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Abstract: Aerosol Optical Depth (AOD) is one of the most important parameters of aerosol and a key
physical quantity to characterize atmospheric turbidity and air pollution. Accurate retrieval of AOD
is of great significance for air quality assessment. However, the spatial resolution of the currently
widely used Moderate Resolution Imaging Spectroradiometer (MODIS) AOD products is too low
to meet the application research of atmospheric environment at the regional scale. In 2013, China
launched the Gaofen-1 (GF-1) satellite, which provides a new idea for AOD retrieval. In this paper, we
apply the synergetic use of TERRA and AQUA satellite MODIS data to calculate the high-resolution
AOD over Beijing based on the Synergetic Retrieval of Aerosol Properties algorithm (SRAP) and
discussed scale conversion problems between AODs with different resolutions. To obtain the 100 m
MODIS data, we use GF-1 wide-field-of-view data to downscale 1 km MODIS data based on mutual
information method. The retrieved AOD has a spatial resolution of 100 m and can cover many land
surface types. Preliminary validation was carried out with the Aerosol Robotic Network (AERONET)
ground observation data. The correlation coefficient is about 0.88, and the root-mean-square error is
about 0.15. Due to the high resolution of retrieved results, more detailed features can be provided
in the spatial distribution. The experimental results show that the method has high precision, and
further verification work is continuing.

Keywords: aerosol optical depth (AOD); MODIS; GaoFen-1; scale conversion; urban air pollution

1. Introduction

Global eco-environmental problems such as ozone layer destruction, acid rain, land
desertification, marine pollution and the sharp decline in biodiversity are threatening
the survival of human beings. Therefore, accurate air quality monitoring has become an
indispensable means for environmental protection departments. Atmospheric aerosol is
a heterogeneous system composed of the atmosphere and suspended solid and liquid
particles. As an important component of the atmosphere, atmospheric aerosols play a key
role in the radiation balance of the Earth–atmosphere system and global climate change.
Aerosol optical depth (AOD) is a key parameter to describe the effect of aerosol on light
attenuation. It can be quantitatively obtained by remote sensing technology and is widely
applied to the estimation of atmospheric visibility, the atmospheric correction of remote
sensing images and atmospheric pollution monitoring [1].

With the rapid development of aerospace technology, a series of satellites have been
launched successively and have provided effective aerosol monitoring data. Extracting
aerosol-related parameters from satellite remote sensing images has been facing great
difficulties, especially how to remove the surface contributions and determine the aerosol
types. Therefore, numerous aerosol retrieval algorithms based on satellite data have been
developed and have come a long way in recent years [2–5]. In order to address the problem
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that the surface contribution is difficult to be separated from the reflection signal at the top
of the atmosphere, Xue et al. [6] proposed the Synergetic Retrieval of Aerosol Properties
(SRAP) based on TERRA and AQUA satellite MODIS (Moderate Resolution Imaging
Spectroradiometer) data to retrieve AOD over Beijing. This algorithm does not need the
prior assumption of aerosol type, estimation of surface albedo or other parameters. It can
realize the simultaneous retrieval of surface reflectance as well as AOD and is applicable
for all kinds of terrain.

With the acceleration of urbanization and industrialization, the intensification of
aerosol pollution such as haze and high particle concentration has brought unprecedented
challenges to urban air quality monitoring. The demand for high temporal resolution
(0.5–1 h) and high spatial resolution (10–1 km) observations is increasing [7]. However,
most of the currently released AOD products targeting complex surfaces such as urban
areas are based on low and medium spatial resolution remote sensing images, and their
coverage is limited, which cannot meet the needs of fine air pollution monitoring [8]. In
recent years, scholars have carried out related research [9–11].

In this paper, we use the SRAP algorithm to retrieve 100 m × 100 m AOD by synergy
of TERRA and AQUA MODIS data over Beijing. In order to obtain high-resolution AOD,
we use the mutual information (MI) algorithm to downscale MODIS data with the help
of GF-1 wide-field-of-view (WFV) data. The second section introduces the study area and
datasets. The third section describes the model algorithm and processing flow. The fourth
section evaluates the retrieval results of the algorithm by comparing with the AERONET
ground-based observations. The problem of scale conversion between different resolution
AODs were discussed in the fifth section. Finally, Section six discusses the applicability and
limitations of the algorithm.

2. Study Area and Datasets
2.1. Study Area

Beijing (115◦25′–117◦30′ E, 39◦26′–41◦3′ N) is located in the north of the North China
Plain with a total area of 16410.54 km2 (Figure 1). With the continuous and rapid develop-
ment of urbanization and industrialization, the pollution emissions in Beijing are increasing
year by year.
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Figure 1. Geolocation of Beijing shown by GF-1 WFV image.

2.2. Datasets
2.2.1. MODIS Data

MODIS, the main sensor of TERRA and AQUA satellites, is an important instru-
ment for observing global biological and physical processes. In this study, we selected
TERRA/AQUA MODIS data that passed through the territory of Beijing from 1 January
2020 to 31 December 2020 while ensuring that these images have the same transit date with
the GF-1 satellite. There are various MODIS data products used in the study, including
1 km resolution 1B level data (MOD/MYD02), 10 km resolution AOD retrieval products
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(MOD/MYD04) and 1 km resolution geographic positioning data (MOD/MYD03). The
above data are downloaded via the LAADS website (https://ladsweb.modaps.eosdis.nasa.
gov/, accessed on 13 March 2022) for AOD retrieval.

2.2.2. GF-1 WFV Data

In order to downscale the low-resolution MODIS binary data to high-resolution, the
study selected bands 1–3 of cloud-free or cloud-less images with a spatial resolution of
16 m and a temporal resolution of 4 days provided by GF-1 WFV data. The detailed
characteristics of GF-1 WFV sensors are summarized in Table 1. Here, we collected
52 images of GF-1 WFV cameras in Beijing from 1 January 2020 to 31 December 2020
(http://www.cresda.com/CN/, accessed on 13 March 2022). The 1, 2 and 3 bands of WFV
data corresponding to the 3, 4 and 1 bands of MODIS 1 km spatial resolution are chosen for
preprocessing, respectively.

Table 1. Main techno-parameters of WFV cameras aboard on Gaofen-1 satellite.

Satellite Sensor Spectral Range Spatial
Resolution Swath Width Re-Visiting

Period

GF-1
WFV

0.45–0.52 µm

16 m
200 km

(mosaic of four
WFV ≥ 800 km)

4 Days0.52–0.59 µm

0.63–0.69 µm

0.77–0.89 µm

3. Methodology
3.1. AOD Retrieval Algorithm

Xue and Cracknell [12] replaced the integral differential equation of radiation intensity
with the ordinary differential equation of upgoing and downgoing radiation flux density.
By solving the radiative transfer equation, the relationship between surface reflectance A′

of wavelength λ and apparent reflectance of the Earth system albedo A′ were obtained, as
shown in Equation (1):

A ij =
(A′ ijb−a )+a (1−A′ ij) exp[(a −b)ετλ

0 secθ′]
(A′ ijb−a )+b(1−A′ ij) exp[(a −b)ετλ

0 secθ′]
A1,j
A2,j

= K
(1)

where i = 1, 2 means the two satellite observations; j = 1, 2, 3 means the three bands of 470,
550, 660 nm; and a = secθ, b = 2, ε is the backscattering coefficient, usually taking the value
of 0.1. Through the formula of declination and hour angle, the solar zenith angle θ was
calculated by using the longitude and latitude of each pixel and the imaging time of the
image. The atmospheric optical depth τλ

0 is related to the atmospheric turbidity. The ratio
K is a constant, which is assumed to depend only on the variation in the surface reflectance
with the geometry.

The premise of the Synergetic Retrieval of Aerosol Properties (SRAP) model is based on
the following assumptions: (1) If there is no change in surface characteristics between two
consecutive observations, it is assumed that the surface reflection characteristics remain
unchanged in this process. (2) It should be assumed that the types and properties of
aerosols are almost unchanged between two continuous satellite observations, only the
concentration of aerosol particles changes. That is, the wavelength index α is constant, and
the Ångström turbidity index β changed.

3.2. Downscaling Method

The above nonlinear Equation (1) elaborates the SRAP radiative transfer model for
AOD retrieval using TERRA-MODIS and AQUA-MODIS data. In order to obtain high-

https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/
http://www.cresda.com/CN/
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resolution AODs, a scale conversion method based on maximum mutual information (MI)
was used in our study [10]. The concept of MI represents a measure of relative entropy
between two random variables. From the perspective of remote sensing, the maximum
value of MI can be achieved when the two images are identical.

Assuming that X and Y are two images, then the MI(X, Y) is the relative entropy of
joint probability distribution p(x, y) and marginal probability distributions p(x) and p(y),
of X and Y.

MI(X, Y) = ∑
x,y

p(x, y) log
p(x, y)

p(x)p(y)
(2)

In this process, we selected bands 1, 2, 3 from GF-1 satellite 16 m resolution WFV
data, as well as bands 3, 4, 1 from TERRA/AQUA satellite 1 km resolution MODIS data,
corresponding to the center wavelength of GF-1, respectively, participating in the operation.
In order to improve the computational speed and signal-to-noise ratio, the WFV data were
resampled to 100 m resolution at first. Next, the WFV data were taken as the base map
to register 1 km MODIS data. At the same time, the ratio of rows and columns of two
images was guaranteed to be 10:1. Finally, based on the MI method, the 1 km MODIS data
were downscaled to 100 m, where each 1 km MODIS pixel corresponded to 10 × 10 100 m
WFV pixels. In the process of using this method to downscale images, the following three
conditions need to be satisfied:

(1) Before downscaling, WFV and MODIS data should be reprojected and registered;
consequently, RMSE should be less than 0.5 pixels.

(2) The downscaled 100 m MODIS image should retain as much information as possible
from the original 1 km MODIS image and the 100 m WFV image, and the maximum
likelihood ratio between the two should be maximized. After downscaling, the
physical meaning of each pixel and the range of pixel values should not be changed.

(3) The downscaling process is reversible. That is to say, when the resolution of the
downscaled 100 m MODIS Image reaches 1 km resolution, it can be restored to the
same as the original image.

When downscaling 1 km MODIS binary data to 100 m resolution, the downscaling
equation corresponding to each pixel can be expressed as:

ρMODIS100m(i, j) = k1ρMODIS1km + k2ρWFV100m(i, j) + k3 (3)

where ρMODIS1km is the reflectance of the original 1 km MODIS data; ρWFV100m is the
reflectance of the i row and j column in the corresponding 100 m WFV 10 × 10 windows;
ρMODIS100m is the reflectance of the downscaled 100 m MODIS pixel; k1 and k2 are weight
coefficients, representing the weight of 1 km MODIS and 100 m WFV images, respectively;
and k3 is the adjusted coefficient. Through continuous test and adjustment of k1, k2 and
k3, the mutual information between the downscaled MODIS Image and upscaled WFV
image with 100 m resolution can achieve maximum value, thus realizing the downscaling
conversion of 100 m MODIS Image.

4. Results and Validation
4.1. Downscaled Results

TERRA/AQUA MODIS images at 1 km resolution were downscaled to 100 m reso-
lution using the MI method, which preserves the original information and contains more
texture features and ground details. Figure 2 shows three satellite images over Beijing area
on 5 December 2020, from which a stark contrast can be seen. Figure 2c is a downscaled
100 m resolution MODIS Image based on the MI method. Compared to Figure 2a, the
resolution is improved while including more detailed features.
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4.2. Spatial Distributions of Retrieved AOD Results over Beijing

Using the SRAP model algorithm and data processing method, the retrieved results
of the 100 m AOD were obtained for all available images in the Beijing area from January
to December 2020. Figure 3 shows some of the retrieved results. The obtained results
have higher resolution and larger coverage area which realizes AOD retrieval of various
surface types under cloudless conditions. As can be seen from the figure, on sunny days
(Figure 3a–c), the AOD results were low, showing a uniform spatial distribution. On the
dates of high pollution or foggy days (Figure 3d–f), the AOD results changed significantly
and reasonably and are still valid for the surfaces with high reflectivity.

4.3. Comparison with Ground Measurements

AERONET (Aerosol Robotic Network) is a global ground-based aerosol observation
network established by the National Aeronautics and Space Administration (NASA) and
Centre national de la recherche Scientifique (CNRS).

In this paper, we collect the ground observation data from Level 1.5, the third ver-
sion of AERONET (Aerosol Robotic Network) sites [13]: Beijing (39.98◦ N, 116.38◦ E),
Beijing_CAMS (39.93◦ N, 116.32◦ E), Beijing_RADI (40.01◦ N, 116.38◦ E) to validate the
retrieval results. The AERONET data of 550 nm band is obtained by quadratic polynomial
interpolation. By matching the retrieval results with the AERONET ground-based obser-
vation data (Table 2), a total of 180 pairs of effective data are obtained. During the 100 m
AOD verification process, it is necessary to select a larger window (5 × 5) to obtain more
matching data, so as to overcome the defect of less effective inversion data in the verifica-
tion period. To increase the reliability of the validation results, the 10 km MODIS AODs
at the corresponding stations on the corresponding dates were selected for comparison,
and the AOD values of the 3 × 3 pixels windows corresponding to the ground observation
sites were taken for regression analysis. A variety of statistical indicators were used for
verification, including univariate linear regression equation, R, RMSE and expected error
interval. The calculation formula of the expected error interval EE is as follows [4]:

EE = ±0.05± 0.2τα (4)

where τα is the real measured value of AERONET sites.
The correlation between the 100 m AOD retrieved by SRAP algorithm and the ground

measurement data is shown in Figure 4, and the blue line in the figure is the expected
error (EE) line. The R is 0.88, and the RMSE is 0.15. In total, 48.33% of the retrieval results
fall within the expected error line (EE = 48.33%). Figure 5 shows the accuracy verification
results of the MODIS AOD over the same period. The results showed that the correlation
coefficient R between MODIS AOD products and the AERONET data is 0.76, and the RMSE
is 0.21.
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Table 2. Observation times of satellite and ground-based data for AOD retrieval (Take any two days
of each month as an example).

Date
(dd-mm-yy)

Terra-MODIS
(hh:mm)

Aqua-MODIS
(hh:mm)

Beijing
(hh:mm)

Beijing_CAMS
(hh:mm)

Beijing_RADI
(hh:mm)

21 January 2020
AM 03:30 - - 03:26 03:26

PM - 05:10 - 05:11 05:11

11 February 2020
AM 02:10 - - 02:11 02:07

PM - 05:25 - 05:21 05:29

23 March 2020
AM e - - 03:40 03:52

PM - 05:20 - 04:52 05:22

25 April 2020
AM 02:45 - - - 02:43

PM - 04:25 - - 04:28

15 May 2020
AM 02:20 - - 02:17 02:26

PM - 05:40 - 05:38 05:11

12 June 2020
AM 02:45 - 02:40 02:43 -

PM - 04:25 04:36 04:34 -

15 July 2020
AM 03:25 - 03:20 03:21 03:20

PM - 05:10 05:20 05:06 4:50

18 August 2020
AM 02:30 - 02:36 02:33 02:36

PM - 04:15 - 04:21 04:21

19 September 2020
AM 03:15 - 03:18 03:21 -

PM - 04:55 04:54 04:54 -

13 October 2020
AM 02:25 - 02:31 02:25 -

PM - 05:45 05:46 05:46 -

2 November 2020
AM 03:40 - 03:44 03:41 -

PM - 05:20 05:14 05:20 -

23 December 2020
AM 02:30 - 02:28 02:32 02:35

PM - 05:50 05:44 05:50 05:44
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5. Research on the Pixel Scale of AOD Results with Different Resolutions

In the process of using the SRAP algorithm to retrieve AOD, we noticed that there
is a scale conversion problem between pixels when high-resolution AOD is resampled to
a lower resolution. For example, when the retrieved 100 m AOD is resampled to 10 km
for validation with MODIS DB AOD products, the single-pixel value of the resampled
high-resolution AOD is not completely equivalent to the corresponding pixel value of
10 km MODIS DB AOD. Therefore, we discuss the scale relationship of AOD products with
different resolutions, mainly to explore the pixel scale between the AOD products released
by NASA and the high-resolution AOD products retrieved in this paper.

NASA has released 10 km (MOD/MYD04), 3 km (MOD/MYD04_3K) and 1 km
(MCD19-A2) AOD products based on the MODIS Sensor. In this paper, the three AOD
products as well as the high-resolution 100 m and 50 m AOD retrieved by the SRAP
algorithm are selected to carry out experiments based on all available images in Beijing in
October 2020.

Different land use types are associated with different degrees of human activity
intensity and different aerosol emission sources, which may have different effects on
regional atmospheric quality. Therefore, the AOD values of different surface types vary
widely. According to the classified land use types (Figures 6 and 7), vegetation, farmland,
city, bare land and water were selected based on the GF-1 16 m resolution images, in which
water is ignored due to the lack of valid AOD retrieved results, and bare soil was merged
into the vegetation category to participate in the calculation because of its fragmented
distribution, as well as its geographic location mostly adjacent to vegetation.
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Figure 7. Classification results of GF-1 WFV images in Beijing.

As Beijing’s terrain is high in the west and low in the east, most of the population,
factories and buildings are concentrated in the southeast. The complex monsoon climate
and topographic features that are not conducive to the diffusion of pollution, coupled with
traffic exhaust gas and industrial pollution emissions, make Beijing’s air pollution such
as dust and sandstorms more serious. The central urban area in southeast Beijing is a
concentrated area of high AOD value. The research on aerosol optical properties in the
past 10 years shows that the AOD value of the city throughout the year and most seasons
(spring, autumn and winter) are significantly higher than the AOD value of the other two
land use types; the annual and quarterly AOD of farmland is slightly higher than that
of vegetation.

The corresponding relationships between pixel scales of various surface types of 10 km
and 1 km, 3 km and 1 km MODIS AOD products as well as AOD with high-resolution at
100 m and 50 m obtained by SRAP algorithm are statistics, where a 10 km pixel corresponds
to 10 × 10 window 1 km pixels, a 3 km pixel corresponds to 3 × 3 window 1 km pixels
and a 100 m pixel corresponds to 2 × 2 window 50 m pixels, respectively. We can see the
true color image and its corresponding gray pixels at 50 m/100 m resolution over different
surface types in 23 October 2020 clearly from Table 3.

Figure 8 shows the results of 10 km, 3 km and 1 km MODIS AOD on 18 October
2020, in which the 10 km and 3 km AOD results cover the whole study area by 180 and
1938 pixels, respectively. According to the results of the 10 km resolution AOD, combined
with the classification results (Figure 7) and the GF-1 true color image of the Beijing area
(Figure 1), we can see in the southeastern region, where cities and farmland are alternately
distributed in close proximity to each other, are covered by 67 pixels. A single 10 km
pixel is mixed with multiple land use types. If the 10 × 10 window 1 km resolution AOD
pixel values are simply averaged, the calculated value is not equal to its corresponding
10 km AOD pixel value, and the difference is large. The vegetation types in the northwest
area are quite different from the urban and farmland areas, but there are still some certain
intersections. The 10 km AOD image covers all the vegetation areas through 113 pixels.
As can be seen from Figure 9, the correlation between the average AOD of 10 km and the
corresponding window of 1 km in vegetation type is not high, but it is slightly higher than
that of the farmland and city types. The correlation between the average AOD of 10 km and
1 km in the city type is the lowest. Therefore, we cannot perform single AOD averaging
in the scale conversion between 10 km and 1 km but rather need to consider the influence
of mixed pixels of different types of ground objects. The scale exploration between 3 km
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and 1 km is carried out using the same method. Table 4 lists the 1 km AOD 3 × 3 window
average value and corresponded 3 km pixel value of typical vegetation, farmland, and
city single pixel, which can more clearly verify the conversion law similar to the 10 km
scale conversion.

Table 3. True color image and its corresponding gray pixels at 50 m/100 m resolution over different
surface types in 23 October 2020.

True Color Image
(RGB) Composited

Gray Pixel Corresponding to
50 m Resolution

Gray Pixel Corresponding to
100 m Resolution

Vegetation
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Some example results of the scale conversion correlation between 100 m and 50 m
AOD calculated by the SRAP algorithm are shown in Table 4, from which the following
conclusions can be obtained:

(1) For the vegetation areas, there is a little difference between the 50 m and 100 m AOD
values. Each 100 m AOD pixel value is almost equal to the average of the sum of 4
50 m AOD pixel values, the gap between them is only two to three decimal places.
From the classification results of GF-1 WFV images in Beijing, it can be clearly seen
that the vegetation type has a high degree of separation, strong independence and
single types. Therefore, 50 m resolution AOD can be calculated by a simple average
of 100 m resolution AOD.

(2) For the farmland areas, the pattern of the AOD scale conversion between 50 m and
100 m is not stable. Although most of 50 m AOD pixel values can be expressed as the
average of the sum of 4 pixel values at 100 m resolution, there is a large gap between
some pixels. By analyzing the land use types of Beijing, it can be seen that most of
the farmland is distributed in the middle of the city or at the city boundary, which is
easy to mix with the city and vegetation, resulting in mixed pixels. Moreover, due to
the different crops, the farmland types will also be different, causing the unstable law
between the two scales.

(3) For urban areas, the regularity of the AOD between the 50 m and 100 m resolutions
is not obvious. In some cases, the average of the 50 m 2 × 2 window is higher than
100 m, and sometimes, it is lower than 100 m. The two are quite different and have no
regularity. This is because the urban land surface is complex. Therefore, almost every
pixel is a mixed pixel with great uncertainty. As a result, the gap and law between the
two cannot be determined in the end.
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Figure 8. Results of 10 km, 3 km and 1 km MODIS AOD pretreatment in Beijing on October 18, 2020:
(a) is 10 km AOD result, (b) is 3 km AOD result, (c) is 1 km AOD result.
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Figure 9. Correlation analysis of vegetation, farmland and city in 10 km and 1 km AOD results:
(a–c) are the correlation analysis of 10 km and 1 km AOD results for vegetation, farmland, and city
areas, respectively.

Table 4. The 50 m AOD 2 × 2 window average value and corresponding 100 m pixel value of typical
vegetation, farmland and city single pixels on 23 October 2020 and the 1 km AOD 3 × 3 window
average value and corresponding 3 km pixel value of typical vegetation, farmland and city single
pixels on 5 October 2020.

23 October 2020 5 October 2020

Classification
50 m AOD 2 × 2
Window Average

Value
100 m AOD Pixel Value

1 km AOD 3 × 3
Window Average

Value
3 km AOD Pixel Value

Vegetation 1 0.0851 0.087727 0.05175 0.052173

Vegetation 2 0.0481 0.047731 0.2273 0.229701

Vegetation 3 0.02687 0.027539 0.02099 0.022081

Vegetation 4 0.008965 0.009320 0.04587 0.045361

Vegetation 5 0.0553 0.054116 0.03312 0.032199

Farmland 1 0.0468 0.046594 0.2568 0.225263

Farmland 2 0.0602 0.057119 0.4697 0.561698

Farmland 3 0.08342 0.083875 0.000891 0.000865

Farmland 4 0.09015 0.107022 0.02158 0.025414

Farmland 5 0.0746 0.073015 0.03351 0.035428

City 1 0.1397 0.107829 1.4074 1.127412

City 2 0.1078 0.025477 1.972 2.06016

City 3 0.1639 0.171034 0.0738 0.194221

City 4 0.0977 0.127577 1.5449 1.732724

City 5 0.2487 0.191871 1.112488 1.493611

6. Conclusions and Future Work

In this paper, the GF-1 WFV data are used to downscale the TERRA and AQUA satellite
MODIS data, and the SRAP algorithm is used to calculate the AOD with a resolution of
100 m over Beijing. The retrieval results are consistent with the spatial distribution of
MODIS aerosol products over the same period. Meanwhile, the resolution is greatly
improved. The statistical indicators show more structural characteristics of aerosol spatial
distribution. Therefore, our retrieval results can supplement the existing aerosol products
and provide ideas for urban fine-grained aerosol monitoring.

In addition, based on different land use types, this paper also discusses the problems
existing in the scale conversion of high-resolution AOD products and low-resolution AOD
products. The results show that AOD products of different resolutions cannot simply be
averaged or resampled, and the effect of mixed pixels needs to be considered if the accuracy
is to be improved.
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Further research will include continuous observations of aerosol information in differ-
ent areas with mobile aerosol observation instruments to determine the spatial variation in
the accuracy of AOD products and to optimize satellite cloud detection algorithm.
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