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ARTICLE INFO ABSTRACT
Keywords: The satellite-based aerosol optical depth (AOD), which can provide continuous spatial observations of aerosol
Daily 160 m AOD dataset loadings, is widely adopted to estimate atmospheric environmental quality and evaluate its risk for human

Retrieval algorithm
Gaofen-1/6 WFV

High resolution LSR modeling
Urban areas

health. However, current satellite-retrieved AOD products characterized by a comparatively coarse spatial res-
olution (>1 km) can hardly analyze the structure of atmospheric pollution or its correlation with urban land-
scapes over populated urban areas. Existed studies have tried to address this deficiency by retrieving high-
resolution AOD using Landsat images, whose long revisit period (16 days nominally), however, largely limits
its applications related to urban air pollution research. To achieve both high spatial resolution and expected
revisit period from satellite observation, in this study, a comprehensive AOD retrieval framework is developed
for Wide-Field-of-View (WFV) satellite sensors to yield a daily AOD dataset over urban areas with 160 m spatial
resolution, based on the Gaofen-1 and Gaofen-6 synergistic observations. To address the crucial challenge that
the high spatial resolution and complex urban landscape both contribute a dramatic variation of land surface
bidirectional reflectance, a Simulated-Annealing-coupled Semiempirical Modified Rahman-Pinty-Verstraete
(SAS-MRPV) scheme is proposed to model and estimate the land surface reflectance (LSR) in the AOD
retrieval framework, where the SAS-MRPV scheme is implemented using simulated annealing iteration initial-
ized by the bidirectional reflectance distribution function (BRDF) products from the Moderate Resolution Im-
aging Spectrometer (MODIS) as a priori knowledge. The validation results demonstrate that the Gaofen WFV
AOD retrievals exhibit good agreement with the ground-based AErosol RObotic NETwork (AERONET) and
SONET (Sun-sky radiometer Observation NETwork) AOD, demonstrating the correlation coefficient and the
expected error (EE)£(0.05 + 0.15A0DagroNET/SONET) Iatio respectively reaching up to 0.97 and over 80 %, and
only slight bias fluctuations are found under different land cover types, aerosol loading, and seasonal conditions.
Moreover, the validation results of Gaofen WFV AOD retrievals, with LSR estimated based on the SAS-MRPV
scheme, the MODIS BRDF Products, and the Minimum Reflectance Technique (MRT) method, demonstrate
better accuracy and completeness of AOD retrievals using the SAS-MPRV scheme over both natural and
impervious land surfaces, indicating the stability and reliability of proposed SAS-MRPV LSR determination

* Corresponding author.
E-mail address: zhangth@ucla.edu (T. Zhang).

https://doi.org/10.1016/j.isprsjprs.2024.04.020

Received 7 October 2023; Received in revised form 25 March 2024; Accepted 19 April 2024

Available online 22 April 2024

0924-2716/© 2024 The Author(s). Published by Elsevier B.V. on behalf of International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:zhangth@ucla.edu
www.sciencedirect.com/science/journal/09242716
https://www.elsevier.com/locate/isprsjprs
https://doi.org/10.1016/j.isprsjprs.2024.04.020
https://doi.org/10.1016/j.isprsjprs.2024.04.020
https://doi.org/10.1016/j.isprsjprs.2024.04.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isprsjprs.2024.04.020&domain=pdf
http://creativecommons.org/licenses/by/4.0/
LIZW
下划线


J. Dong et al.

ISPRS Journal of Photogrammetry and Remote Sensing 211 (2024) 372-391

scheme in WFV AOD retrieval. In addition to that, the error analyses and quality control results demonstrate that
the SAS-MRPV scheme is effective and necessary to guarantee the reliability and accuracy of land surface
bidirectional reflectance estimation by identifying and excluding the land surface pixels unsuitable for LSR
modeling, which mitigates the uncertainty and yield better accuracy in the final WFV AOD products. Further-
more, the inter-comparison between WFV-derived AOD against the operational MODIS Deep Blue (10 km), Dark
Target (3 km), and Multi-Angle Implementation of Atmospheric Correction (MAIAC, 1 km) AOD products
demonstrates that the 160 m WFV AOD retrievals, on the basis of obtaining similar aerosol overall descriptions as
MODIS AOD retrievals, possess the capability to characterize the spatial distribution of atmospheric pollution at a
finer scale with smoother variation under both clean and polluted conditions. With outstanding accuracy and
reliable performance, the developed comprehensive high-resolution AOD retrieval framework exhibits sub-
stantial potential for operational AOD retrieval of Gaofen WFV satellite observations, which could be directly
applied to other urban areas supporting further studies related to air pollution emission management and health
risk assessment at extra-fine spatial scale.

1. Introduction

Atmospheric aerosols, comprising solid and liquid suspended parti-
cles generated from a variety of natural and anthropogenic origins, play
significant roles in climate change and ecosystem (Anderson et al., 2005;
Kaufman et al.,, 2002; Ramanathan et al., 2001; Zhao et al., 2019).
Aerosol particles adversely affect air quality and increase the health
risks associated with a variety of diseases, thereby influencing morbidity
and mortality (Bendixen et al., 2016; Samet et al., 2000; Zhang et al.,
2010). The satellite-derived aerosol optical depth (AOD), signifying the
integrated aerosol extinction coefficient across the vertical atmospheric
column, is widely adopted as a proxy to monitor the spatial distribution
and characterize the dynamic variations of atmospheric pollution,
benefiting from its advantage on large-scale spatially continuous
observation (Hsu et al., 2019; Kaufman et al., 2002).

Satellite remote sensing was initially deployed to retrieve AOD over
oceanic regions using the visible and near-infrared spectral bands based
on the Advanced Very High Resolution Radiometer (AVHRR) in the late
1970 s (Holben et al., 1992; Holben et al., 1998). Over subsequent de-
cades, satellite-derived AOD was retrieved over both land and ocean
using a series of satellite sensors, such as the Moderate Resolution Im-
aging Spectroradiometer (MODIS) (Levy et al., 2010; Lyapustin et al.,
2018; van Donkelaar et al., 2010), Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) (Boys et al., 2014; Hsu et al., 2012), the Visible
Infrared Imaging Radiometer Suite (VIIRS) (Hsu et al., 2019; Sayer et al.,
2019; Wu et al., 2016), the Multiangle Imaging SpectroRadiometer
(MISR) (Fan et al., 2023; Gui et al., 2021; Witek et al., 2019), and the
Advanced Baseline/Himawari Imagers (ABI/AHI) (Ge et al., 2019; Su
et al., 2021; Zhang et al., 2021). The traditional satellite-retrieved AOD
products, typically with spatial resolutions ranging from several kilo-
meters to dozens of kilometers, are mostly adopted to support studies
related to aerosol radiation effects and climate impacts at global scales
(El-Metwally et al., 2011; Kinne et al., 2013). The spatial resolution of
satellite-derived AOD products was then improved by implementing
advanced or modified aerosol retrieval algorithms to enhance their ef-
ficiency and performance in evaluating the environmental effects or
health risks of aerosol at regional scales and even city level, such as the
operational MODIS 1 km AOD product via the Multi-Angle Imple-
mentation of Atmospheric Correction (MAIAC) algorithm (Lyapustin
et al., 2011; van Donkelaar et al., 2010), the operational VIIRS 750 m
AOD intermediate product without pixel aggregation (Hsu et al., 2019;
Levy et al., 2015; Sayer et al., 2019), and the MODIS 500 m AOD
datasets via Minimum Reflectance Technique (MRT) algorithm (Wong
et al., 2010; Wong et al., 2009; Wong et al., 2011) or Simplified Aerosol
Retrieval Algorithm (SARA) (Bilal and Nichol, 2015; Bilal et al., 2013).

With economic development along with dense industrialization and
urbanization, developing countries like India and China have been
suffering from severe atmospheric pollution issues (Lelieveld et al.,
2015). An urgent need arises for monitoring finer aerosols (<500 m)
over urban areas, where generally possess high population density and
complex landscapes, for supporting delicate urban air pollution studies
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such as locating precise emission sources (Kumar et al., 2018; Nguyen
and Wooster, 2020), community-level health risk assessments (Cai et al.,
2021; Kim et al., 2019; Wang et al., 2013) and urban climatology rele-
vance analysis (Boiyo et al., 2018; Carabali et al., 2017; Zhao et al.,
2021). Accordingly, high-resolution satellite sensors, such as the
Landsat-series (Gillingham et al., 2012; Li et al., 2019; Omari et al.,
2019; Sun et al., 2016; Tian et al., 2018; Wei et al., 2017b), Gaofen-1
(Sun et al., 2017; Wu et al., 2019; Yang et al., 2021; Zhang et al.,
2018a), HJ-1 (Li et al., 2012; Sun et al., 2010; Zhang et al., 2014), and
Sentinel-2 (Lin et al., 2021; Yang et al., 2022b), have been used to
retrieve AOD at the city scale with higher spatial resolution from 300 m
to even 10 m. However, classic high-resolution satellite sensors are not
originally and typically designed for atmosphere observations, thus their
revisiting period, which usually ranges from 4-16 days (Guo et al., 2013;
Lin et al., 2021), is far from enough for monitoring the aerosol variation
information. For instance, the Landsat-8 could hardly obtain one valid
AOD map over a specific city in a month due to the possible cloud
obscuration, which dramatically limits its significance and value in
related research on urban atmospheric pollution.

With the launch of the Gaofen-6 satellite in 2018, which is united
with the Gaofen-1 satellite, the synergistic observations from Wide-
Field-of-View (WFV) imagers onboard these two satellites possess an
overall scanning swath over 1600 km (Dong et al., 2021; Wang et al.,
2019b). It provides the feasibility to achieve a revisiting period within
two days near the equator and approximately one day at mid to high
latitudes, while obtaining 16 m spatial resolution observations, which
offers a possibility to retrieve satellite-derived AOD products with both
high spatial resolution and ideal revisit cycles. Nevertheless, retrievals
of high spatial resolution AOD derived from Gaofen-1 and Gaofen-6
synergistic observations over urban areas are still facing a series of
challenges and difficulties. First of all, the WFV imagers onboard
Gaofen-1 and Gaofen-6 possess spectral bands only from blue band to
near infrared band, where the classic AOD retrieval algorithms, such as
Dark Target (DT), Deep Blue (DB) (Levy et al., 2013; Sayer et al., 2014)
and their optimized ramification (Sorek-Hamer et al., 2015; Wei et al.,
2019), cannot be applied to WFV due to lack of necessary short-wave
infrared and deep blue bands. Moreover, how to accurately charac-
terize the land surface reflectance (LSR) over urban areas is also a crit-
ical issue, since the anisotropy of bidirectional surface reflectance
generally becomes more dramatic along with the increase of spatial
resolution and surface type complexity (Roman et al., 2011; Yang et al.,
2022a). It has been proven that the uncertainty in estimating LSR can be
magnified up to ten times in subsequent AOD retrievals (He et al., 2018;
Lin et al., 2022; Roy et al., 2016). However, most previous AOD retrieval
algorithms for high spatial resolution satellite sensors have directly
applied bidirectional reflectance distribution function (BRDF) models
without applicability or accuracy evaluation, or even neglected the land
surface heterogeneity assuming the urban land surface as Lambertian
surface. Besides, it has been indicated that the geometric calibration
error of WFV sensors could reach up to several pixels (Xu et al., 2018;
Zhang et al., 2017), while the radiation calibration bias of WFV sensors
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also needs solutions attributable to the absence of on-board radiometric
calibration system as Landsat series (Feng et al., 2016; Yang et al.,
2015). Furthermore, the discrepancies from the spectral response are
ubiquitous between sensors due to inevitable differences during sensor
manufacturing, which is non-ignorable among WFV sensors onboard
Gaofen-1/6 satellites to guarantee radiative responding reliability and
consistency (Feng et al., 2016; Yang et al., 2020).

The primary aim of this research is to propose a comprehensive and
operational framework for daily high-resolution (160 m) AOD retrievals
over urban areas based on Gaofen-1 and Gaofen-6 synergistic observa-
tions. The constructed AOD retrieval framework consists of a series of
algorithms beginning with WFV-derived Digital Number (DN) values,
which include but are not limited to the following primary aspects. The
precise geometric correction and radiometric cross-calibration are con-
ducted to ensure the geometric accuracy and radiometric consistency of
all WFV sensors during the pre-processing, and the radiometric cross-
calibration is using Landsat-8 Operational Land Imager as a reference
sensor which has a similar spectrum design and operational orbit with
WEFV sensors. Moreover, a novel Simulated-Annealing-coupled Semi-
empirical Modified Rahman-Pinty-Verstraete (SAS-MRPV) scheme is
developed to characterize the land surface bidirectional reflectance over
complex urban areas, combined with the performance evaluation of
BRDF models over different types of land cover. The particular monthly
aerosol models are established by long-term optical properties obser-
vations from in-situ AErosol RObotic NETwork (AERONET) sites. And
10 x 10 original 16 m resolution WFV image pixels are aggregated into
one 160 m resolution grid to improve the AOD retrieval accuracy and
data reliability, similar as MODIS official AOD algorithm. Furthermore,
the WFV-derived AOD dataset is validated against ground-based AER-
ONET and SONET (Sun-sky radiometer Observation NETwork) AOD
observations, with sufficient validation of accuracy and reliability using
different LSR determination schemes and under different conditions of
seasons, land surface types, and aerosol loadings. Then the performances
and unique advantages of 160 m Gaofen WFV AOD are illustrated by
comparing with MODIS operational DB (10 km), DT (3 km), and MAIAC
(1 km) AOD products, as well as their application potential in describing
fine spatially resolved aerosol variations over distinct urban landscapes.
In addition to that, the error analyses and quality control of the SAS-
MRPV scheme in characterizing the LSR are further analyzed and dis-
cussed to demonstrate the performance and effectiveness of evaluation
metrics adopted in LSR determination.
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2. Study area and datasets
2.1. Study area

The experimental area focuses on a typical mega city Beijing (39.3° —
41.1°N, 115.3° — 117.6°E), which is selected as a representative urban
area with complex surfaces consisting of various land use types (Wei
et al., 2017a). Beijing is the political and cultural center of China (Hao
et al., 2020b; Wang, 2013). Given the dense industrialization and ur-
banization in recent decades (Jin et al., 2022; Shi and Cao, 2020), as well
as inter-regional transports of atmospheric pollution (Bilal et al., 2017),
atmospheric pollution has become a serious environmental issue that
requires prompt solutions and urgent actions in Beijing (Hu et al., 2020;
Wang et al., 2022; Xiao et al., 2021). Fig. 1 shows the land cover type
and the Digital Elevation Model (DEM) (Du et al., 2016; Feng et al.,
2019) of Beijing. The DEM map in Fig. 1a shows that the topography of
Beijing is characterized by mountains located in northern and western
Beijing, which affects the distribution of meteorological conditions to a
certain extent. It was found that this typical topography characteristic of
Beijing partially contributes to the frequent haze weather, and such
topography tends to block and redirect airflow, leading to the accu-
mulation of air pollution difficult to diffuse (Meng et al., 2019; Wu et al.,
2011; Zhang et al., 2018c). Fig. 1b shows the overall land surface types
in Beijing, and the locations of four AERONET and SONET sites adopted
in this study, where the Beijing SONET and AERONET sites and Beijing-
CAMS AERONET site are situated in the heart of urban regions, whereas
the XiangHe AERONET site is positioned in the suburban area. The
majority of the impervious surfaces in Beijing are most concentrated in
the city center, with the rest of the city mostly covered with vegetation,
especially in the north and west, and water bodies scattered in the
northeast of the city.

2.2. Dataset

2.2.1. Gaofen-1/6 WFV data

In this study, Gaofen-1 and Gaofen-6 WFV Level-0 data is obtained
from China Center for Resource Satellite Data and Applications
(CRESDA, accessible at https://www.cresda.com). The Gaofen-1 satel-
lite was deployed into orbit on April 26, 2013 (Yang et al., 2021; Zhang
and Chen, 2016), and the Gaofen-6 satellite was deployed into orbit on
June 2, 2018. Their descending orbits both cross the equator at around
10:30 a.m. Each satellite possesses a band spectrum ranging from 0.45 to
0.89 pm, primarily including the visible and near-infrared bands (Mou
etal., 2021; Sun et al., 2021). As illustrated in Fig. 2, both Gaofen-1 and
Gaofen-6 operate in polar orbits, where the combination of four single
imagers is adopted onboard the Gaofen-1 (Fig. 2b) and the integrated
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Fig. 1. The terrain characteristics (a) and land cover types (b) of study areas, with the locations of four AERONET/SONET sites represented by black triangles.
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Fig. 2. Schematics of the Wide-Field-of-View (WFV) cameras onboard the Gaofen-1 (b) and Gaofen-6 (a), as well as their synergistic observations (c).

four-mirror off-axis optical system is utilized onboard the Gaofen-6
(Fig. 2a) (Wang et al., 2019a; Wang et al., 2019b), offering a spatial
resolution of 16 m, with a temporal resolution ranging between 2 to 4
days due to their scanning swath width over 800 km (Shang and Shen,
2016; Zhang et al., 2017). Gaofen-6 operates collaboratively in a satel-
lite network alongside Gaofen-1 (Fig. 2), which can achieve a nearly
daily revisit intervals while preserving high spatial resolution, and the
overall scanning swath is over 1600 km from WFV imagers onboard
these two satellites. The synergistic observations can achieve a 16 m
spatial resolution with a revisit period of two days close to the equator
and one day in mid to high latitudinal regions. This research collects all
Gaofen-1/6 WFV data from 2013 to 2020 over Beijing, maintaining a
cloud cover below 80 %.

2.2.2. MODIS products

Three types of MODIS products are adopted in this study: MODIS
aerosol products for AOD retrievals, MODIS snow cover data for
obtaining snow and ice masks, and MODIS bidirectional reflectance
distribution function and albedo (BRDF/Albedo) model datasets for
obtaining prior BRDF information in land surface bidirectional reflec-
tance estimation. Only Terra MODIS-derived products are adopted in
this study, as the Gaofen-1/6 satellites are equipped with a sun syn-
chronous orbit that intersects the equator at a similar time (10:30 a.m.
local time) as Terra.

The aerosol products from MODIS employed for this research include
the DB AOD products at 10 km spatial resolution, the DT AOD products
at 3 km spatial resolution, and the MAIAC AOD products at 1 km spatial
resolution. All the data is with the best quality assurance (QA) flag to
ensure its accuracy and reliability. They are used for comparison against
the Gaofen WFV AOD retrieval for performance evaluations in different
atmospheric pollution conditions. The DB AOD is also used to select
clear-sky (Zhang et al., 2022) days in electing candidate images for
bidirectional reflectance library constructions, due to its higher spatial
coverage compared with the other two. The MODIS C6.1 Level 2 aerosol
datasets are obtained from the National Aeronautics and Space
Administration (NASA) Level 1 and Atmosphere Archive and Distribu-
tion System (LAADS, accessible at https://ladsweb.nascom.nasa.gov/).

The MODIS snow cover dataset used in this research is obtained from
the MODIS C6.1 Level 3 daily snow datasets at a spatial resolution of
500 m. Snow products with the best QA flag are obtained from the
National Snow & Ice Data Center (NSIDC, accessible at https://nsidc.
org/data/mod10al/). It is employed to obtain snow and ice masks
and thus exclude surface areas covered by snow and ice before retrieval.

The MODIS BRDF products (MCD43A1) are collected and introduced
as a priori knowledge to improve the fitting accuracy and solving effi-
ciency in LSR determination in this study. Moreover, as a comparison
against the proposed SAS-MRPV scheme, the MODIS BRDF products are
also applied as land surface reflectance to directly retrieve WFV AOD.
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The MODIS BRDF products provide the weighting parameters pertinent
to the RossThick-LiSparse-Reciprocal (RTLSR) BRDF model, which can
characterize pixel-specific anisotropy. The MCD43A1l dataset is
disseminated on an 8-day cycle, encompassing 16 days of data collec-
tion, and has spatial resolution at 500 m. Data spanning 2013 to 2020
with the good QA flag from MODIS C6.1 is downloaded from NASA
LAADS (https://ladsweb.nascom.nasa.gov/).

2.2.3. AERONET ground-based measurements

Three ground-based AERONET sites (https://aeronet.gsfc.nasa.gov/)
in Beijing are selected in this study. Fig. 1b shows that two of these sites,
namely Beijing (39.977°N, 116.381°E) and Beijing CAMS (39.933°N,
116.317°E), are situated in the urban core, while the site of XiangHe
(39.754°N, 116.962°E) is positioned in the suburban regions (Bilal et al.,
2019; Bilal et al., 2014; Bilal et al., 2022; She et al., 2017). AERONET
Version 3 delivers both optical and physical attributes of aerosols,
encompassing spectral AOD, single scattering albedo (SSA), asymmetry
factor (g), the complex part of the refractive index (CRI), phase function,
and aerosol size distribution (Eck et al., 2019; Lee et al., 2021). These are
presented across three distinct data quality, including level 1.0, level 1.5
and level 2.0.

This study employs AERONET data in two aspects. For AOD retrieval
validation, V3.0 level 1.5 and level 2.0 measurements from 2013 to
2020 are collected. Given that AOD measurements at 550 nm are not
provided by AERONET, the AOD value at this wavelength is interpolated
using the Angstrom exponent algorithm, utilizing the closest available
pair of wavelengths at 675 nm and 440 nm relative to the observed AOD
values (Tian et al., 2018). For aerosol type assumption, the V3.0 level
2.0 measurements from 2013 to 2020 are collected in this study. Aerosol
optical properties encompassing single scattering albedo, asymmetry
parameter, size distribution, and the complex index of refraction, are
adopted for the determination of long-term customized monthly aerosol
models in Beijing, which would be more accurate than the seasonal
aerosol type assumption (Wei et al., 2019).

2.2.4. SONET ground-based measurements

The SONET (http://www.sonet.ac.cn/en/index.php) is a network of
observation sites established by the Chinese Academy of Sciences (CAS)
and related organizations in a representative region of China. The
CE318-DP used within the SONET network is equipped with radiance
and polarization measurements across eight wavelengths from 340 to
1640 nm, which can provide long-term and continuous observation at
approximately 15-minute intervals. This enables the capture of aerosol
optical, physical, and chemical composition parameters throughout the
atmosphere (Ma et al., 2016; Shi et al., 2022). In this study, the Beijing
SONET site (116.4°E, 40.0°N) is included to validate the WFV AOD
retrieval results through its combination with AERONET AOD data. As
illustrated in Fig. 1b, the Beijing SONET site is situated in the impervious
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surface area. This study employs SONET level 1.5 measurements gath-
ered from 2013 to 2020 for AOD retrieval validation. Given that AOD
measurements at 550 nm are not provided by SONET, the AOD value at
this wavelength is interpolated using the Angstr6m exponent algorithm,
utilizing the closest available pair of wavelengths at 440 nm and 675 nm
relative to the observed AOD values (Shi et al., 2022).

2.2.5. ECMWEF reanalysis datasets

The ozone and water vapor data employed in this research are ob-
tained from the European Centre for Medium-Range Weather Forecasts
(ECMWF) (Liu et al., 2015; Pan et al., 2011), and the ERA5 Reanalysis
Data (0.25 x 0.25°) (Hersbach et al., 2020; Urban et al., 2021). ERA5 is
the fifth-generation ECMWF reanalysis and provides an extended tem-
poral sequence of atmospheric fields featuring both high spatial and
temporal resolution. The monthly total column water vapor data and
monthly ozone total columns gridded data for 2013-2020 are down-
loaded from ECMWF (https://www.ecmwf.int/), and applied to express
the gas absorption and Rayleigh scattering terms during the pre-
processing and retrieval processes in this study.

2.2.6. Global land cover data

Land cover information is derived from the Finer Resolution Obser-
vation and Monitoring of Global Land Cover (FROM-GLC10, accessible
at https://data-starcloud.pcl.ac.cn/zh/resource/1) (Gong et al., 2019),
and it is used for land use classification, pixel selection and land-type
changes detection in this study. The adopted dataset encompasses ten
distinct land cover classifications: Cropland, Forest, Grass land, Shrub-
land, Wetland, Water, Tundra, Impervious surface, Bare-land and
Snow/Ice. These classifications are delineated at a spatial granularity of
30 x 30 m. Meanwhile, the dataset is also utilized to distinguish the
impervious land surfaces from the natural land surfaces, and applied to
evaluate the performances of WFV AOD retrievals under different urban
land surface type conditions.

2.2.7. Landsat 8 OLI data

Surface reflectance products from the Landsat 8 Operational Land
Imager (OLI) are obtained from the United States Geological Survey
(USGS, accessible at https://www.usgs.gov/land-resources/), and the
quality assessment band of Landsat-8 OLI image (https://landsat.usgs.
gov/qualityband) is employed to eliminate cloud and snow pixels to
ensure the data validity. Analogous spectral ranges and overpass times
facilitate the feasibility of cross-calibration for the WFV sensor, with the
OLI serving as the reference instrument (Chen et al. 2017; Feng et al.,
2016). Landsat 8 OLI data is used to ensure the radiance reliability of all
WFV sensors in this research, where the image pairs from Gaofen-1/6
WFV and Landsat-8 OLI between 2013 and 2020 in Dunhuang calibra-
tion ground with minimal cloud coverage on the same day are selected.

2.2.8. Road network and emission unit data

In this study, the road density and the emission units serve as in-
dicators of vehicle-generated and industrial atmospheric pollution,
respectively, representing the two major intra-city atmospheric pollu-
tion emission sources. Road network data from OpenStreetMap (Lau-
tenschlager et al., 2020) was extracted for the analysis of vehicle-related
atmospheric pollution. For the analysis of intra-city industrial influence
on atmospheric pollution, key emission units including a variety of in-
dustrial zones and factories associated with intensive atmospheric
pollution emission were identified using data from the 2019 report
published by the Beijing Municipal Ecology and Environment Bureau
(Dong et al., 2023a).

3. Methodology
Assuming a plane-parallel atmosphere and a non-Lambertian ground

surface, the top-of-atmosphere (TOA) satellite-based spectral reflectance
Proa (s, 0y, @, @,) could be formulated as follows (Vermote et al., 1997).
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where 6; is the solar zenith angle and 6, is the satellite zenith angle; ¢,
represents the solar azimuth angle and ¢, refers to the satellite azimuth
angle; ¢, denotes the angular difference in azimuth between the Sun
and the satellite; Ty is the total gaseous transmittance; p g, (6s, 6y, (p‘s,v‘)
refers to the reflectance of the atmosphere path directly emanating from
atmospheric molecules and aerosols; T|(0;) refers to downward atmo-
spheric transmittance pertaining to solar orientation, and T1(6,) repre-
sents the upward atmospheric transmittance corresponding to sensor-
viewing orientation; p.(6s,0,,¢,,,) signifies the land bidirectional
spectral reflectance, while S represents the atmospheric hemisphere
albedo.

It is well known that the key of AOD retrieval is the atmosphere-
surface decoupling, primarily including the atmosphere intrinsic
contribution and atmosphere-surface coupled contribution. One of the
crucial components for high spatial resolution AOD retrieval, namely
land surface bidirectional reflectance estimation, is elaborated upon
extensively in section 3.2. The parameters for the atmosphere intrinsic
contribution can be computed using the Second Simulation of the Sat-
ellite Signal in the Solar Spectrum Vector (6SV) radiation transmission
model under given geometric conditions. This can be accomplished by
inputting the atmospheric model and aerosol loading, based on as-
sumptions regarding the aerosol model. The comprehensive Gaofen
WEFV AOD retrieval framework illustrated in Fig. 3 consists of several
aspects regarding pre-processing, the SAS-MRPV scheme for LSR
determination, aerosol model assumption, the 6SV model for AOD
retrieval, and data validation and evaluation. These aspects are
expounded upon in detail in the subsequent sections.

3.1. Key procedures in pre-processing of Gaofen WFV data

3.1.1. Pixel selection strategy

Gaofen WFV AOD retrieval is conducted under strict cloud-free land
surface conditions. Prior to commencing the AOD retrieval procedures,
it is essential to exclude pixels that do not meet the specified criteria.
These criteria encompass surface pixels containing cloud, cloud shadow,
water bodies, shore, snow/ice and variation of land use types. Precisely
identifying clouds and cloud shadows within Gaofen-1/6 WFV imagery
presents a notable challenge, largely stemming from the constraints
imposed by the limited spectral bands. In this study, the automated
methodology amalgamating multiple features, termed as the Multi-
Feature Combined (MFC) approach, tailored for the discernment of
clouds and their associated shadows within WFV imagery is adopted
based on our prior research (Li et al., 2017), and the WFV cloud and
cloud shadow detection process attains a high average overall accuracy
of 96.8 %. In addition, the water mask is derived from global land cover
data, and the shore mask is generated through a morphological buffering
operation extending 10 pixels from the corresponding water mask. The
snow/ice surface mask is delineated when the snow/ice cover percent-
age, as indicated by the MODIS snow/ice dataset, deviates from an exact
value of 0 %. Besides, periodic and permanent changes in surface type
are excluded to ensure the reliability of land surface BRDF modeling.
The land use change mask is established through an evaluation of
transitions between natural surfaces and impervious surfaces, either
from the former to the latter or vice versa, throughout the entire
experimental duration (Zhang et al., 2022). Furthermore, to mitigate the
significant errors stemming from the assumption of a spherical atmo-
sphere as a plane-parallel atmosphere under extreme angular condi-
tions, pixels characterized by a solar zenith angle or satellite azimuth
exceeding 72° are excluded from consideration.


https://www.ecmwf.int/
https://data-starcloud.pcl.ac.cn/zh/resource/1
https://www.usgs.gov/land-resources/%2c
https://landsat.usgs.gov/qualityband
https://landsat.usgs.gov/qualityband
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Fig. 3. Schematics of Gaofen WFV AOD retrieval framework.

3.1.2. Cross-radiation calibration

Given that the Gaofen-1/6 satellites lack onboard calibrators,
vicarious calibration and cross-calibration procedures are widely
employed for on-orbit calibration. In general, vicarious calibration
presents challenges due to its labor-intensive nature, significant costs,
and limited spatial coverage. In order to address these constraints, a
cross-calibration methodology has been introduced, utilizing the imag-
ery from a rigorously calibrated satellite sensor as a reference (Feng
et al., 2016). In this study, a radiometric cross-calibration based on our
previous research (Dong et al., 2023b) is developed for Gaofen-1 and
Gaofen-6 WFV based on Landsat-8 OLI images. This calibration process
can ensure the reliability and consistency of radiance measurements
across all WFV imagers onboard Gaofen-1 and Gaofen-6, with a cali-
bration uncertainty less than 8 %.

3.1.3. Auto-geometric correction

The accuracy of geometric correction plays a critical role in the AOD
retrieval, especially when constructing the land surface BRDF models.
The auto-calibration method for WFV sensors that utilizes flat terrain to
detect nonlinear distortions is adopted in this study based on our pre-
vious study (Zhang et al., 2017), where the orientation accuracy could
be controlled within 0.6 pixel evaluated by ground control field
checkpoints with the residual errors manifested as random errors.

3.1.4. Pixel integration

Prior to the pre-processing of WFV image data, data integration was
undertaken to guarantee spatial coherence across various data types.
Every auxiliary dataset, encompassing both the products derived from
MODIS and reanalysis data, was initially reprojected to the World
Geodetic System 1984 (WGS-84) geographic coordinate system. Subse-
quently, they underwent resampling through bi-linear interpolation to
align with the Gaofen WFV geographic grids, which have a spatial res-
olution of 16 m. In addition, analogous to the operational AOD retrieval
algorithm employed by MODIS, where pixel integration has been
adopted to obtain aerosol information with less uncertainty (Zheng
et al., 2021). This method involves the downward aggregation of AOD
retrieval results from 500 m into 1 km, 3 km, and 10 km (Levy et al.,
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2013; Lyapustin et al., 2018; Sayer et al., 2014). Similarly, the procedure
of downward aggregation is applied to the Gaofen WFV retrieval results,
initiating from a spatial resolution of 16 m to a coarser resolution of 160
m, with 10 x 10 pixels aggregated by screening the maximum and
minimum 30 % and averaging the median 40 %.

3.2. Land surface reflectance (LSR) determination

3.2.1. Significance of characterizing land surface bidirectional reflectance
in WFV AOD retrieval

The essence of satellite-based aerosol retrieval from TOA reflectance
is to disentangle the atmospheric and surface reflectance contributions.
Therefore, an appropriate surface estimation scheme is crucial for
ensuring the reliability and accuracy of urban AOD retrievals, since the
urban areas have complex landscapes with relatively high surface
reflectance (Zhang et al., 2022). In addition, the spatial resolution of the
Gaofen WFV is only 16 m and the observation angle varies considerably,
which will lead to a dramatic change in surface reflectance over the
urban surface (Wang et al., 2018). MODIS, Polarization and Direction-
ality of Earth Reflectance (POLDER) and Multi-angle Imaging Spec-
troradiometer (MISR) are three currently available sensors able to
provide land surface bidirectional reflectance with distinct sun-sensor
geometry conditions (Zheng et al., 2020). However, the resolutions of
these existing BRDF data or products are too coarse to be directly
applied for WFV AOD retrieval, as well as the distinct spectral response
functions between different sensors. Therefore, it is of significance and
necessity to characterize the WFV-specific land surface bidirectional
reflectance over complex urban areas.

3.2.2. Selection of core BRDF model for LSR determination scheme

There are several BRDF models widely used to characterize the land
surface bidirectional reflectance in the current satellite algorithms, such
as the modified Rahman-Pinty-Verstraete (MRPV) model (Engelsen
et al., 1997,1998; Rahman et al., 1993a; Rahman et al., 1993b; Solheim
et al., 2000), which is the operational BRDF model in MISR BRDF/Al-
bedo algorithm (Armston et al., 2007), and the kennel-driven semi-
empirical BRDF model RossThick-LiSparse-Reciprocal (RTLSR), which is
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known as the official algorithm for characterizing bidirectional reflec-
tance anisotropies of the land surface in MODIS (Wanner et al., 1997). In
this study, two operational BRDF models above, namely the RTLSR
BRDF model and the MRPV model, are both adopted for characterizing
the land surface bidirectional reflectance for WFV sensors over urban
areas, to select the core BRDF model in the LSR determination scheme
with better performances, combined with the applicability evaluation of
both BRDF models over various land cover types. For reasonable and
quantitative comparison, the model sensitivity analyses are carried out
by applying the RTLSR and the MRPV BRDF models for fitting the
exactly same WFV land surface bidirectional reflectance datasets with
distinct sun-sensor geometry conditions across diverse land cover types
situated within the study regions. The experiments and results are
described in Supplementary Materials Text S1 and Table S1, which show
that the model fitting accuracy of the MRPV model is generally com-
parable to those of the RTLSR model over natural land surfaces, while
the MRPV model performs better in fitting the observed WFV reflectance
over most impervious land surfaces, where the MRPV-derived fitting
accuracy achieves the RMSE less than 0.04 and R greater than 0.86
under most situations. The probable reason is that the MRPV model
performs better when considering the large angle observation and
describing the backward hotspot effects, which is significant and
necessary for urban surface reflectance estimation for WFV sensors. It
should be noted that the RTLSR model may encounter mathematical
problems when the view zenith angle is large in the comparison
experiment, which is resolved by forcing it to be equal to the normal
range of boundary values in accordance with prior research (Shuai et al.,
2008). In contrast, the MRPV model calculation process has always been
smooth, indicating its reliability in estimating bidirectional surface
reflectance under relatively large viewing geometry conditions. There-
fore, the MRPV model is selected as the core BRDF model in the sub-
sequent SAS-MRPV scheme in this study.

3.2.3. Detailed descriptions for the SAS-MRPV scheme

The original Rahman-Pinty-Verstraete (RPV) model could be
expressed as Egs. (2)-(6) (Pacifici et al., 2014). Considering the solar
zenith angle 65, the view zenith angle 6, and the relative azimuth angle
between the view and solar positions ¢, the bidirectional reflectance
obtained by the RPV model is calculated as follows.

cos*16,cos*16,

(cos6; + cos6, )H‘ * Flg. 8) ¢ H(G.py)

/)RPV (9\9”(/}) = pO i (2)
The RPV model systematically deconstructs the observed angular
surface reflectance into three independent components: the represen-
tation of amplitude p,, the shape anisotropy k, and the factor of asym-
metry 9. The parameter p, € [0,1] characterizes the intensity of the
target, remaining invariant to angular fluctuations. The parameterk €
[0,2] denotes the anisotropy of the target. Anisotropy patterns are
delineated by the values of k; values less than 1.0 signify a bowl-shaped
pattern, whereas values exceeding 1.0 correspond to a bell-shaped
configuration. The ideal case ofk = O represents a Lambertian surface.
Conclusively, the asymmetry factor 6, constrained within the range
[-1,1], modulates the proportion of forward scattering, #<(0,1] and
backward scattering, 6 € [-1,0) (Pacifici et al., 2014). According to:

Flg,9) = i 3)
& (14 8% 4 29cosg)*"?
with
cosg = cosfscosb, +sinbssinb,cosp (4) and
1—p,
H =1

where H(G, p,) in Eq. (2) and Eq. (5) is the term to describe the hotspot,
which captures the backward hotspot effects which are significant for
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urban areas in this study (Pacifici et al., 2014), with

G(6s, Oy, p) = (tan*6, + tan’6, — 2tan6‘.\vtan9‘,cosrp)l/ 2 6)

The Modified RPV model (Engelsen et al., 1998) employs a loga-
rithmic transformation and a least squares solution to streamline the
process of obtaining parameters in the RPV model. As part of this
modification, the function in Eq. (3) was substituted with the following
expression.

F(g,b) = exp(b-cosg) (@]
where b is the parameter in the MRPV model for describing the BRDF
asymmetry. One significant benefit of MRPV models is their ability to
effectively simulate the intricate 3-D BRDF field, which is accomplished
by utilizing the product of three angular functions in the equations
above (Liu et al., 2016).

To enhance the convergence stability and fitting accuracy for the
nonlinear MRPV model, a Simulated-Annealing-coupled Semiempirical
Modified Rahman-Pinty-Verstraete (SAS-MRPV) scheme is proposed in
this study aiming to achieve the global optimization for MRPV BRDF
model through using simulated annealing iteration, which is initialized
by the MODIS BRDF dataset as a priori knowledge to obviously improve
the convergence efficiency and fitting accuracy (Mafarja and Mirjalili,
2017). To be specific, the long-term 16 m WFV land surface bidirectional
reflectance datasets were firstly collected, after conducting gas and
background aerosol corrections on clear-sky candidate WFV images.
Then these WFV land surface bidirectional reflectance datasets with
corresponding sun-sensor geometry, including satellite zenith angle, sun
zenith angle, and relative azimuth angle, were served as original data-
sets to fit the MRPV model through the simulated annealing iteration
approach. In order to reduce the number of iterations required for model
convergence and confine the iteration boundary, the initial land surface
bidirectional reflectance for each pixel has been configured and esti-
mated by utilizing the MODIS BRDF products based on the MODIS
operational RTLSR BRDF model, where the MODIS BRDF parameters
extracted at the center of each Gaofen pixel. Through continuous iter-
ation of the simulated annealing algorithm, the convergence accuracy
for the MRPV model representing the WFV land surface bidirectional
reflectance datasets was gradually enhanced to achieve the global
optimal solution, resulting in the most accurate estimation for the MRPV
BRDF model parameters for each WFV pixel.

In addition to that, similar to the quality assessment implemented in
MODIS operational algorithms for BRDF/albedo products, two evalua-
tion metrics Root Mean Square Error (RMSE) and Weight of Determi-
nation (WoD) (Jiao et al., 2014) are used to assess the accuracy and
reliability in characterizing the land surface bidirectional reflectance for
WFV, where the RMSE serves as an indicator of deviation in model-
fitting, whereas the WoD offers an assessment of retrieval confidence
based on the provided angular samplings (Shuai et al., 2008). Further-
more, the combination of these two assessment metrics is employed to
conduct the quality control in the SAS-MRPV modeling and the subse-
quent AOD retrieval processes, which will be discussed in the later error
analysis section.

1 n 2
RMSE = \/ ;Eizl (R_model; — R_obs;) 8)

where n represents the number of models fitted and WFV observed
bidirectional reflectance pairs. R_obs is the observed surface reflectance,
and R_model is the surface reflectance derived from the surface BRDF
characteristics through the BRDF model. A higher RMSE value suggests
larger deviations in model fitted and WFV observed bidirectional
reflectance values.

As for the calculation of WoD, using the theory that originates with
Gauss, the uncertainty (error) g, expected in u may be expressed as
(Lucht and Lewis, 2000):
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1
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where e is an estimate of standard error in the observed data, and 1/w, is
the weight of determination of term w. In this study, the calculation of
WoD is defined as follows.

WoD = 10)

c
RMSE
where ¢ is the standard error of observed bidirectional reflectance
samplings, and RMSE is the root mean squared error of observed bidi-
rectional reflectance samplings.

3.3. Aerosol-Type assumptions

The aerosol type which elucidates both the chemical composition
and optical properties within a designated area, stands as a pivotal factor
influencing the accuracy of AOD retrieval. Key optical attributes
defining the aerosol type encompass SSA, asymmetry factor g, and CRIL.
SSA quantifies total extinction due to scattering and epitomizes profi-
ciency in electromagnetic radiation absorption and scattering. The fac-
tor g delineates the balance between forward and backward scattering
and maintains consistent within a specific aerosol type. The CRI sheds
light on the particle capacity for light scattering and absorption. Spe-
cifically, the real part (RP) of the CRI details the potential of aerosol
particles to diminish radiative energy, while its imaginary part (IP)
underscores the absorption capacity of aerosol particles. The calculation
of aerosol optical properties is conducted using the MIE scattering model
within the framework of the 6SV model. The 6SV radiation transmission
model (RTM) employs both the refractive index and aerosol size distri-
bution to characterize the aerosol type derived from sun photometer
data.

Table 1 presents the aerosol optical properties of monthly aerosol
models employed in the AOD retrieval in this study, and it indicates that
the SSA attains its peak value in July, while its lowest value is observed
in January. The asymmetry factor g illustrates a similar trend, with the
largest value occurring in July and the smallest value in November. The
RP-CRI and IP-CRI reach their peak values in January and achieve their
lowest values during June. All the aerosol optical properties exhibit
conspicuous seasonal variation, and it could be observed that there still
exist slight changes within each season. Therefore, compared with the
seasonal aerosol model, the monthly aerosol model adopted in this study
can achieve more accurate aerosol model assumptions, further reducing
the accuracy uncertainty in the subsequent AOD retrieval.

3.4. AOD retrieval using the 6SV model
The retrieval of aerosol information from satellite observations can

be obtained by comparing the observed reflectance with that computed
by the RTM. However, executing the RTM in real-time can be time-

Table 1

Monthly aerosol optical properties used in AOD retrieval.
Month SSA (0.47 g (0.47 RP-CRI (0.47 IP-CRI (0.47

m) pm) pm) pm)

January 0.884 0.679 1.504 0.016
February 0.911 0.679 1.491 0.011
March 0.919 0.682 1.501 0.008
April 0.929 0.682 1.498 0.006
May 0.920 0.676 1.498 0.006
June 0.961 0.709 1.448 0.004
July 0.963 0.717 1.453 0.004
August 0.954 0.711 1.449 0.005
September 0.943 0.703 1.474 0.007
October 0.933 0.699 1.500 0.008
November 0.906 0.656 1.490 0.011
December 0.891 0.692 1.493 0.014
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consuming. Therefore, the AOD retrieval algorithm for WFV is formu-
lated using streamlined Look-Up Tables (LUT) derived from the 6SV
model to improve computational efficiency and avoid running the RTM
for every pixel.

Table 2 elucidates the LUT methodology employed for AOD retrieval
(Cheng et al., 2012; Jiang et al., 2022; Sun et al., 2017; Zhang et al.,
2018b). This approach is predicated on the 6SV model, incorporating
tailored atmospheric models, a range of aerosol loadings (AOD), distinct
sun-sensor geometric configurations, and varied elevation conditions.
By combining the land surface bidirectional reflectance estimated
through the SAS-MRPV scheme and the aerosol optical properties con-
tained within the monthly aerosol model, the pre-established LUT en-
ables the calculation of simulated TOA reflectance. The simulated TOA
reflectance can then be computed utilizing the constructed LUT under a
given geometry and atmospheric conditions. A nonlinear interpolation
method between simulated TOA reflectance and TOA reflectance
observed by the satellite is utilized to determine the exact AOD value for
each pixel.

3.5. Accuracy validation and performance evaluation of AOD retrievals

When the WFV AOD retrieval process is completed, the validation is
carried out by comparing the WFV AOD retrieval results with AERONET
and SONET AOD and three MODIS AOD products, namely DB, DT, and
MAIAC AOD. Statistical accuracy indicators, including the mean abso-
lute error (MAE), mean relative error (MRE), RMSE, relative root mean
square error (RRMSE), correlation coefficient (R), and the expected
error (EE) envelope defined in Eq. (11) to Eq. (15), are employed to
assess the accuracy of WFV AOD retrieval results against AERONET and
SONET AOD. Specifically, the mean AOD value is extracted within a 30-
minute window around the Gaofen WFV overpass to ensure temporal
and spatial alignment. Subsequently, the AOD retrievals for WFV are
conducted over a standard sampling grid of 3 x 3 pixels at the AERONET
and SONET sites. The mean of the effective values, where AOD exceeds
0, is designated as the AOD retrieval for this site.

1 n
MAE = -Y"" |WFV_AOD; — AERONET /SONET AOD;| a1
n =
wrE 3 |WFV_AOD; — AERONET /SONET _AOD;| 12
n & AERONET /SONET_AOD;
1 n
RMSE = \/ —> " (WFV_AOD; — AERONET [SONET AOD;)’ 13)
n =
1S (WFV_AOD; — AERONET /SONET_AOD;)’
RRMSE = ¢ [* . . (14)
S (AERONET /SONET _AOD;)

Table 2
The list of input variables used for Gaofen WFV AOD retrieval LUT.
Input Variables Number of Entries
Entries
Satellite Zenith Angle (°) 13 0, 6, 12, 18, 24, 30, 36, 42, 48, 54,
60, 66, 72
View Zenith Angle (°) 13 0, 6, 12, 18, 24, 30, 36, 42, 48, 54,
60, 66, 72
Relative Azimuth Angle 14 0, 12, 24, 36, 48, 60, 72, 84, 96,
©) 108, 120, 132, 144, 156
AOD at 0.55 pm 9 0, 0.25, 0.5, 0.75,1, 1.5, 2, 3,5
Terrain height (km) 2 0,1
Surface bidirectional 4 0,0.1,0.2, 0.3
reflectance
Customized water—vapor 10 0.4,0.8,1.2, 1.6, 2.0, 2.4, 2.8, 3.2,
(cm-atm) 3.6, 4.0
Customized ozone content 8 0.25, 0.75, 1.25, 1.75, 2.25, 2.75,
(cm-atm) 3.25,3.75
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EE = +(15% x AERONET /SONET_AOD + 0.05) (15)

where n is the number of WFV-AERONET/SONET AOD pairs. The MAE
quantifies the difference between WFV-derived AOD and AERONET/
SONET AOD values, while the MRE evaluates the relative error between
WEFV-derived AOD and AERONET/SONET AOD values. The RMSE rep-
resents the dispersion extent within these differences. A higher RMSE
value suggests a more significant deviation in WFV-derived AOD values.
RRMSE is a root mean square error metric that has been scaled to the
actual value and then normalized by the RMSE. While the scale of the
original measurements limits RMSE, RRMSE can be used when
comparing different measurement techniques. Also, RRMSE expresses
the error relatively. The EE represents the fraction of WFV-derived AOD
values that match AERONET/SONET AOD values within the expected
error.

4. Results and discussion
4.1. Validation against AERONET/SONET AOD measurements

This study validates the performance of the Gaofen WFV AOD
retrieval algorithm using AERONET/SONET AOD measurements at 550
nm under different LSR determination schemes and land cover types
(Fig. 4), satellite types (Fig. 5), aerosol loadings (Fig. 6), yearly (Fig. 7),
and seasonal conditions (Fig. 8), respectively.

The accuracy of WFV AOD retrievals against AERONET and SONET
sites were compared, where the LSR was estimated by different LSR
determination schemes, including the SAS-MRPV scheme, the MODIS
BRDF Products, and the Minimum Reflectance Technique (MRT). The
descriptions for WFV LSR determination via MODIS BRDF Products and
MRT method are described in Supplementary Materials Text S2. As
illustrated in Fig. 4, AOD retrievals through LSR estimated based on both
the SAS-MRPV scheme (Fig. 4a) and MODIS BRDF Products (Fig. 4b) can
achieve high accuracy over natural (XiangHe AERONET site) and
impervious land surfaces (Beijing, Beijing-Camps AERONET sites, and
Beijing SONET site), where the values of R and the EE ratio reach up to
0.97 and over 80 %, respectively, with the MAE, MRE and RMSE values
less than 0.07, 0.4 and 0.13. However, AOD retrievals through LSR
estimated based on the MRT have relatively large uncertainty, as indi-
cated by larger values of evaluation metrics and lower values of the
percentage of the matchups falling within the EE envelope. This in-
dicates that the LSR determination scheme which considers the land
surface BRDF effect has a prominent advantage in estimating surface
impacts on AOD retrievals. Moreover, the accuracy of the WFV AOD
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Fig. 5. Validation of the Gaofen WFV AOD retrievals of Gaofen-1 (blue circles)
and Gaofen-6 (red circles) against the AERONET/SONET AOD measurements in
Beijing from 2013 to 2020. The EE envelope lines are denoted by black dashed
lines, while the 1:1 reference line is highlighted in red dashes. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

retrieval through LSR estimated based on the SAS-MRPV scheme and
MODIS BRDF Products over natural land surfaces exhibits a superiority
over that of impervious land surfaces to some extent, with superior
evaluation metrics and a larger proportion of matchups falling within
the EE envelope. To be specific, the uncertainty of AOD retrieval through
LSR estimated based on the MODIS BRDF Products is lower over natural
land surfaces compared to impervious land surfaces, while the AOD
retrieval through LSR estimated based on the SAS-MRPV scheme ex-
hibits comparable performance across both land surface types, with over
80 % of matchups falling within the EE envelope and RMSE values of less
than 0.1 for both natural and impervious land surfaces. This demon-
strates the consistent performance of the SAS-MRPV LSR determination
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Fig. 4. Validation results of the Gaofen WFV AOD retrievals through LSR estimated based on (a) the SAS-MRPV scheme, (b) the MODIS BRDF Products, and (c) the
Minimum Reflectance Technique (MRT), against the AERONET/SONET AOD measurements in Beijing from 2013 to 2020 over natural (blue circles) and impervious
(red circles) land surfaces, respectively. The EE envelope lines are denoted by black dashed lines, while the 1:1 reference line is highlighted in red dashes. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The AOD bias, MAE, RMSE, and the ratio of matchup pairs falling within the EE envelope for WFV AOD retrievals against AERONET/SONET AOD mea-

surements for each year.

scheme under different land cover types. Furthermore, it can be seen
from the proportion falling in the EE lines that there are more deviations
in the AOD retrieval through LSR estimated based on the MODIS BRDF
Products over impervious areas than based on the SAS-MRPV scheme,
possibly due to that the land surface of urban areas is complex, the
uncertainty may be introduced when applying relatively coarse spatial
resolution of MODIS 500 m to WFV 16 m. Besides, fewer matchups (N)
could be found in AOD retrieval through LSR estimated based on the
MODIS BRDF Products compared to the N values of AOD retrievals
through LSR estimated based on the other two LSR determination
schemes, which is probably caused by intrinsic data missing within the
MODIS BRDF Products. Furthermore, for the AOD retrieval through LSR
estimated based on the MRT, the AOD overestimation is obvious over
both natural and impervious land surfaces, where more significant
overestimation appears over impervious land surfaces than that over
natural land surfaces, which may be due to the BRDF effect in imper-
vious areas is more significant than that over natural areas, and thus the
overestimation of AOD values may be more significant in urban areas,
which is reflected by larger values of evaluation metrics and lower
values of proportion of matchups falling within the EE envelope less
than 77 %.
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In addition to that, the comparison and analysis of the spatial dis-
tribution details of WFV AOD retrievals through LSR estimated based on
different methods, which are illustrated and described in Supplementary
Materials Figure S1 and Text S3, indicate that AOD retrieval through
LSR estimated based on the SAS-MPRV scheme can achieve more com-
plete coverage while exhibiting generally stable performances under
both clean and polluted conditions. As contrast, the occurrence of
abnormal AOD values retrieved based on MODIS BRDF Products and the
MRT method is primarily attributed to applying 500 m MODIS BRDF
data to characterize 16 m land surface bidirectional reflectance and
typical underestimation of land surface reflectance in MRT, respectively.

To explore the impact of different satellites on the retrieval of AOD
based on satellite constellation synergistic observation, Fig. 5 shows the
validation of the Gaofen WFV AOD retrievals against the AERONET/
SONET AOD for Gaofen-1 and Gaofen-6, respectively. The results show a
good correlation between WFV AOD retrievals of both Gaofen-1 and
Gaofen-6 and AERONET/SONET AOD, where the values of R and the EE
ratio were as high as 0.97 and more than 78 %, respectively. Addi-
tionally, the MAE, MRE, and RMSE values of less than 0.06, 0.33, and
0.1, respectively, indicate that the accuracy of the WFV-derived AOD is
reliable over both Gaofen-1 and Gaofen-6. Overall, the WFV AOD
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retrieval scheme demonstrates the generally consistent performance
between different satellites, which indicates the applicability of the
synergistic observation algorithm for Gaofen-1 and Gaofen-6 in this
study.

Fig. 6 depicts the performance of the WFV AOD retrieval algorithm
across varying aerosol loading conditions. The overall results indicate
that the retrieval algorithm performs well, where over 75 % of the AOD
retrievals fall within the EE envelope under any aerosol loading condi-
tions, with the mean AOD bias closing to zero. It is indicated that when
the aerosol loadings are relatively small (AOD < 0.5), the retrieval un-
certainties of WFV AOD remain at a low level, where the absolute values
of AOD bias are generally less than 0.15 with MAE and RMSE less than
0.1, which are introduced by the slight errors in LSR estimations. The
RRMSE value presents a significantly high value when the aerosol
loadings are small (AOD < 0.2), however, the corresponding values of
RMSE remain as low as that of other aerosol loadings, indicating the
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absolute uncertainties are still very low, although the relative uncer-
tainty appears to be large. In addition, the AOD retrieval uncertainties
exhibit a growing trend for the AOD bias, MAE, and RMSE, along with
the increase of aerosol loading, which are probably caused by the errors
from the monthly aerosol model assumption magnified with the aerosol
loading increasing to a certain extent. And the AOD retrieval un-
certainties for relatively larger aerosol loading conditions (AOD > 0.8)
remain at a relatively low level, where the absolute values of the AOD
bias are generally less than 0.3, with the MAE less than 0.15, the RMSE
less than 0.2, the EE ratio reaching up to 87 %, which also suggest the
reliability of large values in WFV AOD retrievals.

Fig. 7 depicts the performance of the WFV AOD retrieval algorithm
for each year over the study period. The overall results demonstrate that
the retrieval algorithm performs well, where over 75 % of the AOD re-
trievals fall within the EE envelope for each year, with the mean AOD
bias closing to zero. And the values of evaluation metrics of RMSE and
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MAE are both less than 0.1, indicating the small uncertainty of the
retrieval algorithm throughout the study period. Moreover, the AOD
retrieval uncertainties exhibit no obvious change with the time series,
even subsequent to 2018 when the integration of Gaofen-6 observations
into the synergistic observations, demonstrating the superiority of
considering surface bidirectional reflectance effect and monthly aerosol
modeling in the retrieval algorithm.

As illustrated in Fig. 8, the validation of WFV-derived AOD against
AERONET/SONET AOD is further conducted in different seasons.
Overall, the validation results show a good consistency between the
WFV AOD retrievals and the AERONET/SONET AOD in all seasons,
where the best correlation appears in autumn with the R over 0.98 and
approximately 83 % matchups falling within the EE envelopes, followed
by summer and spring. Although the validation results in winter obtain
lower correlation coefficient and EE ratio compared to other seasons,
which is probably attributed to the relatively sparse vegetation cover in
winter slightly affecting the LSR estimation accuracy and subsequently
impacting the AOD retrieval accuracy to a certain extent, yet over 78 %
EE ratio and relatively low MAE, MRE and RMSE in winter also
demonstrate the data accuracy reliability in scientific applications and
analyses. Besides, fewer matchups (N) could be found in summer
compared to the other three seasons, due to the relatively higher cloud
coverage percentage reducing the available satellite aerosol observa-
tions in the summer of Beijing.

In summary, the validation results against AERONET and SONET
AOD measurements demonstrate generally high accuracy metrics of
WFV AOD retrievals in this study. The bias or errors in the WFV AOD
retrievals may fluctuate under different land cover types, aerosol
loading, and seasonal conditions. Still, these fluctuations are limited
within a relatively small range, which suggests the errors from the SAS-
MRPV LSR determination scheme and aerosol type assumption during
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the retrieval processes are relatively slight, further indicating the reli-
able and consistent performances of WFV AOD retrievals in this study.

4.2. Comparison of Gaofen WFV AOD with operational MODIS AOD
products under different atmospheric pollution conditions

The WFV AOD retrievals with relatively high spatial resolution are
supposed to possess huge potential and advantages in monitoring and
analyzing air pollution within urban areas at a fine scale. As shown in
Figs. 9-11, three typical cases under different air pollution extents,
namely a clean day, a light polluted day, and a haze day, are selected as
examples to illustrate the WFV AOD performances compared against the
widely used MODIS operational AOD products with 10 km, 3 km, and 1
km spatial resolution, via DB, DT, and MAIAC aerosol retrieval algo-
rithms, respectively.

As illustrated in Fig. 9, the case day on Oct. 17, 2018, is generally a
clean day for Beijing, where the aerosol loadings at low levels appear in
urban centers while the atmospheric pollution is mainly located in the
Southern and Southeastern regions of Beijing. Both MODIS DB AOD
(Fig. 9¢) and DT AOD (Fig. 9d) data can capture this overall spatial
distribution of aerosol loadings at a relatively large scale, however, they
could hardly distinguish the finer spatial differences inside the urban
centers due to their coarse spatial resolution. Besides, it could be found
that part of the DB AOD retrievals is contaminated by the cloud which
leads to the overestimation of DB AOD values spatially adjacent to the
cloud, and there still exist data blanks in the DT AOD retrievals without
cloud shielding to a certain extent, due to the limitation from DT algo-
rithm over brighter land surface reflectance such as urban surfaces. As
for the MAIAC AOD (Fig. 9e) with 1 km spatial resolution, it shows
limited variations in AOD distribution and appears excessively smooth
failing to capture spatial differences of aerosol loadings in this case. As

Clean Day
(Oct 17, 2018)
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Fig. 9. Inter-comparison of (a) Gaofen WFV AOD (160 m) with MODIS (c) DB AOD (10 km), (d) DT AOD (3 km), () MAIAC AOD (1 km) at 550 nm on a clean day
(Oct. 17, 2018), in conjunction with its corresponding MODIS-derived true-color image annotated with AERONET/SONET observation values (b). The color of

triangle legends corresponds to the AOD value in color bar.
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Fig. 10. Inter-comparison of (a) Gaofen WFV AOD (160 m) with MODIS (c) DB AOD (10 km), (d) DT AOD (3 km), (e) MAIAC AOD (1 km) at 550 nm on a light
polluted day (Sep. 22, 2019), in conjunction with its corresponding MODIS-derived true-color image annotated with AERONET/SONET observation values(b). The

color of triangle legends corresponds to the AOD value in color bar.
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Fig. 11. Inter-comparison of (a) Gaofen WFV AOD (160 m) with MODIS (c) DB AOD (10 km), (d) DT AOD (3 km), (e¢) MAIAC AOD (1 km) at 550 nm on a haze day
(May 21, 2014), in conjunction with its corresponding MODIS-derived true-color image annotated with AERONET/SONET observation values (b). The color of

triangle legends corresponds to the AOD value in color bar.

contrast, the WFV AOD retrievals (Fig. 9a) in this case provide a finer
description of aerosol spatial distribution with much more spatial details
in the urban center, where the spatial differences of aerosol loadings
within the central urban areas of Beijing can be observed that the AOD
values from Inner Ring regions are generally lower than those from
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Outer Ring regions of Beijing, primarily caused by the varied densities of
anthropogenic emissions. Moreover, the WFV AOD in this case illus-
trates its good performance in distinguishing the cloud pixels from
aerosol pixels, and only a rather small proportion of data blanks appears
in the WFV AOD data due to quality assurance during the retrieval
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algorithm.

The Fig. 10 illustrates a light-polluted day on Sep. 22, 2019. Roughly
speaking, the overall atmospheric pollution is located in the central
urban areas and eastern regions of Beijing, which could be similarly
depicted by both MODIS and WFV AOD data. Beyond the general
illustration of aerosol spatial distribution, the MAIAC AOD (Fig. 10e)
with 1 km spatial resolution possesses the capability to characterize the
aerosol spatial distribution at a finer scale with more smooth variation
details. And the WFV AOD (Fig. 10a) not only depicts the comprehensive
spatial distribution of AOD but also provides the finest description of
spatial characteristics of air pollution, which offers the possibility to
assess the air pollution exposure and health risk at the community level
(usually on the hundred-meter scale), benefit from its advantage in
spatial resolution. Although it should be admitted that there exist few
AOD abnormal values contaminated by sporadically shattered clouds in
the WFV AOD retrievals, the percentage of data missing in the WFV AOD
retrievals is obviously lower than in the MODIS DT and MAIAC AOD
products.

As illustrated in Fig. 11, a haze case in Beijing is illustrated on May
21, 2014, when the whole urban area of Beijing suffered from severe
atmospheric pollution. Both MODIS and WFV AOD datasets possess the
ability to characterize the spatial distribution of extreme haze situations
that the primary atmospheric pollution gathers in the North China Plain
regions, and the pollution level is mitigated to some extent in Western
and Northern regions blocked by mountains. Unlike MODIS DB and DT
AOD products, the MODIS MAIAC AOD and WFV AOD data both char-
acterize the aerosol spatial distribution with smooth variation attribut-
able to higher spatial resolution. There are limited spatial variation
details that can be observed from neither MODIS MAIAC 1 km AOD nor
WEFV 160 m AOD, since the atmospheric pollution tends to be more
spatially uniform under severe haze conditions.

In summary, the inter-comparison between WFV-derived AOD
against three operational MODIS AOD products demonstrates that the
160 m WFV AOD retrievals in this study not only obtain similar aerosol
overall descriptions as MODIS AOD retrievals but also possess the
capability to characterize the spatial distribution of atmospheric pollu-
tion at a finer scale with smoother variation under both clean and
polluted conditions. Moreover, benefiting from its advantage in spatial
resolution, the WFV AOD data could distinguish more delicate AOD
spatial variation details, which offers the possibility to analyze the
anthropogenic emissions or assess the air pollution exposure and health
risks at a community level.
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4.3. Evaluation of potentials of the high spatial resolution WFV AOD in
atmospheric pollution emission source tracking and analysis

In addition to providing finer descriptions of aerosol spatial distri-
bution, the 160 m WFV-derived AOD data retrieved in this study offers a
possibility to identify and track the potential atmospheric pollution
emission sources at a relatively small geographical scale. As illustrated
in Fig. 12, the annually mean AOD in 2019, along with the single-day
image on September 29, 2019, demonstrates that the annually mean
AOD map provides a more comprehensive evaluation of the average
annual emissions within specific emission areas, while the single-day
map is effective in identifying atmospheric pollution emission sources
that have significant emissions on that particular day. Furthermore, to
demonstrate and evaluate the performances of tracking results, several
typical polluted regions are selected and zoomed in upon, combined
with corresponding Google Earth images provided as references. The
selected polluted regions consist of the mining areas (region a in
Fig. 12), the industrial factory (region b in Fig. 12), the residential and
commercial hybrid areas (region c in Fig. 12), and the industrial parks
(region d in Fig. 12). The results indicate that the industrial factory
(Fig. 12 b2) and parks (Fig. 12 d2) possess a relatively higher pollution
emission level compared to other regions, with the atmospheric pollu-
tion showing a diffusion pattern from emission center to the surrounding
areas. Moreover, Fig. 12 a2 outlines a mining zone, where the pollution
patterns demonstrate that there exist slightly higher AOD values in
patches than the background AOD, which distinguishes the mining
emissions areas from the vegetation fields. In addition to that, Fig. 12 c2
displays a residential and commercial areas, where it is found that the
commercial areas possess relatively higher extents of pollution emis-
sions than the residential areas.

Moreover, the potential atmospheric emission sources and corre-
sponding emission levels derived from the WFV AOD map could be
further verified by analyses incorporating the primary road network and
the locations of key atmospheric pollution emission units, which serve as
indicators of vehicle-generated and industrial atmospheric pollution,
respectively. Collectively, it is indicated that the WFV-derived AOD map
provides valuable insights into the identification of vehicle-related and
industrial emission sources for better assessing their intra-city influences
on atmospheric pollution. The geographic distribution of areas exhib-
iting higher AOD values closely aligns with regions characterized by
elevated road network density. This correspondence suggests that AOD
pollution resulting from transportation activities in Beijing is obvious.
To be specific, the mining zone (Fig. 12 a2) stands out due to its relative

Roads ® Emission zone

Fig. 12. Identification of the atmospheric pollution emission Sources via WFV AOD map in 2019 and on September 29, 2019. The subplots illustrate the detailed
spatial distribution of AOD with their corresponding Google Earth images, including (a) Mining areas, (b) Industrial factories, (c) Residential and commercial hybrid
areas, and (d) Industrial parks. Grey lines depict the spatial distribution of the primary road network, and purple dots illustrate the location of key atmospheric
pollution emission units in Beijing. (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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absence of proximate atmospheric emission sources and a sparsely
interconnected road network. This distinction may be attributed to its
suburban location, where the presence of both road networks and in-
dustrial emission units is limited. Consequently, the mining zone expe-
riences less influence from these sources of pollution. Notably, this
observation implies that the pollution in the vicinity of the mining site
predominantly emanates from the substantial dust generated during the
mining and ore processing activities, thus attributing the airborne
pollution to the mining operations. In contrast, the other three regions
located on impervious surfaces exhibit high road network density and
proximity to significant emission sources. Regions b and d, in particular,
are situated within emission units, with region c partially covered yet
surrounded by numerous emission sources. Region c exhibits a dense
road network, aligning with the observed distribution pattern of
heightened AOD values compared to the background AOD within this
area. However, the intensity of AOD pollution within the cores of re-
gions b and d, which progressively diminishes towards their peripheries,
provides further evidence of the spatial distribution characteristics of
industrial-related atmospheric pollution. Additionally, region d features
a denser road network compared to region b, resulting in a similar AOD
pattern with localized increases in AOD values relative to the back-
ground AOD similar to region c. However, this phenomenon is absent in
region b.

Thus, it is indicated that the WFV-derived AOD possesses the capa-
bility of accurately locating the atmospheric pollution emission sources
and determining their emission levels at a fine scale, which could further
support related research on community-level health risk assessments or
urban climatology.

4.4. Error analysis and quality control in the SAS-MRPV scheme

In this study, the efficacy of the SAS-MRPV scheme in high-resolution
land surface bidirectional reflectance description is evaluated using two
metrics, namely the RMSE and the WoD, which are integrated into the
operational product to measure and quantify the uncertainty associated
with BRDF retrieval performance (Shuai et al., 2008). The RMSE mea-
sures the accuracy of the SAS-MRPV scheme, while the WoD serves as an
indicative metric for the performance of kernel-driven linear models,
particularly when confronted with limited and fluctuating angular
samplings. The combined use of these two metrics during the SAS-MRPV
scheme enables the quantification of LSR determination uncertainties.

Table 3 demonstrates the statistics metrics of RMSE and WoD in each
seasonal LSR modeling for all the available pixels over natural and
impervious land surfaces, respectively, where the mean RMSE and WoD
indexes in the study areas range from 0.017 to 0.025 and 28.03 to 66.00,
respectively. The RMSE and WoD of LSR modeling over impervious land
surfaces are slightly higher than those over natural land surfaces, but the
difference is not obvious, indicating that the developed SAS-MRPV
scheme can achieve relatively stable performances under different
land surface types including heterogeneous land surfaces with distinct
anisotropy of bidirectional reflectance. Moreover, the RMSE and WoD
indexes for LSR modeling in winter are not as good as those in the other
three seasons, which could be probably caused by some areas being
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partly and occasionally covered by snow during the winter. This un-
certain reflectance change from the land surfaces due to snow cover
perturbations undoubtedly introduces uncertainties into the SAS-MRPV
scheme, which yields relatively larger RMSE and WoD indexes observed
during this period.

In this study, accordingly, the quality control for LSR modeling is
conducted on each available land pixel through a combination of RMSE
and WoD indexes. The SAS-MRPV scheme developed in this study em-
ploys the RMSE and WoD screening criteria to first determine the quality
assurance (QA) for each effective LSR modeling pixel and then exclude
pixels with margin QA flag, which aims to reduce uncertainty in the
subsequent AOD retrieval processes. To be specific, pixels with RMSE
values greater than 0.08 are initially excluded similar to prior studies
(Hu et al., 1997; Lucht et al., 2000; Shuai et al., 2008), followed by
consideration of the WoD values to screen the pixels with insufficient
LSR modeling matchups. Moreover, seasonal upper thresholds for both
RMSE and WoD indexes are determined at three times the standard
deviation levels.

To evaluate the efficacy of quality control of the SAS-MRPV scheme
on LSR modeling, Fig. 13 illustrates the performances of quality assur-
ance screening by comparing land surface bidirectional reflectance re-
sults with all QA flags and with high QA flags. The left subplot in Fig. 13
shows the land surface bidirectional reflectance map over Beijing after
quality control under a specific geometry situation on September 22,
2019. Three typical land surface types, which probably possess rela-
tively large uncertainty during the LSR modeling, are selected, i.e., the
mountain ridge lines (Fig. 13a), the Beijing Capital International Airport
(Fig. 13b), and the water body/shore alternating surfaces (Fig. 13c). The
mean RMSE and WoD of the mountain ridge line are 0.016 and 74.89,
indicating a situation that the RMSE is small but the WoD is relatively
too large, which may be due to the insufficient observation angle sam-
ples, as well as neglecting topographic effects similar with the RTLSR
model (Hao et al., 2018; Hao et al., 2020a). The water body/shore
alternating surfaces, which represent the areas that may alter to each
other during different periods of abundance and depletion, demonstrate
the mean RMSE and WoD are both relatively large, which is caused by
dramatic surface bidirectional reflectance variations due to the change
of land properties. Although the available WFV AOD retrieval pixels are
restricted to cloud-free land surfaces that water body pixels have been
screened out during the pixel selection process, it should be noted that
the reflectivity of water body/shore alternating surfaces may not be
uniformly described, making it difficult to identify accurately only
depending on land cover datasets (Fig. 13 b2). In contrast, the quality
control during the SAS-MRPV scheme can exclude these critical pixels
and prevent them from retrieving aerosol information (Fig. 13 b3). The
mean RMSE and WoD of the Beijing Capital International Airport reach
0.35 and 84.84, respectively, indicating the LSR modeling over strongly
reflective land surfaces remains unreliable and needs to be screened to
avoid error propagation in the subsequent AOD retrieval processes.
Thus, it is indicated that the quality control procedure in the SAS-MRPV
scheme is effective and necessary to guarantee the reliability and ac-
curacy of land surface bidirectional reflectance estimation by identifying
and excluding the land surface pixels unsuitable for LSR modeling,

Table 3
List of statistics metrics of RMSE and WoD in each season.
Land cover type Season RMSE WoD
Min Max Mean Std Min Max Mean Std
Natural Surface Spring 0.005 0.080 0.020 0.004 5.393 79.985 46.950 10.729
Summer 0.000 0.080 0.017 0.006 3.182 59.981 28.032 10.703
Autumn 0.005 0.068 0.022 0.004 5.972 59.999 33.945 11.554
Winter 0.007 0.056 0.024 0.004 4.712 99.999 57.161 13.188
Impervious Spring 0.008 0.076 0.025 0.003 9.127 79.999 58.996 7.349
Surface Summer 0.000 0.080 0.021 0.004 3.696 59.991 40.579 11.769
Autumn 0.005 0.068 0.022 0.004 12.500 59.999 35.243 9.144
Winter 0.007 0.056 0.024 0.004 10.112 99.999 65.333 10.851
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Fig. 13. The land surface bidirectional reflectance map over Beijing after quality assurance control using a combination of RMSE and WOD indexes under a specific
geometry situation on September 22, 2019, combined with three detailed spatial distributions and corresponding Google Earth images, presenting three typical cases
including (a) Mountain ridge line; (b) Water body/shore alternating surfaces; (c) Beijing Capital International Airport. The subplots (al) — (c1) are the Google Earth
Images used as location references. The subplots (a2) — (c2) are the land surface bidirectional reflectance before quality control with both high and margin quality
assurances. The subplots (a3) — (c3) are the land surface bidirectional reflectance after quality control with only high-quality assurance.

which mitigates the uncertainty and yield better accuracy in the final
WEFV AOD products.

5. Conclusion

In order to yield a daily AOD dataset over urban areas with 160 m
spatial resolution, this study develops a comprehensive AOD retrieval
framework starting from DN values for WFV sensors based on synergistic
observations from Gaofen-1 and Gaofen-6. This retrieval framework
firstly includes a series of preprocessing algorithms, such as cloud/
cloud-shadow mask, snow/ice surface screening, precise geometric
correction, cross-radiation calibration, pixel integration, etc., to ensure
the reliability of pixels used in the subsequent LSR determination and
AQOD retrieval procedures. Moreover, to address the crucial challenge
that the high spatial resolution and complex urban landscape both
contribute a dramatic variation of land surface bidirectional reflectance,
a novel SAS-MRPV scheme is proposed to characterize and model the
LSR over urban areas, combined with the corresponding quality control
via two evaluation metrics, namely RMSE and WoD. The SAS-MRPV LSR
scheme is implemented by achieving global optimization for the semi-
empirical MRPV BRDF model by using simulated annealing iteration,
which is initialized by the MODIS BRDF parameters as a priori knowl-
edge to obviously improve the convergence efficiency and fitting accu-
racy. And the AOD retrieval is accordingly conducted by utilizing
optimal interpolation on the constructed LUT based on particular
monthly aerosol models. The validation results demonstrate that the
Gaofen WFV AOD retrievals possess consistent performances with
ground-based AERONET/SONET AOD measurements, where the corre-
lation coefficient attains an impressive 0.97, and the EE ratio approaches
over 80 %. The bias fluctuations in the WFV AOD retrievals are found to
be limited within a relatively small range under different land cover
types, aerosol loading, and seasonal conditions, which suggests the
constrained errors in the SAS-MRPV LSR determination scheme and
aerosol type assumption during the retrieval processes, further
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indicating the reliable and consistent performances of WFV AOD re-
trievals. Moreover, the validation results of Gaofen WFV AOD retrievals,
with LSR estimated based on the SAS-MRPV scheme, the MODIS BRDF
Products, and the MRT method, demonstrate better accuracy and
completeness of AOD retrievals through LSR estimated based on the
SAS-MPRV scheme over both natural and impervious land surfaces,
indicating the stability and reliability of proposed SAS-MRPV LSR
determination scheme in WFV AOD retrieval. Furthermore, the error
analyses and quality control results demonstrate that the SAS-MRPV
scheme is effective and necessary to guarantee the reliability and ac-
curacy of land surface bidirectional reflectance estimation by identifying
and excluding the land surface pixels unsuitable for LSR modeling,
which mitigates the uncertainty and yield better accuracy in the final
WFV AOD products. Furthermore, the inter-comparison between WFV-
derived AOD against the operational MODIS DB (10 km), DT (3 km),
and MAIAC (1 km) AOD products demonstrates that the 160 m WFV
AOD retrievals in this study not only obtain similar aerosol overall de-
scriptions as MODIS AOD retrievals, but also possess the capability to
characterize the spatial distribution of atmospheric pollution at a finer
scale with smoother variation under both clean and polluted conditions.
Benefiting from its advantage in spatial resolution, it is illustrated that
the WFV-derived AOD possesses the capability of accurately locating the
atmospheric pollution emission sources and determining their emission
levels at a fine scale, which could provide fundamental data support to
related research on community-level health risk assessments or urban
climatology.

As a first attempt to simultaneously achieve high spatial resolution
and ideal temporal resolution in satellite-derived aerosol observations,
we select Beijing as a representative megacity to obtain a daily 160 m
AOD dataset over Beijing based on Gaofen-1/6 synergistic observations,
where over 250 days of valid AOD maps with less than 80 % cloud
obscuration could be yielded in one year as shown in Supplementary
Materials Figure S2. With outstanding accuracy and reliable perfor-
mance, the developed comprehensive high-resolution AOD retrieval
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framework exhibits substantial potential for operational AOD retrieval
of Gaofen WFYV satellite measurements. Considering huge amount data
capacity and the time-consuming algorithm processing procedures for
Gaofen-1/6, we will gradually yield and release the 160 m AOD products
for other cities worldwide, combined with corresponding validations for
data accuracy and reliability, to further demonstrate the generalization
of the developed aerosol retrieval algorithm. To guarantee the daily
revisiting observation period even if some cities are in low latitudes, we
plan to expand the high-resolution AOD retrieval algorithm to other
satellite sensors like Landsat-7/8 and Sentinel-2, which possess similar
spectral bands as Gaofen-series, to construct a high spatial resolution
aerosol monitoring network, for supporting further studies related to air
pollution emission management and health risk assessment at extra-fine
spatial scale over urban areas. Admittedly, several issues worthy further
consideration should be mentioned. First, a more accurate aerosol model
determination scheme could be adopted to further decrease the uncer-
tainty in AOD retrieval, considering the complexity and variability of
aerosol components. Moreover, the uncertainty in AOD retrieval in-
cludes uncertainty arising from the calculation for Rayleigh scattering
and absorption of ozone, water vapor and nitrogen oxide (Zhang et al.,
2013). The ozone and water vapor have been customized in 6SV LUT for
AQD retrieval in this study. For future studies, the possible improvement
for WFV AOD retrieval algorithm can be achieved by using a more ac-
curate characterization of nitrogen oxide to decrease the uncertainties
introduced by determined atmospheric model assumption (Drosoglou
et al., 2023), particularly in some regions periodically suffering from
NO3 pollution such as China. Furthermore, considering that the 470 nm
wavelength becomes sensitive to aerosol height with increasing AOD (Li
et al., 2020), a more accurate vertical distribution of aerosol profile
could be introduced into the atmospheric radiative model in future work
to further reduce the uncertainty in AOD retrieval.
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