over regions away from the AERONET site and these
values are kept spatially constant for a particular image scene. The values ωo and g do not
necessarily accurately represent the actual optical properties of the aerosol, since they are
influenced by the simplifications involved in the SARA approach. The SARA algorithm is
described in detail in [24,26].

In summary, the SEMARA AOD (Equation (1a,b)) at 550 nm was retrieved for Landsat
8 OLI at 30 m resolution (SEMARALandsat), MODIS at 500 m resolution (SEMARAMODIS),
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and VIIRS at 750 m resolution (SEMARAVIIRS) by integrating the SREM surface reflectance
method (ρs, Equation (1a) based on the set of Equations (2a,b)–(4), and the SARA method
(τa, Equation (1b)) based on the set of Equations (1a), (3), and (5a–c)–(7).

3.2. Methods Used for Statistical Analysis

AERONET Sunphotometers do not provide AOD data at 550 nm; therefore, AOD data
were interpolated to 550 nm using the Ångström exponent determined from the AOD at
440 and 675 nm (α440–675) and the AOD at 500 nm. To increase the number of statistical
samples and to consider the spatial variability imposed by atmospheric motion, AERONET
AOD (at least two measurements must be available) was averaged within ± 60 min of
the Landsat 8, MODIS, and VIIRS overpass times over Beijing. The SEMARALandsat,
SEMARAMODIS, and SEMARAVIIRS retrieved AOD were averaged over 3 × 3 pixels (at
least 2 out of 9 pixels must be available) centered on the AERONET site. It should be noted
that different spatial coverage is used with respect to the spatial resolution of the satellite
data to investigate the effect of spatial coverage during data sampling on the aerosol
retrieval algorithm. For example, spatial coverages used in data sampling for Landsat 8,
MODIS, and VIIRS are 0.0081 km2, 2.25 km2, and 5.06 km2, respectively. SEMARA AOD
retrievals were validated against AERONET AOD measurements obtained at two sites
(Beijing_RADI and Beijing_CAMS) located in Beijing, a city with mixed bright urban land
surfaces where the AOD is greatly influenced by severe dust storms and haze episodes.
The slope (Equation (8)) and intercept (Equation (9)) between the SEMARA AOD and
AERONET AOD were calculated using the reduced major axis (RMA) method, which can
simultaneously account for errors in both x and y variables [10,19,37]:

slope =
(

SXY
SXX

)
/|r| (8)

where |r| is the absolute value of the Pearson correlation coefficient (r), and SXY and SXX
can be calculated using Equations (8a) and (8b), respectively.

SXY =
n

∑
i=1

(
Xi − X

)(
Yi −Y

)
(8a)

SXX =
n

∑
i=1

(
Xi − X

)2 (8b)

intercept = Y− (slope)X (9)

where

X = mean of X (AERONET) variable, and
Y = mean of Y (SEMARA) variable.

The quality and errors of the SEMARA AOD retrievals are reported using the Ex-
pected Error (EE, Equation (10)), the root mean squared error (RMSE, Equation (11)), and
the relative mean bias (RMB, Equation (12)). EE is the envelope encompassing both ab-
solute and relative error and contains 68% (±1 σ) of the good quality retrievals based on
global validation [9,38,39]. Here, the EE for the MODIS Dark Target algorithm at 3 km
resolution [8,9,12,40–42] is used to report the good quality SEMARA AOD retrievals.

EE = ±(0.05 + 0.20× AERONETAOD) (10)

The upper and lower EE boundaries are calculated using Equations (10a) and (10b),
respectively.

Upper EE boundary = AERONETAOD + |EE| (10a)

Lower EE boundary = AERONETAOD − |EE| (10b)
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The percentage of SEMARA AOD retrievals within (wEE%), above (aEE%), and below
(bEE%) the EE boundaries are reported using Equations (10c), (10d), and (10e), respectively:

wEE% = (AERONETAOD − |EE| ≤ SEMARAAOD ≤ AERONETAOD + |EE|)× 100 (10c)

aEE% = (SEMARAAOD ≥ AERONETAOD + |EE|)× 100 (10d)

bEE% = (SEMARAAOD ≤ AERONETAOD − |EE|)× 100 (10e)

where |EE| is the absolute value of EE (Equation (10)).

RMSE =

√
1
n

n

∑
i=1

(
SEMARA(AOD)i − AERONET(AOD)i

)2
(11)

RMSE = 0 represents the collocated points on the 1:1 (x = y) line, and RMSE > 0
represents the collocated points scattered away from the 1:1 line.

RMB =

(
SEMARAAOD − AERONETAOD

SEMARAAOD

)
× 100 (12)

where RMB > 0.0 and RMB < 0.0 represent over-and under-estimation of AOD retrievals,
respectively.

The performance of the SEMARA AOD retrievals was also evaluated for different
aerosol loadings (low: AOD < 0.2; moderate: 0.2 < AOD < 0.4; high: AOD > 0.4) as
well as for different land cover types. Land surface types are classified into three classes
using NDVI, i.e., bright surfaces (NDVI ≤ 0.2), sparse vegetation (0.2 < NDVI ≤ 0.4), and
moderate vegetation (0.4 < NDVI ≤ 0.6).

4. Results and Discussion
4.1. Validation of SEMARA AOD Retrievals

Figure 1 shows scatterplots of the SEMARA-retrieved AOD at 30 m resolution from
Landsat 8 OLI (SEMARALandsat AOD, Figure 1a), at 500 m resolution from Terra-MODIS
(SEMARAMODIS AOD, Figure 1b), and 750 m resolution from VIIRS (SEMARAVIIRS AOD,
Figure 1c) against AERONET AOD measurements at two AERONET sites (Beijing_CAMS
and Beijing_RADI) located in Beijing, in an area with mixed and bright urban surfaces.
In Figure 1, the solid and dotted black lines represent the 1:1 (y = x) and EE lines, re-
spectively, and the solid red line represents the regression line calculated using the RMA
regression (Equations (9) and (10)). In total, 126, 248, and 244 collocated AOD data pairs
were available for Landsat-AERONET, MODIS-AERONET, and VIIRS-AERONET, respec-
tively. The results show that SEMARALandsat, SEMARAMODIS, and SEMARAVIIRS AOD
retrievals are well-correlated with AERONET AOD measurements over the urban surfaces
of Beijing as indicated by the high values of the Pearson’s correlation coefficients, i.e.,
r = 0.988, 0.980, 0.981, and the slopes of 0.99, 1.01, and 1.0, respectively. For all satellite
data, with different spatial resolutions, the collocated points were scattered around the
1:1 line as also indicated by the small values of RMSE = 0.08 for SEMARALandsat, 0.09 for
SEMARAMODIS, and 0.08 for SEMARAVIIRS. A direct relationship was observed between
the spatial resolution/coverage of the AOD retrieval and the RMB, i.e., the finer the spatial
resolution, the higher the RMB value. For example, a higher RMB of 4.33% was observed
for SEMARALandsat AOD (spatial sampling window: 3 × 3 = 0.0081 km2) and a lower
RMB value (−0.54%) was observed for SEMARAVIIRS AOD (spatial sampling window:
3 × 3 = 5.06 km2). This suggests that the resolution of the satellite sensor plays an important
role in aerosol inversion. The overestimation of 4.33% in the SEMARALandsat AOD retrievals
may be attributable to a slight underestimation in the SREM estimated surface reflectance
during moderate to low aerosol loadings (AOD < 0.25), compared to very high aerosol
loading (AOD > 0.50). This overestimation also resulted in a somewhat higher percentage
of SEMARALandsat-retrieved AOD above the EE, i.e., aEE% = 14.29, than for the AOD
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retrieved using SEMARAMODIS (aEE% = 6.86), and SEMARAVIIRS (aEE% = 6.97). Overall,
the SEMARA approach performance over the urban surfaces of Beijing was robust as
indicated by the large percentage of good quality AOD retrievals within the EE, i.e., wEE%
= 85.71, 91.53, and 90.16 for SEMARALandsat, SEMARAMODIS, and SEMARAVIIRS, respec-
tively. Figure 1d shows the combined validation of the SEMARALandsat, SEMARAMODIS,
and SEMARAVIIRS AOD retrievals. Overall, the retrieved AOD, with different spatial reso-
lution, was well-correlated with AERONET AOD with r = 0.982, slope = 1.01, intercept =
0.003, RMSE = 0.086, RMB = 1.31%, and 89.81% of the retrievals were within the EE (wEE%).
SEMARA was tuned to the AERONET AOD at the Beijing site and the results showed
the performance of SEMARA in an urban area with heavy traffic (the ring road and other
major roads) and, thus, captured well the variety of aerosol concentrations. These results
suggest that high-resolution AOD for multi-resolution satellite remote sensing data can
be obtained by application of SEMARA over an urban surface with varying and relatively
bright surfaces.
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Figure 1. Validation of the SEMARA-retrieved AOD at (a) 30 m resolution from Landsat 8 OLI,
(b) 500 m resolution from Terra-MODIS, (c) 750 m resolution from VIIRS, and (d) combined AOD
retrievals from all three sensors, using AOD measured at two AERONET sites (Beijing_CAMS and
Beijing_RADI) located in Beijing as independent references. The solid and dotted black lines represent
the 1:1 (y = x) and EE lines, respectively, and the solid red line represents the regression line calculated
using the RMA regression. Statistics metrics are provided in the legend in the top left corner of each
figure.

4.2. SEMARA Performance for Different Aerosol Loadings

Several studies have shown that the accuracy of the retrieved AOD is affected by the
aerosol loading in the atmospheric column [10,13,17,18,26,43]. In this section, we examine
the performance of SEMARA retrievals for different aerosol loading (low: AOD ≤ 0.2;
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moderate: 0.2 < AOD ≤ 0.4; high: AOD > 0.4). At low aerosol loading, uncertainties related
to the surface reflectance estimation have a large influence on the AOD retrieval due to the
relatively large contribution of the surface reflectance to the TOA reflectance. However,
at high aerosol loading, aerosol contributes relatively more to the TOA reflectance, and
the estimation of the microphysical properties of the aerosol particles greatly affects the
AOD retrieval [18,44]. Table 2 shows that, for low aerosol loading, 88% of the combined
SEMARA AOD retrievals for all sensors (Landsat 8, MODIS, and VIIRS) were within the EE
with small RMSE (~0.05) and RMB (~2.50%). This indicates that in the SEMARA approach,
the sensitivity of the AOD retrieval to the accurate estimation of the surface reflectance was
effectively reduced by using an accurate AOD observation to estimate the aerosol parame-
ters (ωo and g Equation (1a,b)) used for AOD retrieval at other locations than the reference
site. With increased aerosol loading and, thus, a relatively larger contribution of aerosol
particles to the TOA reflectance, the performance of SEMARA was also good, with a large
fraction of the AOD retrievals within the EE (wEE% = 88–94) and low RMSE (0.07–0.13).
These results suggest that the SEMARA retrieval approach is capable of retrieving high
AOD values without prior information about the aerosol microphysical properties.

Table 2. Performance of the SEMARA AOD retrievals during low, moderate, and high aerosol loading
conditions. N represents the total number of collocations; aEE%, bEE%, and wEE% represent the
percentage of retrievals above, below, and within the expected error; RMSE represents the root mean
squared error and RMB represents relative mean bias.

AOD Level N aEE% bEE% wEE% RMSE RMB%

AOD ≤ 0.2 325 9.85 2.15 88.00 0.05 2.50
0.2 < AOD ≤ 0.4 110 10.91 0.91 88.18 0.07 4.96

AOD > 0.4 183 4.37 1.64 93.99 0.13 0.32

4.3. SEMARA Performance over Different Land Cover Types

The brightness of the land surface has a large influence on the AOD retrieval accu-
racy. The aerosol signal at the TOA over dark surfaces is relatively stronger than over
bright surfaces [9,13,14,45–47]. Therefore, in this section, we examine the sensitivity of
the SEMARA-retrieved AOD to the surface brightness, using the NDVI as a proxy, i.e.,
bright surfaces (NDVI < 0.2), sparse vegetation (0.2 < NDVI < 0.4), and moderate vegeta-
tion (0.4 < NDVI < 0.6). The greenness of the surface (NDVI) is larger over Beijing_RADI
than over Beijing_CAMS, and the NDVI of Beijing_RADI varies seasonally with higher
greenness during the spring and early summer. Figure 2 and Table 3 show that, for all
three sensors, a larger number of collocated AOD retrievals was obtained for NDVI ≤ 0.2
than for 0.2 < NDVI ≤ 0.4 and for 0.4 < NDVI ≤ 0.6. The SEMARA approach for Landsat 8
performed better over bright surfaces and sparse vegetation than over moderate vegetation
(Table 3). The relatively large error over moderate vegetation might be due to underesti-
mation in SREM estimated surface reflectance, leading to overestimation in the SEMARA
AOD retrievals, as indicated by aEE% ~ 25 and RMB ~ 13.35%. However, only 20 collocated
Landsat-AERONET observations are available over these moderately vegetated surfaces.
The SEMARA approach performed well for both MODIS and VIIRS for all three surface
types with wEE% ~ 88.50–96.0 and 89.26–92.59, RMSE ~ 0.059–0.116 and 0.067–0.097, and
RMB ~ −1.40–4.99% and −2.63–6.24, respectively.
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Figure 2. Box plots for bias (SEMARA AOD—AERONET AOD) over different land surfaces stratified
based on NDVI values, i.e., (a–c) NDVI ≤ 0.2 (bright surfaces), (d–f) 0.2 < NDVI ≤ 0.4, and (g–i) 0.4 <
NDVI ≤ 0.6.
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Table 3. Performance of the SEMARALandsat, SEMARAMODIS, and SEMARAVIIRS retrieved AOD
over different land surface types, stratified according to NDVI values.

Land Cover Type NDVI Sensor N aEE% bEE% wEE% RMSE RMB%

Bright Surfaces NDVI ≤ 0.2

Landsat 8 55 16.36 - 83.64 0.087 0.16
MODIS 113 10.62 0.88 88.50 0.116 3.09
VIIRS 121 8.26 2.48 89.26 0.097 −0.04

All 289 10.73 1.38 87.89 0.100 1.27

Sparse Vegetation 0.2 < NDVI ≤
0.4

Landsat 8 51 7.84 - 92.16 0.058 5.20
MODIS 110 3.64 2.72 93.64 0.059 −1.40
VIIRS 96 5.20 4.17 90.63 0.067 −2.63

All 257 5.06 2.72 92.22 0.060 −0.54

Moderate
Vegetation

0.4 < NDVI ≤
0.6

Landsat 8 20 25.00 - 75.00 0.106 13.35
MODIS 25 4.00 - 96.00 0.070 4.99
VIIRS 27 7.41 - 92.59 0.067 6.24

All 72 11.11 - 88.89 0.08 7.44

The overall performance of the combined SEMARA-retrieved AOD for all three sensors
(Landsat 8, MODIS, and VIIRS) was good over all land surfaces, with 88–92% of the
retrievals within the EE, small RMSE (~0.06–0.10), and RMB (−0.54–7.44%) (Table 3). These
results suggest that the SEMARA approach is capable of retrieving AOD over different
types of land surfaces. This study shows the robust performance of the SEMARA AOD
retrieval approach over a highly polluted city (Beijing, China), which suggests that it can
also be implemented in other geographical areas where a reference AOD value is available.

5. Conclusions

The SEMARA approach, based on the SREM and SARA methods, is introduced for the
retrieval of AOD at 30 m resolution from Landsat 8 OLI, 500 m resolution from MODIS, and
750 m resolution from VIIRS. The SEMARA AOD retrievals were validated against the AOD
measured at two AERONET sites with mixed and bright urban surfaces located in Beijing.
The results show that the SEMARA-retrieved AOD is well-correlated with the AERONET
AOD with high values of Pearson’s correlation coefficient (r), low values of the RMSE and
RMB, and a large percentage of retrievals within the EE (wEE%). A relatively large RMB
value was observed for the SEMARALandsat AOD when the surface was relatively dark
(moderate vegetation), as compared to bright surfaces and sparse vegetation. This might
be due to underestimation of the SREM estimated surface reflectance and this needs to be
thoroughly investigated in future studies. Overall, the SEMARA approach performed well
during different aerosol loading as well as over different land surfaces as characterized by
the NDVI values. Therefore, the SEMARA approach is highly recommended for aerosol
retrieval over mixed surfaces with low to high aerosol loading, using multi-resolution
remote sensing data. SEMARA requires an accurate reference AOD value, which could
be obtained from ground-based observations or satellite retrievals. The added value to
satellite retrieved AOD values is the temporal extension both before and after the satellite
overpass.
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