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Abstract MODerate resolution Imaging Spectroradiometer (MODIS) data can play an important role in
aerosol retrieval at the global scale due to their short revisit period and long-term observations. The
operational MODIS aerosol optical depth (AOD) products are severely limited in air quality studies at the city
or local scales due to their coarse spatial resolutions. Therefore, an improved aerosol retrieval algorithm for
MODIS images at 1-km spatial resolution is proposed in this paper. This algorithm is based on the
high-resolution aerosol retrieval algorithm with a priori land surface reflectance database support (HARLS),
which was developed over bright urban areas and was subsequently modified and validated over land. For
this study, an eight-day surface reflectance database and a seasonal aerosol-type database over land are
constructed using the MODIS surface reflectance and aerosol products. Four typical regions (in Europe, North
America, Beijing-Tianjin-Hebei, and the Sahara) with different underlying surfaces and aerosol types are
selected to perform the aerosol retrieval experiments. The AOD retrievals are validated against the AERosol
RObotic NETwork (AERONET) version 2 level 2.0 AOD measurements and compared with the operational
MODIS AOD product at 3-km resolution (MOD04_3K). The results show that AOD retrievals adequately match
with AERONET AODmeasurements, with 79.56%, 72.69%, 74.71%, and 61.01% of the collections falling within
the MOD04_3K expected error over land [±(0.05 + 20%)] for each of the above-listed regions, respectively.
The Improved HARLS (I-HARLS) algorithm performs well overall under different surface conditions, but the
data quality gradually decreases with the increase in surface reflectance. Moreover, the I-HARLS algorithm is
robust with less bias and can provide more detailed aerosol spatial distributions than those provided by
the MOD04_3K AOD product. These results suggest that the I-HARLS algorithm can be used for
air-pollution- and climate-related studies at medium or small scales.

1. Introduction

Atmospheric aerosols play an important role in the Earth’s environment and climate change from local to glo-
bal scales; in particular, fine particles have a great influence on human health (Li et al., 2011; Solomon et al.,
2007; Sun, Wei, Duan, et al., 2016). Therefore, a comprehensive understanding and discussion of the effects of
aerosols on the environment and climate are important. Satellite remote sensing has provided an effective
way to analyze the spatial distributions and variations of aerosols on long-term and large scales by detecting
their main optical properties, such as aerosol optical depth (AOD) and Ångström exponent (α).

AOD is a measure of scattering or extinction of electromagnetic radiation at a given wavelength due to the
presence of aerosols in the atmospheric column. For aerosol retrieval in passive remote sensing, the basic
principle is to separate the contributions of the atmosphere and the Earth’s surface from satellite-received
signals. The most critical step is to accurately determine the surface reflectance. Previous studies showed that
1% estimation errors in surface reflectance could lead to approximately 10% errors in aerosol retrieval when
the land surface reflectance (LSR) is less than 0.04; when the LSR increases, estimation errors increase bymore
than 15% with the same 1% inaccurate estimations for surface reflectance (Kaufman, Tanré, et al., 1997; Wei
et al., 2017). For dark-target areas (e.g., vegetation and ocean), surface reflectance can be more accurately
estimated due to their homogeneous surfaces and low surface-reflectance characteristics. However, for

WEI ET AL. 12,291

Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE
10.1029/2017JD027795

Key Points:
• An I-HARLS AOD retrieval algorithm

(1 km) for MODIS images is proposed
over land

• I-HARLS AOD retrievals agree well
with AERONET AOD measurements
over land

• I-HARLS AOD retrievals are overall
better and less biased than
MOD04_3K AOD products

Supporting Information:
• Supporting Information S1

Correspondence to:
L. Sun and Y. Peng,
sunlin6@126.com;
pyiran@mail.tsinghua.edu.cn

Citation:
Wei, J., Sun, L., Peng, Y., Wang, L., Zhang, Z.,
Bilal, M., & Ma, Y. (2018). An improved
high-spatial-resolution aerosol retrieval
algorithm for MODIS images over land.
Journal of Geophysical Research:
Atmospheres, 123, 12,291–12,307. https://
doi.org/10.1029/2017JD027795

Received 26 SEP 2017
Accepted 16 OCT 2018
Accepted article online 22 OCT 2018
Published online 10 NOV 2018

Author Contributions:

Data curation: Yanci Ma
Validation: Jing Wei
Writing - original draft: Jing Wei
Writing – review & editing: Jing Wei,
Lin Sun, Yiran Peng, Lunche Wang,
Zhaoyang Zhang, Muhammad Bilal

©2018. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0002-8803-7056
http://orcid.org/0000-0001-7783-5725
http://orcid.org/0000-0002-5044-7797
http://orcid.org/0000-0003-1022-3999
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1029/2017JD027795
http://dx.doi.org/10.1029/2017JD027795
http://dx.doi.org/10.1029/2017JD027795
http://dx.doi.org/10.1029/2017JD027795
http://dx.doi.org/10.1029/2017JD027795
mailto:sunlin6@126.com
mailto:pyiran@mail.tsinghua.edu.cn
https://doi.org/10.1029/2017JD027795
https://doi.org/10.1029/2017JD027795


bright surfaces (e.g., urban areas, arid/semiarid areas, and deserts) other than snow/ice, the sensitivity of aero-
sol change to top-of-atmosphere (TOA) reflectance decreases with an increase in the LSR. Additionally,
diverse underlying surfaces complicate the accurate estimation of LSR and increase the uncertainty of aerosol
retrievals (Hsu et al., 2004; Li et al., 2009; Sun et al., 2015; Wei et al., 2017).

Kaufman, Tanré, et al. (1997) and Kaufman, Wald, et al. (1997) found that the LSR over dense vegetation and
dark soils was low in blue and red channels and showednearly fixed ratios with the reflectance at 2.1μm. Thus,
the LSR of blue and red channels could be estimated by the TOA reflectance at 2.1 μm, which was minimally
affected by atmospheric aerosols, and the Dark Target (DT) algorithm was developed. Later, the second-
generation operational DT algorithm was developed with several main improvements, in which the LSR
values of visible channels are estimated via improved dynamic empirical relationships with the TOA
reflectance at 2.1 μm related to the normalized difference vegetation index (NDVI) calculated from the short-
wave infrared channels (NDVISWIR) and scattering angles (Levy, Remer, & Dubovik, 2007; Levy, Remer, Mattoo,
et al., 2007; Levy et al., 2010). The DT algorithm can perform well over dark-target surfaces but not over bright
surfaces. However, Hsu et al. (2004, 2006) found that the LSR remained low and stable in deep blue channels
over deserts and that the AOD could be retrieved if the LSR could be accurately estimated. The Deep Blue (DB)
algorithm was proposed, in which the LSRs for visible channels are obtained from a precalculated seasonal
LSR database using the Sea-Viewing Wide Field-of-View Sensor surface reflectance products. An Enhanced
DB algorithm was further developed based on several main improvements, including surface reflectance
estimation, by adopting three approaches for estimating the LSR over vegetated areas, urban areas, and arid
and semiarid regions; aerosol model assumption; and cloud screening schemes (Hsu et al., 2013).

MODerate resolution Imaging Spectroradiometer (MODIS) sensors were successfully launched onboard
the Terra and Aqua satellites in December 1999 and May 2002, respectively, and the second-generation
operational DT algorithm (for land and ocean; Levy et al., 2010) and the Enhanced DB algorithm (only for
land; Hsu et al., 2013) have been the main aerosol retrieval algorithms and have produced long-term
and global-coverage daily DT and DB AOD products at a spatial resolution of 10 km since collection
(C) 6 (MOD04_10K; Levy et al., 2013). MOD04_10K AOD products have been extensively evaluated over
land and widely used in studies of atmospheric aerosols from local to global scales (Bilal et al., 2013,
2014; Levy et al., 2013; Li et al., 2007; Wei et al., 2017; Wei & Sun, 2017). However, analyses of the spatial
distributions and variations of atmospheric pollutants in small- and medium-scale areas are limited due
to their coarse spatial resolutions (Bilal et al., 2013; Li et al., 2005; Wei et al., 2018). Therefore, recently, a
new global-coverage daily aerosol product at a higher spatial resolution of 3 km (MOD04_3K) has been
released (Remer et al., 2013).

Moreover, an increasing number of researchers have begun to focus on aerosol retrieval at high spatial reso-
lutions to improve the applications in monitoring the air quality and related aerosol studies at urban or local
regions. Li et al. (2005) modified the MODIS algorithm to retrieve AODs at 1-km resolution over Hong Kong,
and the results showed that the retrievals exhibited low errors in Sun photometer measurements and
showed much better correlations with PM10 measurements than did MOD04 AOD products. Wong et al.
(2010) proposed a refined aerosol retrieval algorithm and derived AODs from MODIS at a 500-m resolution
with good overall accuracies over Hong Kong and the Pearl River Delta. Lyapustin et al. (2011) put forward
a new Multi-Angle Implementation of the Atmospheric Correction (MAIAC) algorithm based on a time series
of MODIS images to retrieve AODs over both dark and bright surfaces at 1-km resolution. Bilal et al. (2013)
developed a Simplified Aerosol Retrieval Algorithm (SARA) to retrieve AODs from MODIS images at 500-m
resolution, and the MOD09GA level 2 daily surface reflectance product was used to provide the surface reflec-
tance for the green channel without using a look-up table (LUT). Although these algorithms can produce reli-
able aerosol data sets, they can be applied only to specific areas with low universality due to excessive
dependence on assumptions and measured input parameters (i.e., surface reflectance and aerosol types).
Therefore, it is necessary to explore a more suitable aerosol retrieval method at the global scale, which is
the main purpose of this study.

Previous studies showed that the estimation of LSR for aerosol retrieval based on available high-quality
atmospheric corrected surface reflectance products could achieve high accuracy over bright areas at a
high spatial resolution (Sun et al., 2010, 2015). Typically, current research is undertaken using the high-
resolution aerosol retrieval algorithm with a priori LSR database support (HARLS), which was developed
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by Wei and Sun (2017) to retrieve aerosols over the Beijing-Tianjin-Hebei region from MODIS images at
1-km resolution. The retrievals were more accurate and less biased than the operational MOD04_10K
AOD products against AERosol RObotic NETwork (AERONET) AOD ground-based measurements. Thus,
this study was based on the proposed HARLS algorithm, which was developed for urban areas and
then modified and validated for aerosol retrieval at the global scale. For the Improved HARLS
(I-HARLS) algorithm, several main improvements were implemented: (1) an estimation of surface reflec-
tance over land, which was based on two distinct approaches for densely vegetated and bright
surfaces; (2) an assumption of aerosol types over land, which was based on a precalculated seasonal
database combining operational MOD04 aerosol-type data sets and historical records of AERONET opti-
cal properties measurements; and (3) cloud screening, which was based on our proposed Universal
Dynamic Threshold Cloud Detection Algorithm (UDTCDA; Sun, Wei, Wang, et al., 2016). The AERONET
version 2 Level 2.0 AOD measurements were selected to verify the accuracy of retrievals. The following
sections introduce the study area and data sets, methodology, results, and discussion.

2. Study Area and Data Sources
2.1. Typical Local Regions

To test and validate the adaptability of the I-HARLS algorithm, four typical regions—central and eastern
Europe (42°N–59°N, 0–16°E; Figure 1a), central and eastern North America (30°N–50°N, 80°W–100°W;
Figure 1b), Beijing-Tianjin-Hebei (39°N–41°N, 115°E–118°E; Figure 1c), and the Sahara (12°N–40°N, 14°W–

16°E; Figure 1d)—were selected to perform the aerosol retrieval experiments. Europe is dominated by a
temperate marine climate and dense vegetation coverage at low elevations. The region has faced environ-
mental pressures in recent years due to air pollution, where the major sources originate from industrial and
agricultural production. Aerosols are dominated by fine particles with weak and moderate absorptions
(Li et al., 2013). North America has a complex and diverse climate with dense vegetation coverage, and it
contains abundant mineral resources with a strong industrial base. Air pollution is inevitable due to early
unreasonable industrial development, and the dominant air pollutants are fine particles withweak absorption
(Li et al., 2013). Beijing-Tianjin-Hebei is located in eastern China with a large and dense population; the region
has experienced increasing air pollution in recent years due to its unreasonable industrial layout and structural
pollution and has been a hot spot for urban aerosol retrieval. Aerosols are dominated by finemodeswithweak
or moderate absorptions (Bilal et al., 2014; Wei et al., 2018; Wei & Sun, 2017). The Sahara is dominated by an
arid subtropical climate with low vegetation cover and sparse human activities; it frequently experiences
sandy and dusty weather, and the aerosols are dominated by dust, where the distributions of dust particles
extensively vary spatially and temporally because of their short lifetime (Hsu et al., 2004; Li et al., 2013).
Figure 1 shows the locations of the four typical selected regions.

2.2. Data Introduction
2.2.1. Operational MODIS Products
The MOD09 surface reflectance product is an estimate of the surface spectral reflectance in seven channels,
from visible to shortwave infrared wavelengths, as it would have been measured at ground level with no
atmospheric scattering or absorption. The MOD09 product has been corrected for the effects of atmospheric
gases, aerosols, and thin cirrus clouds. The LSR is inverted with the radiative transfer model using atmo-
spheric inputs taken from the National Centers for Environmental Prediction (including ozone and pressure)
or directly derived fromMODIS products. The atmospheric correction accuracy is [±(0.005 + 5%)] under favor-
able conditions (Kotchenova et al., 2006; Kotchenova & Vermote, 2007; Vermote, El Saleous, et al., 1997;
Vermote, Tanré, et al., 1997; Vermote, et al., 2002). MOD09A1 is the eight-day synthetic surface reflectance
product composited from the MOD09GA daily surface reflectance products. Each pixel contains the best pos-
sible observation during an eight-day period as selected based on high observation coverage, low view
angle, absence of clouds and cloud shadows, bidirectional reflectance distribution function effects, and aero-
sol loadings (Vermote & Vermeulen, 1999). In this paper, MOD09A1 products were selected to construct the
LSR database.

To monitor the atmospheric particle pollution at medium or small scales, the National Aeronautics and
Space Administration has released a global daily aerosol product at 3 km (MOD04_3K) based on the
second-generation DT aerosol retrieval algorithm. This product is based on the same assumptions for
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surface reflectance and aerosol types, LUTs, numerical inversion, and criteria to determine a good fit as
used in the 10-km product (Levy et al., 2013). The main differences between the two products are the
way the pixels are organized and the number of pixels required in the retrieval window during the
pixel selection. For the MOD04_3K DT algorithm, pixels are organized into 6 × 6 pixels in the retrieval
box; the 20% darkest and 50% brightest pixels over land are discarded, and then the measured TOA
reflectance of remaining pixels are averaged. The algorithm requires a minimum of 5 pixels over land
to make a retrieval (Remer et al., 2013). The MOD04 3-km product is expected to resolve aerosol
gradients and pollution sources that are missed with the 10-km product. Because there are more
selected pixels in the deselection process at 10 km, dark or bright pixels discarded at 10 km might be
retained at 3 km, which makes the 3-km product potentially noisier than the 10-km product. Thus, the
expected error (EE) for the MOD04 3-km product over land is [±(0.05% + 20%)], which is slightly less

Figure 1. Locations of selected typical regions: (a) Europe, (b) North America, (c) Beijing-Tianjin-Hebei, and (d) the Sahara. The red spots represent the AERONET sites.
Black and purple solid lines represent the national and state borders, respectively. Land use cover is provided by ESA GlobCover at 300-m spatial resolution. The
descriptions of the land use classes in the legend are given in Table S1.
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stringent than that of [±(0.05% +15%)] for the 10-km product over land (Levy et al., 2013; Nichol & Bilal, 2016;
Remer et al., 2013). A quality assurance (QA) data set is provided to represent the data quality of AOD
retrievals, with QA values ranging from 0 to 3 in order from low to high accuracy (Levy et al., 2013). In this
paper, MOD04_3K DT AOD retrievals with the highest quality (QA = 3) were selected for comparison.
2.2.2. AERONET Ground-Based Measurements
AERONET is a worldwide network of calibrated ground-based aerosol sites where observations were col-
lected using the CE-318 Sun photometer measurement. This network has provided a long-term, continuous,
and accessible public database of optical properties (i.e., AOD, size distribution, single scattering albedo, and
asymmetry parameter) in diverse aerosol regimes. AODs are measured at a wide range of wavelengths from
visible to near-infrared channels (0.34–1.02 μm) every 15 min with a low uncertainty of 0.01–0.02. The AOD
measurements are computed as three data quality levels (L): L1.0 (unscreened), L1.5 (cloud screened), and
L2.0 (cloud screened and quality assured), indicating increasing reliability (Holben et al., 2001; Smirnov
et al., 2000).

In this paper, AERONET version 2 level 2.0 AOD measurements were selected to quantitatively evaluate
the reliability of the AOD retrievals. To this end, we collected 11, 16, 3, and 10 AERONET sites over the
Europe, North America, Beijing-Tianjin-Hebei, and the Sahara, respectively. The spatial locations and site
information of each AERONET site are shown in Figure 1 and Tables 2–5 in the supporting information.
However, AERONET does not provide AOD measurements at 550 nm; therefore, they are interpolated with
the Ångström exponent algorithm based on the available AOD measurements at the two nearest wave-
lengths among 440, 500, and 675 nm to compare them with the satellite AOD retrievals (Levy, Remer, &
Dubovik, 2007; Sun et al., 2015; Wei et al., 2018, 2017; Wei & Sun, 2017). Table 1 shows a summary of the
data sets used in this paper.

3. Methodology

An improved high-spatial-resolution (1 km) aerosol retrieval algorithm with prior land surface parameters
database support (I-HARLS) for MODIS images over land is proposed. The I-HARLS algorithm requires the
TOA reflectance, latitude, longitude, solar zenith/azimuth angles, satellite zenith/azimuth angles, and eleva-
tion, which were obtained from MOD02 images at 1-km spatial resolution (MOD021KM). The surface reflec-
tance and aerosol types over land were determined from MODIS surface reflectance (MOD09) products
and aerosol (MOD04) products, respectively.

The TOA reflectance received from the satellites contains information from both the atmosphere and surface
reflectance and is a function of successive orders of radiation interactions within the coupled surface-
atmosphere system, which can be estimated as follows (Tanré et al., 1988; Vermote, El Saleous, et al., 1997):

ρ� θs; θv ; φð Þ ¼ ρAer θs; θv ;φð Þ þ ρRay θs; θv ;φð Þ þ ρ
1� ρ�S T θsð ÞT θvð Þ (1)

where ρAer(θs, θv, φ) is the aerosol reflectance resulting from multiple scattering in the absence of molecules;
ρRay(θs, θv, φ) is the multiple Rayleigh reflectance in the absence of aerosols; ρ is the surface reflectance; S is
the atmospheric backscattering ratio; T(θs) is the transmission of the atmosphere along the Sun-surface path;
T(θv) is the transmission of the atmosphere along the surface-sensor path; and θs, θv, and φ are the solar
zenith angle, view zenith angle, and relative azimuth angle, respectively.

Table 1
Statistical Summary of Data Sets Used in This Study

Data Set Scientific Data Set (SDS) Name Contents Resolutions

MOD021KM EV_500_Aggr1km_RefSB Calibrated radiances Daily, 1 km
Height Daily, 1 km

MOD04_3K Image_Optical_Depth_ Land_And_Ocean DT AOD (QA = 3) Daily, 3 km
MOD04_10K Aerosol_Type_Land Aerosol type Daily, 10 km
MOD09A1 Surface reflectance bands 1–7 Surface reflectance 8 days, 500 m
AERONET Version 2, level 2.0 AOD, ω0, and g 15 min/monthly, �

10.1029/2017JD027795Journal of Geophysical Research: Atmospheres

WEI ET AL. 12,295



Aerosol reflectance is retrieved at 550 nm by correcting for Rayleigh scattering and the surface function. The
aerosol reflectance received from the satellite is a function of the AOD (τ), SSA (ω0), and aerosol scattering
phase function (P) as follows:

ρAer θs; θv ;φð Þ ¼ ω0τP θs; θv ; φð Þ
4 cosθs cosθv

(2)

Rayleigh scattering is a notable factor in the radiation calculation and has a significant impact on the visible
channels, especially for blue channels (412–490 nm). The Rayleigh scattering correction for satellite data
depends on the determination of the Rayleigh phase function and Rayleigh optical depth (ROD;
Mishchenko et al., 1999). At sea level, the ROD caused by Rayleigh scattering is a function of wavelength
(Bodhaine et al., 1999; Bucholtz, 1995) as follows:

τRay λ; z ¼ Zð Þ ¼ 0:00877 λ z ¼ 0ð Þ exp Z=34ð Þ½ ��4:05 exp �Z=8:5ð Þ (3)

where τRay is the ROD, λ is the wavelength (μm), z is the ground elevation above sea level in kilometers (km),
and Z is the height (km) of the surface target.

The Rayleigh intrinsic reflectance for actual pressure (P) is determined by adjusting the molecular optical
depth at the standard pressure (P0; 1 atm) level as follows:

τRay λ; Pð Þ ¼ P
P0τRay λ; P0ð Þ�

(4)

The surface reflectance is the most important factor and must be estimated accurately in aerosol retrieval
from satellite remote sensing images. Moreover, the composition of global aerosol models is constantly chan-
ging in different areas, and aerosol model selection is one of the other key issues in AOD retrieval. Therefore,
surface reflectance and aerosol model are two important parameters that affect the accuracy of AOD retrieval
and need to be carefully considered.

3.1. Surface Reflectance Estimation Over Land

The LSR for vegetated surfaces can vary greatly during growing seasons and remain unchanged for long per-
iods during winter, indicating significant seasonal changes. However, the LSR is relatively high over bright
areas (e.g., urban, desert, arid/semiarid, and bare areas), which reduces the sensitivity of aerosol change to
TOA reflectance, and no stable relationship between visible and SWIR channels can be estimated.
However, the LSRs of bright surfaces do not significantly vary with time, and the effect of the surface’s bidir-
ectional reflectance distribution function is weaker than that of vegetated surfaces (Hsu et al., 2013).
Therefore, improving LSR estimations for different underlying surfaces requires consideration of dynamic
LSR variations. Extensive efforts have focused on these problems, and two typical surface reflectance
schemes have been proposed. The pixels over global land are divided into two categories: (1) densely vege-
tated areas and (2) bright and other areas.
3.1.1. Densely Vegetated Areas
Previous studies showed that the second-generation operational DT algorithm can retrieve stable and accu-
rate AODs for dark-target areas, especially for densely vegetated areas (Levy, Remer, & Dubovik, 2007); thus,
the same approach is selected for AOD retrieval over densely vegetated areas in this study. The blue and red
channels’ LSRs are estimated by the parameters NDVISWIR and scattering angle. Densely vegetated areas are
similarly defined as pixels with NDVISWIR greater than 0.75, and the LSRs for visible channels can then be esti-
mated (Levy, Remer, & Dubovik, 2007; Levy et al., 2010) as follows:

NDVISWIR ¼ ρ�1:24 � ρ�2:12
ρ�1:24 þ ρ�2:12

> 0:75 (5)

ρ0:47 ¼ g ρ�0:65ð Þ ¼ 0:49ρ�0:65 þ 0:005 (6)

ρ0:65 ¼ f ρ�2:13ð Þ ¼ 0:21þ 0:002Θð Þρ�2:13 � 0:00025Θþ 0:033 (7)

Θ ¼ arc cos � cosθs cosθv þ sinθs sinθvcos φð Þ (8)
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where ρ*1.24 and ρ*2.13 are the TOA reflectance at 1.24 and 2.13 μm, respectively; ρ0.47 and ρ0.55 are the surface
reflectance at 0.47 and 0.65 μm, respectively; and Θ is the scattering angle.
3.1.2. Bright and Other Areas
For bright and other surfaces, except for snow/ice surfaces, a new approach is proposed to improve LSR esti-
mations for aerosol retrieval. Carefully considering the LSR variations for vegetated areas at the beginning or
end of the growing season, we assume that the LSRs of most features remain unchanged for eight days, and a
prior eight-day surface reflectance database is constructed based on the MOD09 series of surface reflectance
products. For this purpose, MOD09A1 products encompassing the entire years from 2010 to 2014 are col-
lected and mosaiced to construct a global LSR database.

The database provides 44 LSR images in one year at 1-km resolution. Each LSR image covers four spectral
bands, including the blue (459–479 nm), green (545–565 nm), red (620–670 nm), and near-infrared (841–
876 nm) channels. Figure 2 provides the LSR images for the blue (0.47 μm) channel over land on Julian
day 161 in 2014. LSRs are apparently bright in the northern parts of the Northern Hemisphere at relatively
high latitudes above 60°, certain tropical regions near the equator, and a few high-altitude areas in the main-
land. However, the LSRs in most land areas are relatively low and generally less than 0.15 in the blue channel.
Previous studies’ simulated results illustrated that the TOA reflectance still responds well to aerosol change
even when the surface reflectance is much higher than 0.15 in the blue channel (Sun et al., 2015; Wei
et al., 2017). Meanwhile, the LSR image shows an overall high quality with little cloud contamination and
can better reflect the LSR variations at the global scale. Therefore, the eight-day synthetic LSR database is
used to provide surface reflectance for cloud detection and aerosol retrieval over land.

3.2. Assumptions Regarding Aerosol Types Over Land

The composition of global aerosol models is constantly changing in different areas, and aerosol model selec-
tion is another key issue in AOD retrievals. Thousands of size distribution retrievals exist, and additional
AERONET sites are available around the world. Operational MODIS aerosol products defined aerosol types
based on a cluster analysis of all AERONET almucantar and size distribution retrievals in 2005 (Levy, Remer,
Mattoo, et al., 2007). Later, a new cluster analysis was performed using AERONET aerosol optical propertymea-
surements in 2010. Most AERONET sites remained unchanged in the overall global pattern (Levy et al., 2013).
The land aerosol types included a continental model, three fine models, and a dust model. The fine models
were separated into strong, moderate, andweak absorptionmodels employing a global map for four seasons.

The key assumptions include the following: the optical properties of each aerosol type vary little spatially over
the region during a short time (Bilal et al., 2013; Levy, Remer, Mattoo, et al., 2007; Levy et al., 2013; Sun, Wei,
Wang, et al., 2016), and the dominant aerosol type at each site is a function of the season (Levy, Remer,
Mattoo, et al., 2007; Levy et al., 2013; Sun, Wei, Jia, et al., 2016; Wei et al., 2018). Thus, a prior seasonal aerosol-
type database over land is constructed. For this purpose, MOD04_10K daily aerosol-type data sets from 2012
to 2014 are collected and used to construct the aerosol-type database. The mode value of aerosol types for

Figure 2. Surface reflectance image at the blue (0.47 μm) channel on Julian day 161 in 2014 over land.
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each pixel in all images in one season is chosen to represent the pixel for the one-season series. Then, the
synthesized seasonal images are further corrected by aerosol optical properties measured by the AERONET
ground-based observations at the same time. The database provides four aerosol-type images for each
season at 1-km spatial resolution, containing the continental model, moderate absorption model, strong
absorption model, weak absorption model, and dust model.

Figure 3 displays the four seasonal land aerosol-type images over land in March-April-May, June-July-August,
September-October-November, and December-January-February. The database first provides similar spatial
patterns but clearer boundaries of different aerosol types over land compared to that used in the MODIS offi-
cial aerosol retrieval algorithm (Levy, Remer, Mattoo, et al., 2007; Levy et al., 2013). The aerosol types are as
expected in most areas in different seasons. Continental aerosols dominate northern Africa, central Asia,
and central Australia. Weakly absorbing aerosols (including urban and industrial aerosols) dominate eastern
North America, western Europe, and Southeast Asia, especially in summer and autumn. Strongly absorbing
aerosols (including presumably savanna or grassland smoke aerosols) dominate the savannas in South
America and Africa. The rest of the world is dominated by moderately absorbing aerosols (including back-
ground, forest-smoke, and developing-world aerosols). The optical properties (i.e., ω0 and g) of five aerosol
models at visible wavelengths are determined from monthly averages of AERONET measurements (Sun,
Wei, Jia, et al., 2016).

3.3. Cloud Screening

The success of an official MODIS aerosol retrieval depends on its ability to discard unsuitable pixels, including
clouds, snow, and inland water bodies. The most critical step for aerosol retrieval is accurate cloud detection
to mask unsuitable pixels. Failure to remove clouds from images can create cloud contamination, and an
excessively strong cloud mask produces insufficient aerosol coverage. The MOD35 cloud mask product is
designed to mask pixels that are unsuitable for land surface retrieval (clouds and heavy aerosol loads) and
to find suitable pixels for cloud-product retrieval (not aerosols); MOD35 is viewed as overly cloud conserva-
tive but not clear-sky conservative enough for aerosol retrieval (Levy et al., 2013; Sun, Wei, Wang, et al., 2016).

Themajor challenge in cloud detection is identifying thin and broken clouds over land surfaces, particularly in
low- or bright-reflectance areas, which create ubiquitous mixed pixels in the remote sensing images. The dif-
ficulty in separating real land surfaces from clouds is the primary reason for the failure to detect thin or

Figure 3. Spatial distribution of aerosol types over land in (a) MAM, (b) JJA, (c) SON, and (d) DJF.
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broken clouds with high accuracy from satellite remote sensing images. If the surface reflectance is known,
the underlying surface component in mixed pixels can be determined, and the thresholds for cloud detection
can be established. Therefore, the Universal Dynamic Threshold Cloud Detection Algorithm (UDTCDA), which
is supported by a prior surface reflectance database, is selected to solve the above problems. The dynamic
cloud detection models for the visible to near-infrared channels are built based on the simulated relation-
ships between TOA reflectance and surface reflectance. Validations and comparisons with Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation cloud measurements and MODIS cloud mask products
indicated that it could more accurately detect different kinds of clouds (Sun, Wei, Wang, et al., 2016).
Therefore, the UDTCDA for MODIS images is selected to filter pixels for aerosol retrieval in this paper, which
are described as follows:

ρ�
0

B ¼ 0:793ρB þ 0:004 cosθs cosθv þ 0:158 (9)

ρ�
0
G ¼ 0:807ρG þ 0:025 cosθs cosθv þ 0:125 (10)

ρ�
0
R ¼ 0:843ρR þ 0:017 cosθs cosθv þ 0:112 (11)

ρ�
0

NIR ¼ 0:928ρNIR þ 0:010 cosθs cosθv þ 0:099 (12)

Ci ¼ ρ�i � ρ�
0
i > 0 & NDSI ¼ ρ�0:56 � ρ�1:64

ρ�0:56 þ ρ�1:64
< 0:4; i ¼ B;G; R;NIR; and (13)

Cloud ¼ CB∪CG∪CR∪CNIR (14)

where represents the simulated TOA reflectance of the blue (B), green (G), red (R), and near-infrared (NIR)
channels; ρi and ρ�i represent the surface reflectance and TOA reflectance, respectively, where ρi is obtained
from the prior surface reflectance database; Ci represents the cloud detection results for different channels;
NDSI represents the normalized difference snow index (Salomonson & Appel, 2004), where ρ*0.56 and ρ*1.64
are the TOA reflectance at 0.56 and 1.64 μm, respectively; and Cloud represents the final UDTCDA cloud result.

3.4. AOD Retrieval

Similarly, our algorithm uses the LUT approach to provide parameters as MOD04 aerosol retrieval algorithms
for AOD retrieval with the Second Simulation of the Satellite Signal in the Solar Spectrum (6S) radiative trans-
fer model (Vermote, Tanré, et al., 1997). The parameters in equation (1) are calculated for different aerosol
loadings from 0.0 to 3.0. The TOA reflectance is calculated for solar and sensor zenith angles from 0 to 60°
at intervals of 6° and relative azimuth angles from 0° to 180° in increments of 12°. The LUTs contain five aero-
sol types in tropical (30°S–30°N), midlatitude (30°N–60°N, 30°S–60°S) summer/winter, and subarctic (>60°N,
>60°S) summer/winter atmospheric models, which can be determined via the latitudes. The effective retrie-
val pixels should meet the following conditions: (1) ensure that all the values (i.e., angles and reflectance) are
valid; (2) identify and mask most clouds with the UDTCDA algorithm; and (3) identify and mask snow/ice and
inland water via the NDSI and normal difference water index (NDWI; Gao, 1996), respectively. Moreover, due
to permanent snow/ice or water cover in the polar regions, our algorithm is not designed to retrieve aerosols
over areas with high latitudes (>80°S or 80°N).

4. Results and Discussion

MOD021KM images covering Europe, North America, and the Sahara during 2012–2014 and Beijing-Tianjin-
Hebei during 2010–2014 are downloaded to perform aerosol retrieval experiments. In addition, the AERONET
version 2, level 2.0 ground-based AOD measurements and MOD04_3K AOD products with the same period
are collected for validation and comparison. AOD retrievals within a common sampling window of 5 × 5 pix-
els around the AERONET site are obtained. To remove the AOD retrievals with large fluctuations and less
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reliability, the 20% highest and 20% lowest pixels are discarded, and the remaining values are averaged as
the retrieved AOD. Then, the average of at least two AERONET AOD measurements at each site within
±30 min of the MODIS satellites’ overpass time are calculated as the true value (Bilal et al., 2014; Hsu et al.,
2013; Levy et al., 2013; Wei et al., 2018, 2017). To quantify the accuracy, three main evaluation metrics,

Figure 4. Spatial distributions of validations of I-HARLS AOD retrievals with AERONET AOD measurements in the percentages of retrievals falling within the EE (%),
MAE, and RMSE at each site over (a–c) Europe, (d–f) North America, (g–i) Beijing-Tianjin-Hebei, and (j–l) the Sahara.
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including the mean absolute error (MAE), root-mean-square error (RMSE),
and EE for the MOD04_3K AOD product over land [±(0.05 ± 20%)]
(Remer et al., 2013) are selected to evaluate the accuracy and uncertainty.

4.1. Validation With AERONET AOD Measurements
4.1.1. Validation at the Site, Regional, and Global Scales
The I-HARLS AOD retrievals at 1-km resolution from MODIS images are
first validated against AERONET AODs from 11 sites, 16 sites, 3 sites,
and 10 sites over Europe, North America, Beijing-Tianjin-Hebei, and
the Sahara, respectively, at both the site and regional scales.
Figure 4 provides the spatial distributions of I-HARLS AOD retrievals
against AERONET AODs as the percentage of the collections falling
within the EE (%), MAE, and RMSE for each site (accuracy statistics

for each site are provided in Tables S2–S5). Table 2 shows the accuracy statistics for Europe, North
America, Beijing-Tianjin-Hebei, and the Sahara.

For European sites, more than 70% of the retrievals meet the requirements of the EE at 10 out of 11 AERONET
sites, with average MAE and RMSE values less than 0.06 and 0.09, respectively. However, the Hamburg site
shows an overall low accuracy, with 58.46% of the collections falling within the EE and average large MAE
and RMSE values of 0.079 and 0.102, respectively. The main reason is that the high-latitude location
(53.57°N) and the effects of snow/ice in winter increase the difficulties in estimating the surface reflectance.
Moreover, despite good accuracies, AOD retrievals show overall low overestimation uncertainties at most
sites (Figures 4a–4c and Table S2). At the regional scale, a total of 1,264 effective points are collected, and
they agree well with AERONET AODs (R = 0.865), with 79.59% of the retrievals falling within the EE, and aver-
age small MAE and RMSE values of 0.050 and 0.069, respectively (Table 2).

The I-HARLS algorithm shows overall good performance over North America at the site scale; more than 60%
of the retrievals fall within the EE at 15 out of 16 selected sites, with average MAE and RMSE values less than
0.06 and 0.09, respectively. Despite this, AOD retrievals show certain overestimation uncertainties at most
sites (Figures 4d–4f and Table S3). At the regional scale, we collect a total of 1,439 points; they are highly cor-
related with the AERONET AODs (R = 0.917), and 72.69% of them meet the requirements of the EE with an
average MAE of 0.052 and RMSE of 0.072 (Table 2).

In Beijing-Tianjin-Hebei, 563, 150, and 560 pairs are collected for Beijing, Beijing_CAMS, and XiangHe sites,
respectively. For two typical urban sites (Beijing and Beijing_CAMS), the I-HARLS AOD retrievals agree well
with AERONET AODs (R = 0.941 and 0.950), and 70.52% and 72.67% of the retrievals fall within the EE, with
average MAEs of 0.092 and 0.096 and RMSEs of 0.134 and 0.148, respectively. Moreover, the highest accuracy

is found for the XiangHe site, which is located in the suburbs and covered
by vegetation, with 79.46% of the collections falling within the EE, and the
retrievals agree well with AERONET AOD measurements with an average
MAE of 0.086 and RMSE of 0.139, respectively (Figures 4g–4i and Table
S4). Despite the good accuracies, the estimation uncertainty (i.e., MAE
and RMSE) increases compared to those in Europe and North America. In
general, we collect a total of 1,273 pairs from three sites, and they are
highly correlated with AERONET AOD measurements; 74.71% of them
meet the acquirements of the EE, with an average MAE of 0.09 and
RMSE of 0.138 (Table 2). Furthermore, the overall data qualities of I-
HARLS AOD retrievals are obviously improved over those of HARLS AOD
retrievals, with 65.41%, 58.95%, and 70.16% of the collections falling within
the EE for Beijing, Beijing_CAMS, and XiangHe sites, respectively, as
reported in a previous study (Wei & Sun, 2017). This approach improves
estimations for surface reflectance and assumptions for aerosol types.

For the Sahara, the I-HARLS algorithm performs poorly at most sites.
Only half of the 10 selected sites show considerable accuracies, with
more than 60% of collections falling within the EE, showing high

Figure 5. Performance of the I-HARLS algorithm as a function of surface
reflectance, where = EE represent the percentages (%) of retrievals falling
within the EE.

Table 2
Statistical Summary for Validation of I-HARLS AOD Retrievals Over Four Typical
Regions and Land

Region N R MAE RMSE =EE >EE <EE

Europe 1264 0.865 0.050 0.069 79.59 18.51 01.90
North America 1439 0.817 0.052 0.072 72.69 23.49 03.82
Beijing-Tianjin-
Hebei

1273 0.943 0.090 0.138 74.71 18.46 06.83

The Sahara 1439 0.774 0.104 0.155 61.01 23.84 15.15
Land 5415 0.913 0.074 0.115 71.67 21.24 07.09

Note. =/>/< EE represent the percentages (%) of retrievals falling within,
above, and below the EE, respectively.
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estimation uncertainties with large MAE and RMSE values. Especially
for the sites located deep in the Sahara desert, AOD retrievals are
poorly correlated with the AERONET AOD measurements, with larger
average MAE and RMSE values exceeding 0.09 and 0.15, respectively
(Figures 4j–4l and Table S5). The main reason is the decreasing sensi-
tivity of aerosols changes to TOA reflectance with the increasing sur-
face reflectance over such bright desert surfaces. At the regional
scale, a total of 1,439 points are collected, and they show good agree-
ments with AERONET AODs (R = 0.771); 61.1% of them fall within the
EE, with an average MAE of 0.104 and RMSE of 0.155 (Table 2). These

results illustrate that the aerosol estimation uncertainty for the Sahara is greater than those for Europe,
North America, and Beijing-Tianjin-Hebei.

For the whole land, we have collected 5,415 effective data pairs across all selected 40 sites from four
typical regions. It is found that our 1-km I-HARLS AOD retrievals are highly consistent (R = 0.913) with
AERONET AOD measurements at 550 nm over land. The retrievals are evenly distributed on both sides
of the 1:1 line with average MAE and RMSE values of 0.074 and 0.115, respectively. In general, the I-
HARLS algorithm performs well, with approximately 71.67% of the retrievals falling within the EE, at
the global scale over land (Table 2).
4.1.2. Influence of Surface Reflectance and Aerosol Type on Retrievals
The above analysis shows that there are significant differences in the performances of aerosol retrieval at
both site and regional scales; these differences are mainly related to the surface reflectance and aerosol
types. Therefore, to further explore the effects of both factors on aerosol retrieval, we classify the
AERONET sites into several groups under different surface reflectance conditions and aerosol types accord-
ing to the precalculated land surface reflectance and aerosol-type images. The corresponding I-HARLS AOD
retrievals are validated against the AERONET AOD measurements.

Figure 5 illustrates the performances of the I-HARLS AOD retrievals along with the increasing surface reflec-
tance from 0.0 to 0.1 at an interval of 0.01 (Table S6), indicating the validations from the darkest to brightest
surfaces. The results demonstrate that the aerosol retrievals show good performance at low surface reflec-
tance less than 0.07, and they agree well with AERONET AODs (R = 0.867–0.935). More than 70% of the col-
lections fall within the EE, showing overall small MAE ranges from 0.03 to 0.10, and the RMSE values range
from 0.05 to 0.14. The reason is that in the low-surface-reflectance areas, LSRs are easier to determine.
However, when the surface reflectance continues to increase, the percentages of retrievals falling within
the EE gradually decline and the estimation errors increase. This pattern occurs because with an increase
in surface reflectance, surface information becomes complex, and the sensitivity of aerosol change to TOA
reflectance decreases, increasing the difficulties in estimating the surface reflectance and leading to low-
quality retrievals (Wei et al., 2018).

Table 3 shows the accuracy statistics of the performances of AOD retrievals for different aerosol types. The
new algorithm shows different performances for various aerosol types. In areas dominated by moderately
and weakly absorbing aerosols, which occupied most of the continent, the I-HARLS algorithm performs well
overall, with 72.12% and 77.12% of the collections falling within the EE, respectively. The average MAE values
are 0.074 and 0.050, and RMSE values are 0.113 and 0.069, respectively. There is no obvious difference (~5%)
between the areas dominated by these two aerosol types. However, in continental- and dust-aerosol-
dominated areas, mainly located in parts of the continent and deserts characterized by great depth, it per-
forms poorly, with approximately 57.14% and 59.58% of the retrievals falling within the EE, respectively.
The average MAE and RMSE values are greater than 0.12 and 0.17, respectively, mainly because of the com-
mon influence of uncertainties in estimating the surface reflectance and assuming the aerosol type over
such areas.

4.2. Comparison With MOD04_3K AOD Products
4.2.1. Spatial Distributions Among Different MODIS Aerosol Products
For this paper, eight images obtained in 2012 on 25 May and 15 June over Europe, 2 and 4 June over North
America, 26 May and 4 June over Beijing-Tianjin-Hebei, and 5 and 21 July over the Sahara are selected to dis-
play the aerosol spatial distributions of the I-HARLS (1-km) and MOD04 (3-km) AOD products (Figure 6). The I-

Table 3
Statistical Summary for Validation of I-HARLS AOD Retrievals for Different
Aerosol Types

Aerosol type N R MAE RMSE =EE >EE <EE

Continental 140 0.788 0.138 0.194 57.14 22.86 20.00
Moderate
absorption

3186 0.937 0.074 0.113 72.13 21.85 06.02

Weak absorption 1473 0.848 0.050 0.069 77.12 21.05 01.83
Dust 616 0.759 0.120 0.175 59.58 18.18 22.24
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HARLS AODs show consistent spatial distributions similar to those of the MOD04_3K AOD products over
Europe (Figures 6a–6d) and North America (Figures 6e–6h), where low aerosol loadings have always been
observed. However, I-HARLS AODs could provide wider spatial coverage than MOD04_3K AODs, mainly
due to a more accurate cloud mask, given that the MOD04 cloud masks used in the aerosol retrieval overes-
timated the cloud fraction in the images (Sun, Wei, Wang, et al., 2016). Over bright urban surfaces, the
MOD04_3K AOD products show a large number of missing values with poor spatial continuity in central

Figure 6. Comparisons of spatial distributions of I-HARLS AOD (1 km) with MOD04_3K AOD (3 km) over Europe, North America, Beijing-Tianjin-Hebei, and the Sahara
on selected days (dd.mm.yyyy). The solid black line represents national borders, and the purple solid line represents state/provincial borders.
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urban areas, while the I-HARLS algorithm could achieve aerosol retrieval in such areas and provide more
constant spatial coverage. The MOD04_3K AODs are always higher than I-HARLS AODs in such areas. In
addition, in the surrounding vegetated areas, they show close and continuous spatial coverage
(Figures 6i–6l). Furthermore, in the deserts, the MOD04_3K AODs show few successful retrievals because
the DT algorithm could not achieve aerosol retrievals over such bright surfaces with high surface
reflectance; in contrast, the I-HARLS algorithm could achieve much more successful retrievals and provide
more constant spatial coverage over the Sahara (Figures 6m–6p). More importantly, the I-HARLS AOD
product has a higher spatial resolution at 1 km than does the MOD04_3K AOD product, indicating that it
can provide more detailed aerosol spatial distributions and variabilities over land.

4.2.2. Comparison With MOD04_3K AOD Products
For comparison purposes, the MOD04_3K AOD retrievals passing the
highest-quality assurance (QA = 3) are obtained for four regions.
Figure 7 illustrates the validation and comparison of common retrievals
between I-HARLS and MOD04_3K AOD products against AERONET
AODs, and Table 4 provides the statistical summary of validation for
unique I-HARLS AOD retrievals during 2010–2014 for four typical
regions over land.

In Europe, a total of 682 common AOD retrievals for I-HARLS and
MOD04_3K AOD products are collected from all sites. The MOD04_3K
AODs show close agreements with the AERONET AOD measurements
(R = 0.870), yet only 50.73% of them fall within the EE, with an

Figure 7. Comparisons of common AOD collections between I-HARLS (1 km) and MOD04_3K AOD retrievals (3 km) against
AERONET AOD measurements over (a) Europe, (b) North America, (c) Beijing-Tianjin-Hebei, and the (d) Sahara. The blue
and red dots represent I-HARLS and MOD04 AOD retrievals, respectively, and =/>/< EE represent the percentages (%) of
AOD retrievals falling within, above, and below the EE, respectively.

Table 4
Statistical Summary for Validation of Unique I-HARLS AOD Retrievals Over Four
Typical Regions

Region N R MAE RMSE =EE >EE <EE

Europe 582 0.866 0.056 0.075 75.04 23.59 01.37
North America 795 0.807 0.062 0.083 66.42 30.44 03.14
Beijing-Tianjin-
Hebei

933 0.941 0.093 0.146 72.97 19.13 07.90

The Sahara 1343 0.780 0.103 0.154 60.98 24.72 14.30
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average MAE of 0.100 and RMSE of 0.130. However, serious overestimations with almost half of the col-
lections (49.27%) falling above the EE are observed. Compared to MOD04_3K AODs, the I-HARLS AODs
achieve a higher correlation with AERONET AODs (R = 0.873) and an average lower MAE of 0.045 and
RMSE of 0.062. Meanwhile, this algorithm can significantly reduce the overestimation uncertainties. In
general, 83.55% of the collections fall within the EE, which is approximately 1.65 times greater than that
of MOD04_3K AOD retrievals (Figure 7a). Furthermore, 582 unique AOD pairs are collected from I-HARLS
AOD product, and they are also highly correlated with AERONET AODs, with 75.04% of these collections
falling within the EE and average MAE and RMSE values of 0.056 and 0.075, respectively.

In North America, a total of 644 common AOD retrievals between the I-HARLS and MOD04_3K AOD products
are collected from all sites. MOD04_3K AOD retrievals show good performance with a high correlation of
0.864 with AERONET AODs, and approximately 76.86% of the collections fall within the EE, with an average
MAE of 0.054 and RMSE of 0.077. However, the I-HARLS AOD retrievals achieve a high correlation with
AERONET AODs (R = 0.837), and more than 80% of them fall within the EE with an average lower MAE of
0.041 and RMSE of 0.056, showing an overall improvement in the aerosol estimations (Figure 7b).
Moreover, another 795 unique AOD pairs for I-HARLS retrievals are collected and validated against
AERONET AOD measurements. The retrievals agree well with the measurements (R = 0.807), and 66.42% of
them are within the EE, with an average MAE of 0.062 and RMSE of 0.083.

Similarly, common retrievals between I-HARLS and MOD04_3K AOD products are extracted, but only 340
effective pairs are obtained in the Beijing-Tianjin-Hebei region. MOD04_3K AODs exhibit poor performance,
and only 35.29% of the retrievals fall within the EE, with an average MAE of 0.265 and RMSE of 0.331.
Moreover, this algorithm significantly overestimates the aerosol loadings, with more than 64% of the retrie-
vals falling above the EE. However, the I-HARLS algorithm is able to largely reduce the overestimation uncer-
tainties and significantly improve the data quality over this region. The percentage of the retrievals falling
within the EE increases to 77.94%, which is approximately 2.2 times more than that of the MOD04_3K retrie-
vals. The retrievals are highly correlated with the AERONET AODs and showmuch lower averageMAE of 0.078
and RMSE of 0.109 (Figure 7c). Furthermore, 962 additional AOD pairs are collected from the I-HARLS retrie-
vals, and they agree well with the AERONET AODs; approximately 73% of them are within the EE, showing
average MAE and RMSE values of 0.093 and 0.146, respectively.

The common retrievals between the I-HARLS and MOD04_3K products are extracted from all sites over
the Sahara. More serious is that only 96 effective points are obtained, and the MOD04 AOD retrievals
show poor performance over the Sahara, with only 33.33% of them falling within the EE and an average
MAE of 0.155 and RMSE of 0.185. Similarly, serious estimation uncertainties are observed with 31% and
35% of the retrievals falling above and below the EE, respectively. There are no common retrievals from
the desert sites, Tamanrasset_INM and Ouarzazate, which is mainly because the MOD04_3K DT algorithm
is unable to retrieve AODs over such bright desert surfaces. However, the I-HARLS algorithm performs
much better than the MOD04 DT algorithm, and more than 61.46% of the common retrievals fall within
the EE, with decreasing MAE and RMSE values of 0.112 and 0.159, respectively (Figure 7d). Moreover, a
large number of 1343 unique AOD pairs are collected from the I-HARLS retrievals, and they correlate well
with the AERONET AODs, with 60.98% of them falling within the EE and an average MAE of 0.103 and
RMSE of 0.154. The comparison results show that the I-HARLS algorithm allows aerosol retrieval from
darkest to brightest surfaces, and it not only increases the number of successful retrievals but also
improves the aerosol estimations.

5. Conclusions

In this paper, an improved high-spatial-resolution aerosol retrieval algorithm with land surface parameter
support (I-HARLS) at 1-km resolution for MODIS images is developed. A precalculated global land surface
reflectance (LSR) database is constructed using the MODIS eight-day synthetic surface reflectance
(MOD09A1) products, and a prior seasonal global land aerosol-type database is created using the MOD04
daily aerosol products. The main aerosol optical properties and types are determined based on the monthly
average historical aerosol optical properties from local AERosol RObotic NETwork (AERONET) sites. For cloud
screening, the Universal Dynamic Cloud Detection Algorithm (UDTCDA) is selected to mask cloud pixels in
remote sensing images. Then, a 1-km-resolution AOD data set is generated based on the I-HARLS
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algorithm. Successful AOD retrievals are available over dark and bright surfaces. To test and validate the per-
formance of the I-HARLS algorithm, four typical regions (including Europe, North America, Beijing-Tianjin-
Hebei, and the Sahara) with different underlying surface and aerosol types are selected for aerosol retrieval
experiments. Moreover, AERONET version 2, level 2.0 AOD measurements and MODIS daily AOD products
at 3-km resolution (MOD04_3K) are selected for validations and comparisons.

The results show that the I-HARLS algorithm performs well overall at both the site and regional scales, and
AOD retrievals are highly correlated with AERONET AOD measurements, with 79.56%, 72.69%, 74.71%, and
61.01% of the collections falling within the EE for the four regions, respectively. However, with an increase
in surface reflectance over land, the overall performance of the retrievals decreases with increasing
estimation errors, mainly due to the decreasing sensitivity of aerosol change to TOA reflectance. The new
AOD products perform better and are less biased than the MOD04_3K AOD product, primarily because
of the improvements in LSR estimation and aerosol-type assumption. Furthermore, the generated
1-km-resolution AOD data sets can provide continuous and wide-spatial-coverage AOD distributions over
land, which play an important role in quantitative aerosol research and air quality monitoring at the medium
and small scales.

This study shows that although the new AOD retrieval algorithm performs well overall over land, certain pro-
blems remain. Due to the large amount of data, four representative local regions with three or five years of
data are selected for this paper for aerosol retrieval experiments and validations. However, due to the long
time series of MODIS data records, longer and wider-scale experiments and validations need to be underta-
ken. In addition, this paper only performs comparisons with current operational and free-open high-
resolution MOD04 aerosol products; therefore, more comprehensive and effective comparison efforts with
other high-resolution products (such as MAIAC products) need to be performed in future studies.
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