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Abstract: The Qinghai-Tibetan Plateau (QTP) is the largest permafrost-covered area in the world, and
it is critical to understand accurately and dynamically the cyclical changes in atmospheric aerosols in
the region. However, due to the scarcity of researchers in this field and the complexity of analyzing
the spatial and temporal dynamics of aerosols, there is a gap in research in this area, which we
hope to fill. In this study, we constructed a new fusion algorithm based on the V5.2 algorithm and
the second-generation deep blue algorithm through the introduced weight factor of light and dark
image elements. We used the algorithm to analyze the spatial and temporal changes in aerosols
from 2009-2019. Seasonal changes and the spatial distribution of aerosol optical depth (AOD) were
analyzed in comparison with the trend of weight factor, which proved the stability of the fusion
algorithm. Spatially, the AOD values in the northeastern bare lands and southeastern woodland
decreased most significantly, and combined with the seasonal pattern of change, the AOD values
in this region were higher in the spring and fall. In these 11 years, the AOD values in the spring
and fall decreased the most, and the aerosol in which the AOD decreases occurred should be the
cooling-type sulfate aerosol. In order to verify the accuracy of the algorithm, we compared the AOD
values obtained by the algorithm at different time intervals with the measured AOD values of several
AERONET stations, in which the MAE, RMSE, and R between the AOD values obtained by the
algorithm and the measured averages of the 12 nearest AERONET stations in the QTP area were
0.309, 0.094, and 0.910, respectively. In addition, this study also compares the AOD results obtained
from the fusion algorithm when dynamically weighted and mean-weighted, and the results show
that the error value is smaller in the dynamic weighting approach in this study.

Keywords: Qinghai-Tibetan Plateau (QTP); permafrost; aerosol optical depth (AOD); dark target
method (DT); deep blue method (DB); aerosol robotic network (AERONET)

1. Introduction

The Qinghai-Tibetan Plateau (QTP) is not only the largest mid-latitude plateau in the
world, but also the largest permafrost-covered area in the world [1,2]. Drastic changes in
global climate and eco-thermal systems have led to ecosystem imbalances such as increased
temperatures, precipitation, lake swamps, reduced forest cover, and permafrost degradation
in the QTP region [3-7]. All these imbalances are inextricably linked to changes in the
atmospheric environment [8], and it is therefore essential to accurately grasp the cyclical
dynamics of the atmospheric environment, which is crucial for the global ecological balance
and the protection of the climate environment. Aerosols, as common energy carriers in the
atmosphere, can be used as a quantitative and intuitive characterization of atmospheric
environmental changes [9,10].
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Aerosols are composed of liquid or solid particles of 1073~102 um in size and usually
come from the natural environment, such as forest fires, dust storms, volcanic eruptions, etc.,
but they can also be produced by humans, such as automobile exhaust, coal combustion,
and factory emissions [11-13]. Depending on the physical form and chemical composition,
aerosols can be in the form of haze, dust, sulfate-based aerosols, organic aerosols, nitrate
aerosols, black carbon aerosols, bioaerosols, trace element aerosols, and many other forms.
Among them, those that have a greater impact on the temperature are mainly black carbon
aerosols of the absorbing warming type and sulfate aerosols of the scattering cooling
type [14,15]. Although the overall proportion of aerosols in the atmosphere is not high,
they have an important influence on the climate system and physical and chemical cycles
because of their special properties [16]. Firstly, aerosols scatter and reflect sunlight and have
radiative and optical properties that can alter the heat balance between the atmosphere
and the Earth, thereby affecting temperature and climate change [17-19]. Secondly, some
types of aerosols are the condensation nuclei of clouds, causing water vapor to condense
into cloud droplets [20]. Due to the presence of condensation-active aerosols, the size and
number of clouds will increase accordingly, which in turn affects the nature and formation
of clouds themselves. These changes will have an impact on the amount of cloud radiation,
precipitation, and climate balance [21-23]. In addition, aerosols have distinct spatial and
temporal properties [20], and these can have a direct impact on the cyclical variability of
the climate. Based on these important properties of aerosols, there is a need for precise
quantification of aerosols.

Aerosol optical depth (AOD) is a measure of the reduction of light by aerosol particles,
and is usually defined as the integral of the extinction coefficient of aerosols in an atmo-
spheric column [24]. AOD is not only an important reference between regional air quality
and atmospheric physical action, but also an important parameter for aerosol quantification
of atmospheric loading and radiation. Currently, AOD monitoring can be divided into two
categories: ground-based remote sensing and satellite remote sensing. Multi-band solar
photometer remote sensing is one of the most widely used methods in ground-based remote
sensing research, which is used in the aerosol robotic network (AERONET) aerosol station,
where multi-band solar photometers are used to measure the brightness of visible and
near-infrared radiation to obtain the optical properties of aerosols [25]. The AOD obtained
from AERONET stations has a high accuracy and can usually be verified against results
obtained by other methods. However, due to the limitation of the spatial distribution of
ground observation stations, the data observed on the ground are insufficient and suffer
from the problem of uneven spatial distribution [26]. Satellite remote sensing can effectively
make up for this shortcoming; especially in areas where ground observation stations cannot
be deployed under poor geographical conditions, the advantages of satellite remote sensing
are more obvious. With the continuous development of satellite remote sensing technology,
a variety of sensors have been used to study aerosol properties. The main principle of
satellite remote sensing inversion of AOD is based on the radiation information received
by the sensor, which is a combination of reflections from the surface and scattering from
the Earth’s atmosphere [27]. In general, aerosols affect the radiance information received
by satellites in two ways: when aerosols reflect light directly, the radiance increases; and
when aerosols radiate in the direction of the lower atmosphere, the radiance decreases.
Assuming that the Earth is a Lambertian body, and ignoring the effects of gas absorption,
the reflectance at the top of the atmosphere (the apparent reflectance) is approximately
equal to the ratio of reflected radiation to incident radiation above the atmosphere. The
AOD can be calculated by modeling the function of atmospheric aerosol and measuring
the apparent reflectance of the satellite sensor [27]. Therefore, the use of satellite remote
sensing to determine AOD must be concerned with both the apparent reflectance and the
aerosol’s own properties. Due to the variations in geography and aerosol composition
across the globe, several methods have been developed over the decades to invert the AOD,
each with its own characteristics and differing applicability.
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In 1977, Kondratyev et al. simulated AOD under clear-sky conditions overland by
selecting light and dark pixels in close spatial proximity and assuming that the optical
properties of the atmosphere are constant. This method is known as the high-contrast
surface method [28]. The light and dark pixels selected by this method are not limited to
high albedo deserts or low albedo densely vegetated areas, but can be inverted over bright
surfaces, which is mostly applied to the inversion of AOD in urban areas, and has high
accuracy for areas with large differences between light and dark pixels [29]. However, it is
not sufficiently usable because it is difficult to determine the surface reflectance of bright
and dark pixels [30].

In 1988, Tanre et al., after considering the problems of the high contrast surface method,
utilized atmospheric transmittance as a function of the structure of different images of
the same area to determine the aerosol content, which is known as the structure function
method [31]. This method is simple to express, takes advantage of the short-term constancy
of surface reflectance, and has a high inversion accuracy in urban and desert areas [32].
However, this method makes it difficult to obtain the surface reflectance of the clean-
day image [33] and is not well suited in densely vegetated areas because it ignores the
scattering effects of multiple ground-air interactions, which are highly constrained by the
pixel spacing [34,35].

In order to better invert AOD in densely vegetated areas, Kaufman et al., in 1997,
proposed the dark target (DT) method, also known as the traditional dark target (DT)
method [36]. This method is mainly based on the consideration that the surface reflectance
in the densely vegetated area, i.e., the dark pixel area, is low, while the apparent reflectance
received by the sensor is mainly from the atmosphere, and it is easy to differentiate the
reflectance contributions from the atmosphere and the surface [37]. Additionally, there
is a linear relationship between the short-wave infrared band (2.1 um), the red band
(0.66 pm), and the blue band (0.47 pm) of the dark image element, in which the apparent
emissivity of the short-wave infrared band, which is minimally affected by the atmosphere,
is approximately equal to the surface reflectivity, which makes it possible to differentiate
between the surface reflectivities of the red and the blue bands, thus realizing the inversion
of the AOD [36]. However, this method requires a priori knowledge and known high-
precision surface reflectance and is not applicable to image elements with high reflectance
(>0.15) [38]. Later, in order to improve the accuracy of the traditional DT method, some
improvements were made by Kaufman et al. and Martins et al. during 1997-2002 [39-41].
In the following years, the DT method has been applied in many studies [42—46]. The
results of some of these studies show that the DT method still has some shortcomings in
the range of surface reflectance and empirical relationships, and the limitations and errors
of surface reflectance still exist, which makes it more limited in arid, permafrost, glacier,
and desert regions [45,46]. In order to further improve the applicability and accuracy of
the DT method, Levy et al. proposed the well-known V5.2 algorithm, also known as the
extended DT method, in 2007 [47]. This algorithm improves the reflectance range at the
2.12 ym band from 0-0.15 to 0-0.25 by utilizing the reflectance ratio relationship between
the mid-infrared channel and the visible light, which can be used for the inversion of the
AOD in semi-arid and arid regions with high reflectance. The improved vegetation index
enhances the accuracy of the AOD inversion by improving the precision of the surface
reflectance in the red and blue light bands. In 2020, Chen et al. successfully applied
the V5.2 algorithm in the study of MODIS [48]. The V5.2 method is widely applied in
MODIS aerosol products, of which the inversion accuracy is higher and the applicability
is better. Among the MODIS aerosol products, the MO/YD04 L2 daily product and the
MO/YD04 L3 every-8-days product are the ones with higher inversion accuracy and better
applicability. The MO/YD04 series products are well suited to be used in the study of large
study areas and long-period dynamical monitoring because of their advantages of wide
range and validity. Although the V5.2 algorithm improves the reflectivity range and has
certain advantages in wide-area research and periodic operations, the algorithm principle
is consistent with the DT method, so it is more suitable for dark image areas covered by
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dense vegetation and there is still a certain degree of inversion error when it is applied in
deserts, cities, glaciers, and other areas with high surface reflectivity.

In order to improve the accuracy of AOD inversion in regions of high albedo, scientists
have proposed a methodology for building a library of surface reflectance to invert AOD.
This method first assumes that the surface reflectance is constant over successive cycles or
on the same date in different years. After that, cloud interference is eliminated by periodic
near-minimum probing, and finally, pure pixels are obtained by atmospheric correction and
then the surface reflectance of each pixel is determined one by one, and a surface reflectance
library is constructed in this way. The most commonly used of the various methods based
on surface reflectance libraries is the deep blue (DB) algorithm proposed by Hsu et al.
in 2006 [49]. This algorithm is a method for inverting the AOD by building a surface
reflectance library for the deep blue band (0.41 um) under the assumption of a constant
surface reflectance over the same period, utilizing the more pronounced aerosol feedback
in the deep blue band [49,50]. This method was initially applied to AOD inversion in
semi-arid and arid regions by Hsu et al. [49], where a triple-band inversion of (red) 0.67 um,
(blue) 0.49 pm, and (dark blue) 0.41 um is used when the value of AOD is relatively large,
whereas a double-band inversion of (blue) 0.49 um, and (dark blue) 0.41 pm is used when
the AOD is small band inversion. In this method, the accuracy of the inversion is lower
at the urban-vegetation interface because only a static dark blue band surface reflectance
library is used in the algorithm. Based on the problems of the DB algorithm, Hsu et al.
made refinements to the DB algorithm’s surface reflectance library and the method for
determining cloud detection. An improved DB algorithm (second-generation DB algorithm)
was proposed in 2013 [51], which improved the applicability of aerosol inversion in areas
covered by snow, ice, and clouds in addition to deserts and cities. The second-generation
DB algorithm has better inversion accuracy in high surface albedo regions, and similar
to the V5.2 algorithm, it also has good advantages for wide-area studies and periodic
operations and has been better applied in MODIS aerosol products. Compared with the
V5.2 algorithm, the second-generation DB algorithm is more suitable for aerosol inversion
in high-brightness areas with high surface reflectivity.

In addition to the V5.2 algorithm and the second-generation DB algorithm, which
have strong operational advantages, some common algorithms based on physics and
mathematical principles have emerged in recent years, such as the MISR-based multi-angle
algorithm (2004, 2011, 2021) [52-54], polarization algorithm (2000, 2001) [55,56], cloud
top AOD method (2009) [57], bright image element method (2006) [58], constructing look-
up table method (2019) [59], etc. Among them, the MISR-based multi-angle algorithm
possesses the flexibility of image element angle selection, but it requires a specific sequence
of image synthesis to ensure its inversion accuracy and is slow. The polarization algorithm,
on the other hand, is based on the radiative properties of aerosols, needs to solve for a larger
number of parameter factors, and requires a specified sensor, which is less efficient. The
cloud top AOD algorithm is mainly applied to the aerosol inversion algorithm in the region
with more clouds, and the algorithm has a strong directivity. The bright image element
method mainly combines other data platforms with the advantages of MODIS multi-
temporal observation, taking the clearest image in the observation time as the representative
image, which requires specific types of remote sensing images. The method of constructing
a look-up table is to build a table after checking the AOD under different combinations
with meteorological factors, inverting the AOD according to the spectra of the alteration
plate. The efficiency is relatively low [59]. It can be seen that these methods do not meet
the requirements of wide-area periodic operations.

The study area of this paper is selected in the QTP region. The region is characterized
by an obvious geographic breadth, spanning several provinces in China, with a land area
of about 2.57 million km?, accounting for 26.8% of the total land area of China [60,61]. In
addition, the region is characterized by a diversity of natural environments, ranging from
plateau vegetation and mountain meadows with low surface albedo to deserts and snow
and ice with high surface albedo [62-65]. Therefore, the V5.2 algorithm and the second-
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generation DB algorithm can meet the aerosol regional characteristics and operational
dynamic monitoring in the QTP region. However, because these two algorithms are most
suitable for low surface reflectivity and high surface reflectivity regions, respectively, it is
necessary to integrate the two algorithms reasonably to be able to invert the performance
of more accurate AOD.

In summary, this study introduces the dynamic weight factor by combining the year-to-
year changes of light and dark features in QTP during 2009-2019, fuses the V5.2 algorithm
and the second-generation DB algorithm with the introduced dynamic weight factor, and
inverts the temporal and spatial changes of AOD during 2009-2019 through the fused
algorithm. We hope to fill the gap in this research area in the QTP region. In order to ensure
the stability and reliability of the fusion algorithm, we not only analyze the fusion algorithm
in depth in terms of seasonal variations, but also validate and discuss the inversion results
of the AOD by using the measured data from several AERONET stations. In order to
ensure the reasonableness of the algorithm, we also compared the AOD results obtained
by the dynamic weighting approach with the mean weighting approach. In this case, the
dynamic weighting approach refers to the use of the fusion algorithm to invert the AOD
when the weight factor is set as a year-by-year variable, and the mean weighting approach
refers to the use of the fusion algorithm to invert the AOD when the weight factor is set as
a mean constant.

2. Materials and Methods
2.1. Study Area

The QTP is located in the central part of Asia and the southwestern part of China,
with an average altitude of about 4000 m amsl and an average altitude difference of
1000-2000 m. It ranges from approximately 73°19°-104°47" E to 26°00'-39°47" N and
encompasses China’s longest river (Yangtze River), its largest freshwater lake (Qinghai
Lake), and its tallest mountain (Mount Everest). The region is relatively thin on oxygen and
is vulnerable to the southwest monsoon from the Indian Ocean region. The region is rich in
geomorphic attributes, combining multiple features: tropical and boreal, glacier and river,
grassland and desert [3]. In recent years, the dynamic monitoring of anthropogenic aerosols
in urbanized areas has been a research hotspot, but due to the limitations of objective
factors such as workforce, material, and financial resources, the research on the dynamic
monitoring of aerosols in QTP areas, which are dominated by natural factors, has been
seldom involved.

Figure 1 shows the study area of this experiment, which was mapped based on
the latest 2021 version of the administrative area extent of the QTP and combined with
the MODIS global land cover MCD12Q1 data from the National Aeronautics and Space
Administration (NASA) website (https://ladsweb.modaps.eosdis.nasa.gov/ (accessed on
1 May 2023)), which is slightly changed from the 2015 version of the administrative area
extent of the QTP [60]. The extent of the current study area is from 67°42 to 104°47' E
longitude and from 26°00" to 39°47’ N latitude (about 4000 km wide from east to west
and 300-1500 km long from north to south). The study area was divided into nine land
cover types: agricultural land, woodland, grasslands, shrubbery, lake wetland, urban land,
desert, bare ground, and glacier. In addition, the red triangles in Figure 1 indicate the
12 AERONET stations that are closest to the QTP area and the 6 AERONET stations that are
geomorphologically similar to the QTP area but at some distance. The observation times of
these stations for the period 2009-2019 and the geographic information of each station are
shown in Table 1.
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Figure 1. Geographic location and nine land cover classifications of the QTP in this experimental

study area. In addition, the red triangles indicate AERONET stations in and near the QTP area.

Table 1. Observation times for the 18 AERONET stations during the period 2009-2019 and geographic
information for each station. Stations closest to the QTP area are numbered 1-12, and those with

similar geomorphic settings to the QTP area but at some distance are numbered 13-18.

Station Number

Total Months of

and Name Year of Observation Observation Longitude East (°) Latitude North (°)
1. NAM_CO 2009-2019 63 91.0 30.8
2. QOMS_CAS 2009-2019 85 86.9 28.4
3. Litang 2011 2 100.3 30.0
4. Thimphu 2018, 2019 11 89.6 27.5
5. Bose_Institute 2015 1 88.3 27.0
6. EVK2-CNR 2009-2015 60 86.8 28.0
7. Langtang_BC 2017-2019 26 85.6 28.2
8. Kyanjin_Gompa 2017-2019 26 85.6 28.2
9. Langtang 2009 2 85.5 28.0
10. Bidur 2018, 2019 15 85.1 27.9
11. Kathmandu-Bode 2013, 2014, 2016 25 85.4 27.7
12. Kathmandu_Univ 2009, 2010 15 85.5 27.6
13. Lumbini_North 2019 9 83.3 27.5
14. Pokhara 20102019 111 84.0 28.2
15. Lumbini 2013, 2014, 2017-2019 33 83.3 27.5
16. Jomsom 2011-2013, 2015 28 83.7 28.8
17. Pantnagar 2009 10 79.5 29.0
18. Nainital 2009-2011 23 79.5 294

2.2. Data Sources

Three main types of data were used in this study, with the first being the experimental
data for the aerosol fusion algorithm. Due to the large spatial area and long time period
of dynamic monitoring in the QTP region, we chose MODIS aerosol L2 products MOD04
(Terra) and MOY04 (Aqua) with medium resolution from 2009-2019. The products have
a spatial resolution of 10 km and are downloaded from the official National Aeronautics
and Space Administration (NASA) website (https://ladsweb.modaps.eosdis.nasa.gov/
(accessed on 1 May 2023)).

The second type of data used in the study is the MCD12Q1v006 data (MCD12Q1v006
is version 6 of the MCD12Q1 data, derived from supervised classification of MODIS
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and Aqua and Terra reflectance data. Supervised categorization is followed by addi-
tional post-processing, combining auxiliary information and a priori knowledge to further
refine specific categories [66,67]) for the period of 2009-2020 for land cover classifica-
tion, analyzing light and dark pixels and setting thresholds for the fusion algorithm,
which has a spatial resolution of 500 m. (Downloaded from the official NASA website,
https:/ /ladsweb.modaps.eosdis.nasa.gov/ (accessed on 1 May 2023)).

The third type of data used in the study is the measured data used to validate the
aerosol inversion results, i.e., the AODs of 2009-2019 Level 2.0 products from 18 AERONET
stations near the QTP area shown in Table 1 (the L2.0 products were quality-controlled and
cloud-screened compared to the L1.0 and L1.5 products), with the data wavelengths cen-
tered at 1020, 870, 675, 500, 440, 380, and 340 nm. In particular, for individual stations lack-
ing Level 2.0 products, we supplemented the missing parts with Level 1.5 products. (Down-
loaded from the global automated aerosol remote sensing observing network AERONET
jointly established by LOA-PHOTONS (CNRS) and NASA, https:/ /aeronet.gsfc.nasa.gov/
(accessed on 1 May 2023)).

2.3. Principle Method of Satellite Inversion of AOD

It is assumed that the longitudinal absorption of the atmosphere is homogeneous and
that the Earth’s surface is a homogeneous Lambertian body. Since the electromagnetic radi-
ation information received by the satellite-borne sensors is a combination of the scattered
radiation from the aerosol particles in the atmosphere and the reflected radiation from the
Earth’s surface, the electromagnetic radiation, i.e., the apparent reflectivity, received by the
sensors can be expressed as the following equation [27]:

P‘(p(“w(p(ﬁ)&(p(ar B,v)
(1 —1p0¢(a, B, 7))

where the apparent reflectance received by the sensor is py(a,B,7), the azimuthal angle
of scattered radiation from the sun’s rays is <, the angle of incidence (observation zenith
angle) is &, the angle of observation (solar zenith angle) is B, the downward radiative flux
with normalized surface reflectance is yy(«), the total transmittance upward is 6,(B), the
atmospheric backscattering ratio is 7, the radiative reflectance of the path is ep(a,B,y), and
the surface reflectance is 6, (a,f,7).

If only single scattering is considered, £,(,,7) can be expressed in terms of the aerosol
single scattering phase function o («,B,7), the relationship between the AOD, A4, and the
single scattering albedo, €, [27]:

pg(e, B,7) =¢€p (a,B,7) + 1)

6A0d0¢ (D‘r ﬁr ')’)
4wwy

g(p (“/ ﬁl ’Y) = €6’(0(/ ,B/ r)/) + (2)
where the path radiation for molecular scattering is ey(«,B,7), the cosine of the angle of
incidence & is wp, and the cosine of the angle of observation 8 is w. Equation (3) can be
obtained by substituting Equation (2) into Equation (1) [27]:

€AoaTp(, B, ) l‘fp(”‘)etp(ﬁ)&p(“/ﬁ/’)’)

dwwy (1—1p8¢(a, B, 7)) ®)

po(a, B, v) = ¢g (&, B,7) +

According to Equation (3), the satellite-observed apparent reflectance is a function of
both surface reflectance and AOD, and once one of these variables has been determined, it
is possible to invert the other unknown quantity. Therefore, there are different algorithms
for inverting AOD for feature types with different surface reflectance. The most commonly
used algorithm for feature types with low surface reflectance is the V5.2 algorithm [47],
while the most commonly used algorithm for feature types with high surface reflectance is
the second-generation DB algorithm [51].
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2.4. Principles of the V5.2 Algorithm

The V5.2 algorithm is more effective for AOD inversion in dark pixel regions with low
surface reflectance such as mountain shadows, dense vegetation, swamps, and water bodies
on land. The algorithm adds scattering angle and vegetation index and transforms the
original reflectance ratio of visible and mid-infrared channels (VIS/SWIR) from a constant
to a variable function [47], which can remove the effects of surface non-homogeneity and
elevation difference. In this method, the surface reflectance relationship between the red
(0.66 um) and blue (0.47 um) light bands and the surface reflectance band in the shortwave
infrared (2.12 um) is shown in Equations (4) and (5), and the scattering angle is calculated
as shown in Equation (6):

d0.66 = f(0212) 4)
d0.47 = §(J0.66) 5)
C = cos™!(—cos agcos vy + sin agsin aqcos By) (6)

where d ¢ is the surface reflectance in the red band, g 47 is the surface reflectance in the
blue band, and 6, 1, is the surface reflectance in the short-wave infrared band. By is the
relative azimuth angle between the satellite and the sun, «g is the zenith angle of the sun,
and «; is the zenith observation angle.

In addition, the radiation received in MODIS bands 7 and 5 are eyny and ey, re-

spectively. Yint is the intercept (Yinty4y,066 = 0.005, Yintges/210 = 0.00025C + 0.003),

Slope is the offset (Slopeg 47,065 = 0-49, Slopeg 6210 = Slopeé\_](g‘//zlff’z"' + 0.002C — 0.27), and

NDVI,,, is the vegetation index (NDV Iy,;, = (en5 — en7)/ (EN5 + €N7))-

When NDVlIg,,;, < 0.2, the vegetation coverage is low [68], where NDVIg,,;, < 0.25,
Slope)gq s’ = 048. When 025 < NDVIy, < 075, Slopey g p3a” = 048+02 x (NDV Iy — 0.25).
When NDVI,,; > 0.6, it indicates that the vegetation coverage rate is higher [68]. When
NDVlIg,;, >0.75, Slo peéj g)‘//zlfi“z”’ = 0.58. By substituting Equation (6) into Equations (4) and (5),

Equations (7) and (8) can be obtained:
d0.66 = f(02.12) = 02.12510peg g6 /210 + Yintoes/2.12 7)

047 = 8(b0.66) = d0.66510p€y 470,66 + Yintto.a7/0.66 8)

After substituting the relevant values of Yint, Slope, and NDVI,,;,, Equations (9)-(11)
can be obtained:
When NDVI,,;, < 0.25:

(50.47 = 50‘66 % 0.49 + 0.005 (9)
8066 = 6212 x (0.48 +0.002C — 0.27) + 0.00025C + 0.033

When 0.25 < NDVI,;, < 0.75:

(5()‘47 = 50.66 % 0.49 + 0.005

80.66 = 6212 X [0.48 + 0.2(NDV Iy — 0.25) + 0.002C — 0.27] + 0.00025C + 0.033 (10)

When NDVI,;, > 0.75:

50.47 = 50466 % 0.49 + 0.005 (11)
8066 = 0212 x (0.58 + 0.002C — 0.27) + 0.00025C + 0.033

2.5. Principle of the Second-Generation DB Algorithm

The second-generation DB algorithm [51], which is different from the V5.2 algorithm,
is more effective in inverting AOD in high albedo regions such as cities, arid, deserts,
icebergs, and snow bodies. The method utilizes a surface reflectance library built from
MODIS or Sea WIFS images combined with a triple band of (red) 0.67 um, (blue) 0.49 pm,
and (deep blue) 0.41 pm, or a dual band of (blue) 0.49 um and (deep blue) 0.41 pm, to invert
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the AOD. Assuming that the surface reflectivity of the same period is constant, according
to the characteristics of the deep blue band, the reflectivity at the surface is poor while
the reflectivity in the atmosphere is strong. The core method of the second-generation DB
algorithm for inversion of AOD is shown in Equation (12):

Ot (“s/ Bo, ')/(p) =4, (“s/ Bo, ')’q)) + 0y (“s/ Bo, ')’(p) + (1—5(;565)9?('5”1(?(“) (12)

where the relative azimuth angle is 7, the solar zenith angle is &s, the zenith observa-
tion angle is 8, the atmospheric hemispheric albedo is €, the upward and downward
atmospheric transmissivities are p,(«) and 6,(p), respectively, the scattering value for a
clear day is é,(as,B0,7¢), the aerosol albedo is 64(as,Bv,7 ), and the apparent reflectivity is

51‘(1"5/,30/74))-

2.6. The Technical Process and Validation Method of the Fusion Algorithm in this Study

Through the principle of V5.2 algorithm and the second-generation DB algorithm,
it can be seen that the principle and common point of both algorithms focus on how to
accurately determine the surface reflectance, while the difference lies in the applicability
of the difference between high and low reflectance. Considering the wide geographical
area and rich feature types of the QTP region, if we distinguish the light and dark pixels
one by one and then apply the V5.2 algorithm and the second-generation DB algorithm in
several small areas, it is not only a huge workload, but is also prone to cause a large error
in the long-period dynamic monitoring. Therefore, the best way is to classify the light and
dark pixels according to different feature types, setting the total weight of the light and
dark pixels to 1. When the weight of the dark pixels is Kg, the weight of the light pixels
is 1 — Kg. Then, it can be regarded as the trust ratio of AOD obtained by the inversion
of the V5.2 algorithm is Kg, while the trust ratio of AOD obtained by the inversion of the
second-generation DB algorithm is 1 — Kg and the trust ratio of the two algorithms is 1.
Meanwhile, because the present study is a dynamic monitoring, the value of AOD obtained
by the two algorithms is a variable, and the value of the weight Kz will also be a variable
based on the actual change of the feature type every year. At this point, if the product of
several variables is then fused in a curve-varying manner, it will easily lead to the instability
of the fusion algorithm. Based on the consideration of the above problems, the fusion
algorithm proposed in this study first classifies light and dark pixels for feature types with
different reflectance, and then linearly fuses the V5.2 algorithm and the second-generation
DB algorithm by introducing a weight factor of light and dark pixels between 2009-2019.

Combined with the overall idea of the fusion algorithm, the technical flow chart of
this experiment is shown in Figure 2, and the four colored modules, from top to bottom,
represent the four different steps of the experimental technical flow.

1. The data required for the study was downloaded, including MO/YD04_L2 data
for aerosol experiments, MCD12Q1 data for the setting of darkness and brightness weight
factors for surface classification, and AERONET Level 2.0 data for aerosol validation.

2. The data was pre-processed, including geometric correction, batch reprojection,
splicing, format conversion, batch cropping, band value processing, etc. for MO/YD04_L2
and MCD12Q1 data. The pre-processing of the AERONET Level 2.0 data is mainly to
process and filter the measured AOD data from the 18 AERONET stations shown in Table 1
and to calculate the values in the 550 nm band.

3. Each of the data was post-processed, with post-processing of the MCD12Q1 data
mainly based on the 17 categories of features defined by the International Geosphere-
Biosphere Programme (IGBP), including 11 categories of natural vegetation, 3 categories
of land use and land mosaics, and 3 categories of non-vegetated land, and 9 land-cover
reclassifications were carried out by combining with the actual feature environment of the
QTP region. The distribution of features is shown in Figure 1. The reclassification rules
are shown in Table 2, which compares the nine reclassified features in this study with the
17 reclassified features in the IGBP.
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results

Figure 2. Technical flowchart of this experiment.

Table 2. Comparison of the 9 reclassified features in this study with the 17 classified features in
the IGBP.

Reclassified Names of Features in

this Study Corresponding IGBP Feature Classification Name

12. Agricultural land; 14. Agricultural land /natural

agricultural land vegetation patchwork

1. Evergreen coniferous forest; 2. Broad-leaved

woodland evergreen forest; 3. Deciduous coniferous forest;
4. Deciduous broad-leaved forest; 5. Mixed forest

grasslands 10. Grassland

shrubbery 6. Dense scrub; 7. Sparse scrub

lake wetland

11. Permanent wetland; 17. Water;

urban land

13. Urban and built-up areas

desert

8. Woody savanna; 9. Sparse grassland

bare ground

16. Bare ground

glacier 15. Snow and ice

The reclassified features are classified as agricultural land, woodland, grasslands,
shrubbery, lake wetland, urban land, desert, bare ground, and glacier. Then, the five feature
types of agricultural land, woodland, grasslands, shrubbery, and lake wetland are classified
as dark image element coverage areas based on the difference in surface reflectance, and
the four feature types of urban land, desert, bare ground, and glacier are classified as bright
image element coverage area, and finally, the year-by-year percentage is calculated based
on the trend of bright and dark image elements from 2009-2019, and the normalized value
is set as the weight factor of the fusion algorithm. For the post-processing of MO/YD04_L2
data, the daily mean AOD is fused according to the set weight factor combined with the
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inversion principle of the V5.2 algorithm and the second-generation DB algorithm, and the
specific fusion algorithm is shown in Equation (13) as:

Fp =DTp X Kgr+ DBy x (l — KR) (13)

where F4 is the AOD of the fusion algorithm, DT4 and DB4 are the AOD of the MODO04
product V5.2 algorithm and the second-generation DB algorithm, respectively, and K is the
weight factor of the dark image elements in the fusion algorithm from year to year (since we
obtained Ky from the data of MCD12Q1 for each year, we assume here that the weight factor
is constant for each day, month, and quarter of the same year). The monthly, quarterly, and
yearly average AOD are then fused by means of band math operations. Finally, the temporal
and spatial changes of AOD during 20092019 are analyzed by tabulation and graphing.

The post-processing of AERONET Level 2.0 data is mainly for tabulation analysis and
supplementation of missing data.

4. Validation analysis of the AOD results calculated by the fusion algorithm when
the weight factors are taken as year-by-year variables was performed using the processed
AERONET Level2.0 data. Since AERONET data, as shown in Table 1, are missing a large
amount of data from many stations almost every year during 2009-2019, we analyzed the
data for validation according to the total number of months of observation for each station
according to the following three scenarios:

(a). When the total number of observed months is greater than 20, the complete and
consecutive 20-month average data are evenly selected as the sample of the validation
dataset and named as 1-20 data point sets for storage;

(b). When the total number of observed months is between 15 and 20 months, the
missing data are supplemented by the mean values of the monthly data of the same cycle
from the two nearest stations, and the supplemented 20 monthly average data are taken as
the sample of the validation dataset and named as 1-20 data point sets for storage;

(c). When the total number of observed months is less than 15 months, the 20 complete
and consecutive daily data are uniformly selected as samples of the validation dataset and
named as 1-20 data point sets for storage.

After that, the AOD results calculated by the fusion algorithm when the weight factors
changed year by year were used as the experimental dataset samples, and the experimental
dataset samples were stored with monthly average data or daily data of the same period as
the validation dataset samples, and the data of the validation samples and experimental
samples were normalized. The validation method mainly includes MAE (mean absolute
error), RMSE (root mean square error), and R (correlation coefficient).

In addition, in order to ensure the rationality of the fusion algorithm in this experiment,
we also added an experimental group of six stations with more complete observation
months inside and outside the QTP (station numbers: 1, 2, 6, 14, 15, 16), i.e., with the
sample of the AERONET validation dataset remaining unchanged, we used the AOD
results obtained by the fusion algorithm when the weight factor takes the mean constant
during the period of 2009-2019 as the sample of the experimental dataset, and the same
validation method is used to analyze the MAE, RMSE, and R between the two. Finally, the
results of dynamic weighted analysis in the fusion algorithm and the average weighted
analysis are compared. The reason for the newly added experimental group here to select
stations with a more complete number of months of observation is that the difference
between the weight factor when taken as an annual variable and an annual constant can
only be better captured if the observation period is two years or more.

3. Results
3.1. Results of Feature Reclassification and Fusion Algorithm Thresholding during 2009-2020

Figure 3 shows the histogram of the dynamic trend of the nine features reclassified by
combining the actual feature status of the IGBP and QTP regions for the period 2009-2020,
during which four features, namely agricultural land, grasslands, urban land, and bare
ground, are in a decreasing trend, while five features, namely woodland, shrubbery, lake
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wetland, desert, and glacier, are in an increasing trend. The largest proportion of dark
image elements is in grassland areas, and the largest proportion of light image elements is
in bare ground areas.

16

magricultural land ®wood land 1 grasslands
shrubbery u lake wetland murban land
14 4 desert mbare ground m glacier

=) )

Pixel Count (hundred thousand)

P O P P W A O A i A

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Time

Figure 3. Trends in the dynamics of the nine reclassified features between 2009-2020, with different
colored bars representing different feature types.

Figure 4 is a scatter plot of the year-to-year changes in the dark image element weight
factor of the fusion algorithm during 2009-2020, from which it can be seen that during this
12-year period, except for 2019 and 2020, the dark image element weight factor showed
a slight upward trend as a whole, with a slight increase in the dark image elements, and
the dark image feature types that increased were woodland, shrubbery, and lake wetland,
which indicates that the medium and high level vegetation is influenced by the increase
of precipitation and temperature to a certain extent, and the increase of standing water is
conducive to the development of lakes and wetlands. The curve variation of the specific
weight factor is:

Kgr = 8.0 x 1057°> X1 + 0.4209 (14)

where Ky, is the dark image element weight factor of the fusion algorithm and Xr is the
year value during 2009-2020.

0.5835

0.583 4
0.5825 -
0.582 PY

058151 g ® @

® °

0.581 +~
[

Kr = 8.0x10<5X; + 0.4209

Weight factor for fusion algorithms

0.5805 T T T T T T T T T T
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Time

Figure 4. Year-to-year changes in the fusion algorithm’s dark image element weight factor between
2009-2020, with quadratic trend lines added.

3.2. Multiscale Temporal and Spatial Variation of AOD during 2009-2019

Figure 5 shows the variation of daily mean AOD obtained through the fusion algorithm
processing from 2009 to 2019, and the year-by-year daily mean values show an overall
decreasing trend. Although the peak of the aerosol daily mean content exceeds 1 on
individual dates in more years, the overall daily mean aerosol values from 2009-2019 are
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concentrated in the range interval of 0.2-0.5, which indicates an overall low aerosol content
in the QTP region.
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Figure 5. Variation of daily mean AOD in the 550 nm band during 2009-2019 obtained by fusion
algorithm processing.

Figure 6 shows the spatial year-to-year changes in AOD resolved by the fusion al-
gorithm between 2009 and 2019, with three fluctuating increases in 2011, 2016, and 2018,
but with an overall slow decreasing trend. The central zone was more stable, with spatial
decreases concentrated in bare ground in the northeast and woodland areas in the southeast,
while spatial increases were concentrated in edge areas in the southwest.
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Figure 6. The annual mean AOD content for each year from 2009 to 2019 was divided into ten classes
based on spatial distribution.
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Figure 7 shows the monthly variations of AOD, illustrated for example in the middle of
2009-2019 (2014), with monthly peaks of AOD occurring essentially in April and November
of each year and the lowest monthly peaks occurring in February, the coldest month of the
year. In particular, the woodland areas in the southeast and the fringes in the southwest
have low aerosol levels during May-September, while temperatures are high during this
cycle, and the western AOD gradually increases in October-November when aerosols
spread from east to west due to westerly winds and cooling.
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Figure 7. The monthly mean AOD content for each month between 2009 and 2019 was divided into
ten classes based on spatial distribution (illustrated by the example of 2014, the numbers 1-12 in the
figure correspond to January—December 2014, and the legend is the same as Figure 6).

Figure 8 shows the spatial variation of seasonal AOD in the QTP area from 2009 to 2019.
The four seasons in the QTP area are winter (December, January, February), spring (March,
April, May), summer (June, July, August), and autumn (September, October, November),
and the quarterly variations are expressed in the form of 2009-2014-2019 years. In terms of
seasonal variation of AOD, autumn has the highest AOD throughout the year and summer
has the lowest AOD throughout the year. AOD was significantly higher in spring and
autumn than in winter and summer. Spatially, the AOD in spring is concentrated in the bare
ground area in the northeast, whereas the AOD in autumn, except for the woodland area
in the southeast, shows a homogeneous dispersion under the influence of autumn winds.
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Figure 8. The AOD mean content for the four seasons between 2009 and 2019 was divided into ten
classes based on the spatial distribution (as illustrated for 2009, 2014, and 2019 with the same legend
as Figure 6).

3.3. Comparison of AOD Values Inverted by Fusion Algorithms with AOD Values from the
AERONET Observatory

The blue diamonds in Figures 9 and 10 represent the experimental sample data and
the orange squares represent the validation sample data. Figure 9 shows the validation
comparison of the AOD results obtained by the fusion algorithm of this study with the
measured results from 18 AERONET stations near the QTP area when the weight factor is a
year-by-year variable. The results show that the overall errors of the 12 AERONET stations
(station numbers: 1-12) that are closer to the QTP area are smaller and the correlation
is better. The overall errors of the 6 AERONET stations that are geographically close to
the QTP area but at a certain distance from the QTP area increase with distance, but the
correlation does not change significantly. Figure 10 shows the validation comparison of
the AOD results obtained by the fusion algorithm of this study with the measured results
of six AERONET stations with more complete months of observation (station numbers:
1,2, 6,14, 15, 16) inside and outside the QTP when the weight factor is a mean constant.
Comparing Figures 9 and 10, the validation results for the same stations show that the
fusion algorithm yields smaller AOD error values and better correlation when the weight
factor is a year-by-year variable.
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Figure 9. Comparison of the AOD values inverted by the fusion algorithm for the period 2009-2019
with the measured results from each of the 18 AERONET stations near the QTP area when the weight
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factor is a year-by-year variable. The comparison groups of the 18 stations correspond to the numbers
(1)—-(18), respectively. Trend changes were added for all experimental and validation samples. The
horizontal axis indicates the number of months or days in the period.
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Figure 10. When the weight factor is a mean constant, the AOD values inverted by the fusion
algorithm for the period 2009-2019 are compared with the measured results from each of the 6
AERONET stations with relatively complete months of observation inside and outside of the QTP
(station numbers: 1, 2, 6, 14, 15, 16). The comparison groups for the 6 sites correspond to (a—f),
respectively. The horizontal axis indicates the number of months in the period.

Table 3 shows the MAE, RMSE, and R between the AOD values obtained by the fusion
algorithm in this study and the measured AOD values from 18 AERONET stations around
the QTP area when the weight factor is a year-to-year variable. The mean values of MAE,
RMSE, and R for the 18 sets of validation results are 0.328, 0.113, and 0.913, respectively.
Among them, the mean values of MAE, RMSE, and R for the first 12 sets of validation
results closer to the QTP region were 0.309, 0.094, and 0.910, respectively, and the mean
values of MAE, RMSE, and R for the last 6 sets of validation results farther from the QTP
region were 0.365, 0.152, and 0.919, respectively. The results in Table 3 show that the overall
error value is small when the AERONET station is close to the QTP area, and the overall
error value increases as the station distance increases, but the correlation coefficients do not
change much due to the geographic proximity.

Table 4 shows the MAE, RMSE, and R between the AOD values obtained by the
fusion algorithm in this study and the measured AOD values of the 6 AERONET stations
with more complete months of observation inside and outside the QTP when the weight
factor is a mean constant. The mean values of MAE, RMSE, and R for these 6 groups of
validation results are 0.350, 0.151, and 0.882, respectively. In Table 3, when the weight factor
is a year-by-year variable, the mean values of MAE, RMSE, and R for these 6 groups of
validation results are 0.339, 0.134, and 0.912, respectively. Both from the comparison of the
results of each group and from the comparison of the overall results of the 6 groups, it can
be seen that the fusion algorithm obtains a better correlation of the AOD and a smaller
error when the weighting factor is a year-by-year variable.
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Table 3. MAE, RMSE, and R between the AOD inverted by the fusion algorithm and the AOD based
on measurements at the 18 AERONET stations when the weight factor is a year-by-year variable.

Validation Group Mean Absolute Error RMSE R
(1) NAM_CO 0.322 0.145 0.752
(2) QOMS_CAS 0.320 0.069 0.953
(3) Litang 0.401 0.095 0.907
(4) Thimphu 0.209 0.066 0.914
(5) Bose_Institute 0.309 0.062 0.926
(6) EVK2-CNR 0.278 0.092 0.959
(7) Langtang_BC 0.263 0.105 0.901
(8) Kyanjin_Gompa 0.294 0.088 0.927
(9) Langtang 0.386 0.091 0.914
(10) Bidur 0.349 0.132 0.944
(11) Kathmandu-Bode 0.276 0.088 0.918
(12) Kathmandu_Univ 0.297 0.098 0.908
(13) Lumbini_North 0.381 0.144 0.911
(14) Pokhara 0.284 0.069 0.964
(15) Lumbini 0.428 0.225 0.915
(16) Jomsom 0.399 0.204 0.931
(17) Pantnagar 0.423 0.154 0.880
(18) Nainital 0.276 0.116 0.915

Table 4. MAE, RMSE, and R between the AOD inverted by the fusion algorithm and the AOD based
on measurements at the 6 AERONET stations when the weight factor is a mean constant.

Validation Group Mean Absolute Error RMSE R
(a) NAM_CO 0.332 0.165 0.718
(b) QOMS_CAS 0.336 0.087 0.932
(c) EVK2-CNR 0.292 0.109 0.931
(d) Pokhara 0.295 0.091 0.943
(e) Lumbini 0.434 0.231 0.871
(f) Jomsom 0.413 0.221 0.896

4. Discussion

Because the weight factor quoted in Figure 4 is the key to the validity of the fusion
algorithm in this study, we first analyzed the trend of Figures 3 and 4 in the context of the
actual situation. It can be seen from Figure 4 that during the period of 20092019, the weight
factor of the dark image element has shown a total of four decreases (2011-2012, 2013-2014,
2015-2016, 2018-2019) and a total of four increases (20092011, 2012-2013, 2014-2015,
2016-2018). The changes of decline and rise are more frequent and the number of changes
is equal, so when the least squares method is used to reflect the trend of its curve, it changes
to show a convex curve. This indicates that the energy transition between light and dark
features in the QTP region was frequent during the 11 years due to multiple climatic and
environmental factors. The highest peak in the trend of the curve in Figure 4 occurs in 2015,
while the lowest peak occurs in 2019, and because the middle node of the 2009-2019 period
is 2014, the overall weight factor shows an upward trend during this 11-year period. This
overall upward trend is also reflected when we parse it as a linear change. Combined with
Figure 3, this upward trend is most visually represented by the increase in the features of
woodland, grasslands, shrubbery, and lake wetlands during the period 2009-2018. Among
them, the increase in vegetation generally requires an appropriate increase in precipitation
and temperature. However, by 2019, while the increase in precipitation and temperature
continued [3], the weight factor of the dark image elements showed a minimum, and from
Figure 3, it appears that during this year, agricultural land, grasslands, and shrubbery,
which are low vegetation, are significantly decreasing, while lake wetland, desert, and
bare ground are increasing continuously. Therefore, we can judge that the cause of the
minimum value of the dark image element weight factor in 2019 is that the precipitation
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and temperature in 2019 had the highest peak value during the period of 2009-2019, and the
excessively high precipitation and excessively high temperature have led to the death and
abatement of a large number of low vegetation, in which a part of the dead low vegetation
and the remaining water on the ground are transformed into lake wetland, while the other
part of the dead low vegetation are transformed into desert and bare ground.

To further validate this judgment, we added the calculation of the weight factor
and the analysis of the feature changes in the same area in 2020, which showed that
the weight factor in 2020 was 0.5813, which was close enough to that of 2019 (0.5808),
and the interconversion of several low vegetation and lake wetlands was consistent with
that of 2019, which suggests that the trend of change derived from Figure 4 model is
reliable. In addition, although the weight factor shows a general upward trend over the
2009-2019 period, the magnitude of its change is relatively small, so is it necessary to
analyze the dynamics of this relatively small year-to-year change? We think it is totally
necessary. Firstly, in the vast QTP area, this relatively small year-to-year fluctuation will
affect the inter-transformation between multiple features. After that, combining the results
in Tables 3 and 4, we can also see that, compared with setting the weight factor as a mean
constant, the results obtained by setting the weight factor as a year-by-year variable have a
better correlation and smaller error, which can better reflect the change rule of AOD in the
long-term dynamic monitoring.

In addition, before analyzing the validation results in Table 3 in detail, we need to
explain the selection of the 18 AERONET stations in this study because there are fewer
AERONET stations within the QTP area, and in order to make sure that the results of this
experiment are adequately validated, we need as many AERONET stations as possible to
provide sample data for the validation. When selecting AERONET stations, we mainly
consider two conditions: one is that the geomorphologic environment is as similar as
possible to the QTP area, and the other is that it is as close as possible to the QTP area in
terms of distance. Because the eastern, western, and northern parts of QTP not only have
large differences in geomorphological environment with the QTP area but also have very
few AERONET stations and are far away from the QTP area, these areas cannot meet the
above two conditions. On the other hand, in the highland area in the southern part of QTP,
not only is the geomorphological environment very similar to that of the QTP area, but
there is also a large number of AERONET stations in close proximity, so we chose the 18
AERONET stations in the southern part of QTP.

The results in Table 3 show that when the weight factor is a year-by-year variable, the
overall error of the AOD computed by the fusion algorithm is relatively small for the first
12 groups of validation results that are closer to the QTP region, while the overall error is
relatively large for the last 6 groups of validation results that are farther away from the QTP
region. This is because, although the latter 6 groups of stations are geographically similar
to the QTP region, (13) Lumbini_North, (15) Lumbini, (16) Jomsom, and (17) Pantnagar,
among the latter 6 groups of stations, are closer to the populated areas of Nepal and India
and are affected by the southwest monsoon winds of the Indian Ocean; therefore, the values
of AOD are larger. Although the AOD values of the last 6 groups of stations are larger,
resulting in larger error values, the overall correlation is not much different from the results
of the first 12 groups, or even slightly better than that of the first 12 groups. This is not
only due to the higher stability of the fusion algorithm in geographically similar areas, but
also due to the high correlation of (14) Pokhara (R:0.964) in the last 6 groups of stations,
which increases the overall value. The main reason for the high correlation of (14) Pokhara
is that, among the 18 AERONET stations, (14) Pokhara has 111 months of observation
during 2010-2019, which is the most continuous and complete observation data, and can
accurately reflect the trend of the AOD on the annual and monthly scales, so the correlation
of this station is the best. It is also worth noting that, while the correlation validation results
are around 0.9 for most of the stations, there is a low correlation result here at Station (1),
NAM_CO (R:0.752). Combined with the geographic location of this station, we believe
that the possible reason for this is that the NAM_CO station is located in the central region
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of the QTP, and as can be seen in Figures 6-8, the AOD values in this region have been
extremely low during the period 2009.1-2019.12, which has an impact on the stations in
this region in terms of capturing the changes in the AOD in the QTP region.

Meanwhile, as can be seen from Table 3, the mean values of MAE, RMSE, and R for
the 18 groups of validation results are 0.328, 0.113, and 0.913, respectively. Among them,
the mean values of MAE, RMSE, and R for the first 12 groups of validation results, which
are nearer to the QTP region, are 0.309, 0.094, and 0.910, respectively. In order to validate
the accuracy of the fusion algorithm, we need to compare the results with those of previous
results of similar methods in the same region, but due to the scarcity of literature on the
monitoring of long-period AOD dynamics in the QTP region, it is difficult to search for
articles in the same study area to compare and analyze the results. Therefore, we first chose
to compare the results with the DB algorithm or DT method in other study regions of the
world. Among them, the results of Filonchyk et al. (2020) are RMSE 0.098-0.297 [69], the
results of Zhang et al. (2016) are RMSE 0.123-0.150 [70], the results of Bilal et al. (2015) are
RMSE 0.150-0.360 R 0.68-0.92 [71], and the results of Shi et al. (2013) are RMSE 0.24 [72]. In
comparison with these results, the experimental results obtained in this study are better.
However, the reliability of the fusion algorithm proposed in this study needs to be further
explored because of the different study regions to be considered. In the absence of QTP
regional results, we try to focus on selecting the experimental results of other approximation
algorithms in the Chinese region for comparative analysis, which are R 0.698 and 0.688
for the results of Xie et al. (2019) [73], R 0.92 with an error value of 0.46 for the results
of He et al. (2021) [74], R 0.747-0.905 with MAE of 0.067-0.18 and RMSE 0.067-0.302 for
Filonchyk et al. (2019) [75], R 0.87 with RMSE of 0.29 and MAE of 0.23 for Qin et al.
(2018) [76], and R 0.82-0.88 with MAE of 0.15-0.17 and RMSE of 0.17-0.27 for the results of
Jiang et al. (2022) [77]. Compared with these results, the MAE, RMSE, and R values of this
study are close enough to the values of the results of other studies, which also indicates
that the fusion algorithm used in this study is reliable and the AOD results obtained by
inversion through this fusion algorithm have high accuracy.

From Figure 5, the daily mean AOD is low, indicating that the main body of aerosols
in the region is more from nature, except for factories and urban areas in the east. From
Figure 6, the annual spatial change shows a phenomenon of stratification from northeast to
southwest around the 45-degree line, in which the trend of the northeastern bare land and
southeastern forested area, where the aerosols are spatially distributed the most, decreases
year by year. This indicates that when the AOD increases in this region, it can inhibit the
rise of air temperature to a certain extent, which in turn protects the stability of permafrost
in this region. From this, we can judge that the composition of aerosols in the region is
mainly composed of cooling sulfate aerosols, supplemented by warming black carbon
aerosols. Combined with the temporal changes, the sulfate aerosol content of the cooling
category mainly decreased from 2009 to 2019, while the black carbon aerosol content of the
warming category mainly increased.

From the monthly scale change of AOD in Figure 7, the AOD in April and November is
in the peak period of each year, and these two months are the period when the zero-curtain
effect of permafrost is generated in the QTP area; especially, the zero-curtain effect in April
lasts for a longer period of time and with the highest stability [3]. Therefore, we analyze
the stability of the fusion algorithm in this paper in conjunction with the spring changes
of AOD from 2009 to 2019. As can be seen in Figure 8, the AOD in the QTP region has
higher values in the spring and fall and exhibits spatial zonal concentration. Among them,
the distribution of AOD in spring was mainly concentrated in the bare land and desert in
the northwest, grassland in the western edge, and woodland area in the southeast, and
the bare land and desert area in the northwest had the highest content of AOD among
these three areas. Looking at the changes in AOD from spring 2009 to 2014, there is a
trend of increasing AOD in the northwest, while there is a small decrease in the western
edge and southeastern regions and a small trend of increasing AOD in the three regions
combined. Looking again at the change in AOD from spring 2014-2019, there is a significant
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trend of decreasing AOD in the northwest and southeast, while there is a small increase in
AOD in the western edge and a significant trend of decreasing AOD in all three regions
combined. During the period 2009-2014-2019, the change in spring AOD showed a trend
of a small increase followed by a significant decrease, with an overall decreasing trend
during this 11-year period. This is consistent with the trend of Ky values in Figure 4 over
the 2009-2014-2019 period. This can also indicate that the fusion algorithm in this study
has high stability.

In summary, we not only analyzed the stability and reliability of the fusion algorithm
in this study on monthly and daily scales from different time periods using multiple
AERONET stations, but also analyzed the stability of the algorithm by examining the
temporal and spatial variations of the AOD on seasonal scales in the QTP region from 2009
to 2019.

5. Conclusions

In this study, we fused the V5.2 algorithm and the second-generation DB algorithm by
introducing the dynamic bright and dark pixel weight factor, and dynamically resolved the
temporal and spatial changes of the AOD in the QTP region during the period 2009-2019 by
the fusion algorithm in terms of days, months, seasons, and years, and made a judgment of
the changes of the different types of aerosols in the QTP region and the AOD in this cycle as
a whole. Overall, the AOD in this cycle shows a slowly decreasing trend, and the inhibiting
effect on warming is weakening. The decreasing aerosols in this cycle are mainly cooling
sulfate aerosols, while warming black carbon aerosols may continue to increase. The spatial
decrease is mainly concentrated in the bare land in the northeast and the forested area in
the southeast, while the spatial increase is mainly concentrated in the fringe area in the
southwest, and this spatial decrease has resulted in the amplification of feature types such
as woodland and desert. To ensure the reliability and stability of the fusion algorithm,
we compared the AOD values obtained by the fusion algorithm with the measured AOD
values of 18 AERONET stations for validation. The mean values of MAE, RMSE, and R
for the 18 groups of validation results were 0.328, 0.113, and 0.913, respectively. The mean
values of MAE, RMSE, and R for the first 12 groups of validation results that were closer
to the QTP region were 0.309, 0.094, and 0.910, respectively, and the mean values of MAE,
RMSE, and R of the last 6 groups of validation results that are farther away from the QTP
region were 0.365, 0.152, and 0.919, respectively. Compared with previous studies using
the DB algorithm and the DT method, the fusion algorithm proposed in this study has less
error and higher correlation. Also, compared with previous studies with similar algorithms
in the Chinese region, the values of MAE, RMSE, and R in this study are close enough to
the values of the results of other studies, which indicates that the fusion algorithm used
in this study is reliable and stable. Meanwhile, we analyzed the seasonal variation and
spatial distribution of AOD in comparison with the trend of the weight factor, which further
proved the stability of the fusion algorithm. In addition, this study also compares the AOD
results obtained by the fusion algorithm when dynamically weighted and mean-weighted,
and the results show that the dynamic weighting approach in this study has higher accuracy.
Due to time constraints, the use of this algorithm to analyze the role of feedback between
the atmosphere and climate relationships in permafrost regions will be studied in depth as
the next phase of our research.
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