
 1 / 23 

Multi-spatiotemporal AOD trends and association with land use changes over 1 
the Guangdong-Hong Kong-Macao Greater Bay Area during 2001-2021 2 

3 
Xinyu Yu 1, Man Sing Wong 1,2*, Chun-Ho Liu 3 4 

5 
1 Department of Land Surveying and Geo-Informatics, The Hong Kong Polytechnic University, 6 
Hung Hom, Hong Kong, China;  7 
2 Research Institute for Land and Space, The Hong Kong Polytechnic University, Hung Hom, Hong 8 
Kong, China 9 
3 Department of Mechanical Engineering, The University of Hong Kong, Pokfulam Road, Hong 10 
Kong, China 11 
* Correspondence: Ls.charles@polyu.edu.hk Tel: +852 3400 895912 

13 
Abstract 14 
Analyzing long-term variations of aerosol optical depth (AOD) is beneficial for determining high-15 
pollutant-risk areas and formulating mitigation policies. In this study, multi-spatiotemporal trends 16 
and periodicity of AOD, as well as the persistence over the Guangdong-Hong Kong-Macao 17 
Greater Bay Area from 2001 to 2021 were investigated by the extreme-point symmetric mode 18 
decomposition (ESMD), Theil-Sen Median trend analysis, and Hurst exponent. The results 19 
elucidate that AOD exhibits fluctuant variations during the 21-year period with the year 2012 as 20 
the turning point. There is a slight upward tendency (0.009 yr-1) in the pre-2012 period but a 21 
pronounced downward trend (-0.03 yr-1) in the post-2012 period, suggesting an overall declining 22 
trend in the study area. The northern cities in the area present an increasing-stable-decreasing trend 23 
of monthly-average AOD, whereas other cities have an increasing-fluctuating-decreasing trend 24 
over the study period. The decreasing rate in the western parts is higher than that in the eastern 25 
parts, like Zhaoqing, Jiangmen and Foshan city. A continuous decline of AOD is dominated over 26 
the study area, whereas an anti-persistence tendency is accumulated in the northeastern parts. 27 
Additionally, elevated AOD can be observed in unused land, water bodies and construction land, 28 
while grassland, cropland and woodland have lower AOD. The decreasing rate is larger when land-29 
use types with high AOD are converted to those with low AOD, otherwise, the decreasing rate is 30 
smaller. The results have a great significance for improving the understanding of long-term 31 
variations of AOD, as well as providing a scientific basis to formulate environmental protection 32 
and mitigation practices. 33 
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1. Introduction 38 
Aerosol is defined as liquid or solid particles suspended in the atmosphere with different size 39 
distributions and shapes, and originated from different sources, which plays a pivotal role in air 40 
quality and climate change (Wong et al., 2011; Wong et al., 2010; Kim et al., 2014). Aerosols have 41 
a significant impact on the Earth’s radiance balance and climate change directly and indirectly, via 42 
its properties of absorbing and scattering solar radiation and aerosol-cloud interactions (Satheesh 43 
& Moorthy, 2005; Charlson et al., 1992; Ramanathan et al., 2001); as well as have impacts on the 44 
ecosystem and human health (Liu et al., 2017; Silva et al., 2013). AOD is a quantitative indicator 45 
to represent extinction characteristics of atmospheric aerosol and air pollution at a national and 46 
regional scale (Liu et al., 2004). Although emission control measures have been gradually 47 
implemented by the national and local governments, with the rapid urbanization and 48 
industrialization in China, air pollution issues and aerosol particles caused by increasing 49 
anthropogenic emissions have consequently become more prominent (Qin et al., 2016; Zhang et 50 
al., 2012). As increasing or decreasing aerosol loadings in the atmosphere can impinge on monsoon 51 
circulation, atmospheric and hydrological cycle, thereby resulting in regional and global climate 52 
changes (Wu et al., 2013; Che et al., 2019; Shu et al., 2022). Thus, investigating the long-term 53 
spatiotemporal variation trends of AOD at regional and finer scales is vital to strengthen the 54 
understanding of our climate and planning for future mitigation strategies. 55 
 56 
Initially, AOD was monitored and observed based on Aerosol Robotic Network (AERONET) or 57 
other ground-based instruments, but the sparse and uneven spatial distribution of the ground-based 58 
measurements limits the representation of AOD spatiotemporal characteristics to a regional 59 
perspective (Wang et al., 2019). In contrast, satellite-based observations can compensate for and 60 
complement the deficiencies of ground-based measurements. Currently, various sensing platforms 61 
have been developed to cater to the demands of aerosol monitoring and analysis, including 62 
Advanced Himawari Imager (AHI), Moderate Resolution Imaging Spectroradiometer (MODIS), 63 
Multi-angle Imaging Spectroradiometer (MISR), Ozone Monitoring Instrument (OMI) and Cloud-64 
Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) (Wong et al., 2013b). 65 
Among them, the MODIS aerosol product (MCD19A2) can provide daily global AOD with 1-km 66 
spatial resolution via the multi-angle inversion atmospheric correction (MAIAC) approach from 67 
February 2000. Moreover, its superior accuracy has been proclaimed by numerous researchers 68 
(Lyapustin et al., 2011; Superczynski et al., 2017). By virtue of the elevated spatiotemporal 69 
resolution of the MCD19A2 dataset, it has been widely used for various applications (Martins et 70 
al., 2019; Lu et al., 2021).  71 
 72 
Intensive research about the spatiotemporal distributions and variations of AOD in China has been 73 
conducted in previous studies. For example, He et al. (2016) presented an upward trend from 2002 74 
to 2007 and a downward trend from 2008 by analyzing the AOD trends in China from 2002 to 75 
2015 using the MODIS 3-km AOD product. Sogacheva et al. (2018) adopted multi-satellite 76 
observations between 1995 and 2017 and found that there was an initial increase followed by a 77 
gradual decrease from 2011. Similarly, the AOD in the eastern and central China experienced an 78 
increase before 2006 caused by rapid economic development and a significant decrease from 2011 79 
with slight variations between 2006 and 2011 (Zhao et al., 2017; Shu et al., 2022; He et al., 2020). 80 
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Among most of the previous studies, linear regression was widely used for trend analysis. 81 
Nevertheless, it is sensitive to outliers and struggles to provide the variations of AOD from a spatial 82 
perspective. It is more applicable on processing normally distributed data, while atmospheric 83 
parameters sometimes exhibit non-normally distributed patterns (Yin, 2021; Munir et al., 2013). 84 
In contrast, the extreme-point symmetric mode decomposition (ESMD) method, which is a newly 85 
developed statistical method, can be used to capture non-linear variation trends and periodic 86 
changes of time-series sequence regardless of the distribution patterns (Wang & Li, 2013). The 87 
ESMD approach has been used effectively to reveal non-linear and periodic trends of climate-88 
related issues (Wang et al., 2020; Qin et al., 2018). Here, it was used to investigate the non-linear 89 
AOD tendency for different districts. Additionally, the Theil-Sen Median trend analysis was used 90 
to identify the varying trends for each grid quantitatively (Sen, 1968; Theil, 1950), which is 91 
insensitive to individual outliers and is capable of characterizing the changing trends of time-series 92 
sequence (Wang et al., 2022). It was widely adopted for analyzing the varying trends from the 93 
spatiotemporal perspective in temperature changes (Tabari et al., 2012), hydrological sequence 94 
data (Dinpashoh et al., 2011) and vegetation variation (Jiang et al., 2015). Furthermore, the 95 
sustainability of AOD trends was rarely involved and analyzed in previous studies, which can 96 
reveal the varying trend directions in the future and provide implications for corresponding policy 97 
regulations. For estimating the persistence and anti-persistence of time-series datasets, the Hurst 98 
exponent approach was frequently applied in drought evolution (Tong et al., 2018), hydrothermal 99 
climate changes (Ma et al., 2018) and PM2.5 concentration changes (Wang et al., 2022). To the 100 
best of our knowledge, exploration and discussion of AOD tendency persistence based on the Hurst 101 
exponent have not yet been conducted.  102 
 103 
A substantial research effort on aerosol variation analysis has been implemented, which has 104 
provided meaningful implications and promotion (Pozzer et al., 2015; Zhang et al., 2016; He et al., 105 
2019). Most of the aforementioned studies have been conducted nationwide or in areas with severe 106 
air pollution, however, fewer analyses have been implemented in the Guangdong-Hong Kong-107 
Macao Greater Bay Area (the GBA), resulting in distinct and specific characteristics of AOD 108 
distribution and long-term changing trends in the GBA being ignored. The GBA is one of the 109 
largest metropolitan regions in China, where has experienced accelerating urbanization and 110 
industrialization. Generally, urban expansion is commonly accompanied by remarkable land 111 
use/land cover change (LULCC, Deng et al., 2009). Previous studies have demonstrated that land 112 
use/land cover (LULC) types are highly associated with the distribution and changes of AOD (Li 113 
et al., 2018; Liu et al., 2020). However, the influence of LULCC on AOD variations lacks detailed 114 
analysis. Thus, further studies to quantify the influence of LULC types and LULCC on AOD 115 
changing trends over highly urbanized and industrialized regions are of vital scientific merits.  116 
 117 
In this study, the AOD datasets from the MCD19A2 product were employed to analyze multi-118 
spatiotemporal AOD trends and tendency persistence across the GBA from 2001 to 2021 based on 119 
the ESMD, Theil-Sen Median trend analysis, Mann-Kendall test and Hurst exponent approach. 120 
The major objectives can be summarized as follows: (1) to identify the spatiotemporal patterns 121 
and regional discrepancies of AOD variations during the 21-year period; (2) to untangle the trends 122 
and periodicity of AOD at multiple spatiotemporal scales, as well as its persistence to assist a 123 
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comprehensive understanding of AOD changes; (3) to investigate the impacts of LULCC on AOD 124 
variations, and the results can provide a scientific basis for policymakers to implement appropriate 125 
AOD mitigation measures. 126 
 127 
2. Study area and data collection 128 
2.1 Study area 129 
The GBA composes of Hong Kong Special Administrative Region (SAR), Macao SAR, two 130 
megacities like Guangzhou and Shenzhen and seven medium-sized cities, including Dongguan, 131 
Foshan, Jiangmen, Huizhou, Zhaoqing, Zhongshan, and Zhuhai in Guangdong Province (Figure 132 
1). It is one of the largest metropolitan regions in China with rapid economic and urbanization 133 
development. Understanding the long-term variations of AOD across the whole GBA region is 134 
critical to providing useful references for environmental protection policy formulation.  135 
 136 
2.2 AOD datasets 137 
MODIS provides retrieval AOD products based on different approaches, including MAIAC, Deep 138 
Blue (DB) and Dark Target (DT). Moreover, the MCD19A2 product 139 
(https://lpdaac.usgs.gov/products/mcd19a2v006/) can provide daily frequency and 1-km spatial 140 
resolution of aerosol products retrieved by MAIAC algorithm in global coverage with higher 141 
retrieval quality and accuracy (Xiao et al., 2017; Liu et al., 2019). In this paper, MCD19A2 AOD 142 
at 0.55 𝜇𝜇m was used owing to the consistency and relatively stable quality (Lyapustin et al., 2018).  143 
 144 
To alleviate the uncertainties and ensure the accuracy of the retrieved AOD, data pre-processing 145 
was instigated to maintain the consistency of AOD data. First, a data filter is supposed to be applied 146 
based on the quality assurance (QA) file. Specifically, in addition to the cloud-free AOD retrievals, 147 
the QA.CloudMask = Possibly_Cloudy was suggested to define high quality by assuming a certain 148 
degree of aerosol spatial homogeneity. Besides, pixels with the QA filter for AOD within ±2 km 149 
from the coastline were included as majority urban built-up areas in the GBA are close to the 150 
coastline (Shi et al., 2021). Afterwards, daily, monthly and yearly averaged AOD were calculated 151 
based on valid retrievals. 152 

 153 
2.3 Land use/land cover dataset  154 
LULC datasets were acquired from the MODIS land use product (MCD12Q1) with yearly intervals 155 
and the spatial resolution of 500 m during 2001-2020 156 
(https://lpdaac.usgs.gov/products/mcd12q1v006/). The MCD12Q1 dataset divides the LULC 157 
types into 17 classes according to the International Geosphere-Biosphere Programme classification 158 
scheme. In this study, we reclassified the LULC types into six categories, including woodland, 159 
grassland, construction land, cropland, water and unused land. Additionally, the LULC types were 160 
resampled to 1-km spatial resolution to maintain consistency with AOD data. 161 

https://lpdaac.usgs.gov/products/mcd19a2v006/
https://lpdaac.usgs.gov/products/mcd12q1v006/
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 162 
Figure 1. (a) Geographical location of the study area; (b) the background map displays the spatial 163 
distribution of LULC types in 2020 across the GBA region.  164 

 165 
3. Methodology 166 
3.1 Extreme-point symmetric mode decomposition (ESMD) 167 
ESMD was proposed based on empirical mode decomposition (EMD, Wang & Li, 2013), which 168 
can be used to detect the time-dependent non-linear tendency without antecedent assumption. After 169 
using ESMD, original signals can be decomposed into several intrinsic mode functions (IMFs) and 170 
a residual curve (R). Generally, the IMFs contain periodic oscillations (i.e., annual and seasonal 171 
periodicity) and irregular non-periodic changes caused by unexpected factors, like weather 172 
conditions, short-term pollution control policies and human activity intensity (Zheng et al., 2022). 173 
The residual curve derived by ESMD is used to denote the de-seasonalized variation tendency. 174 
Compare to the monotonous variation trend, ESMD provide non-linear varying trends, which can 175 
reflect more detailed fluctuations. 176 

 𝑌𝑌(𝑚𝑚) = ∑ 𝑀𝑀𝑖𝑖(𝑚𝑚) + 𝑅𝑅(𝑚𝑚)𝑛𝑛
𝑖𝑖=1  (1) 177 

where Mi(m) is the 𝑖𝑖𝑡𝑡ℎ IMF; 𝑅𝑅(𝑚𝑚) is the tendency curve and 𝑛𝑛 denotes the total number of IMFs. 178 
Detailed decomposition process can be found in the supplementary materials. In our study, R 179 
denotes the monthly-scale AOD trend from 2001 to 2021. 180 
 181 
3.2 Theil-Sen median trend analysis and the Mann-Kendall test 182 
The Theil-Sen median trend analysis is a robust trend analysis method by calculating the median 183 
of slopes estimated between the paired datasets (Theil, 1950; Sen, 1968). It was widely applied for 184 
exploring the inter-annual changes as it is not interfered by outliers and generates reliable results 185 
(Wilcox, 2001). In our study, this approach was applied for the long-term spatiotemporal variation 186 
trend analysis of AOD in the study area. It can be expressed as follows: 187 

 𝛽𝛽 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 �𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖
𝑗𝑗 − 𝑖𝑖

� , 𝑖𝑖 < 𝑗𝑗 (2) 188 



 6 / 23 

 

where xi and xj represent the AOD data of each grid in year i and j, respectively. β denotes the 189 
direction of the variation trends from 2001 to 2021 in the study area. β < 0 indicates a downward 190 
tendency of AOD, otherwise, an increasing trend of AOD is denoted.  191 
 192 
Mann-Kendall test is commonly carried out to measure the significance of the variation trend 193 
(Mann, 1945; Kendall, 1975). It can be calculated as follows: 194 

 𝑆𝑆 =  ∑ ∑ 𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖)𝑛𝑛
𝑗𝑗=𝑖𝑖+1

𝑛𝑛−1
𝑖𝑖=1  (3) 195 

where 𝑛𝑛 = 21 in this study. On the right-hand side of Equation (4), 196 

 𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖) =  �
1, 𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖 > 0 
0, 𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖 = 0
−1, 𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑖𝑖 < 0

 (4) 197 

is a sign function. The Mann-Kendall standard statistic 𝑍𝑍 can be calculated as: 198 

 𝑍𝑍 =  

⎩
⎪
⎨

⎪
⎧ 𝑆𝑆−1
�𝑉𝑉𝑉𝑉𝑉𝑉(𝑆𝑆)

, 𝑆𝑆 > 0 

     0     , 𝑆𝑆 = 0
𝑆𝑆+1

�𝑉𝑉𝑉𝑉𝑉𝑉(𝑆𝑆)
, 𝑆𝑆 < 0

 (5) 199 

where 200 

 𝑉𝑉𝑉𝑉𝑉𝑉(𝑆𝑆) =  𝑛𝑛(𝑛𝑛−1)(2𝑛𝑛+5)
18

 (6) 201 

The absolute values of 𝑍𝑍 for the significance of the AOD variation trend are 1.65 and 1.96 at 90% 202 
and 95% confidence levels, respectively. 203 

 204 
3.3 Hurst exponent 205 
The Hurst exponent analysis is a statistical assessment factor to analyze the sustainability 206 
properties of variation trends (Hurst, 1951). This approach was undertaken in this study for the 207 
persistency assessment of AOD variation trends in the GBA and the detailed calculation procedure 208 
can refer to the literature (Granero et al., 2008). 209 
 210 
The range of the Hurst exponent values is 0 < H < 1. If 𝐻𝐻 < 0.5, there is an anti-consistency 211 
tendency. By contrast, if 𝐻𝐻 > 0.5 , it indicates the same variation trend. The sequential data 212 
presents stochastic patterns without consistency when 𝐻𝐻 = 0.5. The variation characteristic types 213 
were categorized in Table 1. In this way, the variation trends of AOD can be analyzed 214 
quantitatively and qualitatively based on the Hurst exponent and Theil-Sen median trend analysis.  215 
 216 

Table 1. The trend characteristic types of AOD time series. 217 

Indicator Increasing 
(𝛽𝛽 > 0) 

Decreasing 
(𝛽𝛽 < 0) 

Sustainability 
(0.5 < 𝐻𝐻 < 1) Continuously increasing Continuously decreasing 
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Non-sustainability 
(0 < 𝐻𝐻 < 0.5) First increasing then decreasing First decreasing then increasing 

 218 
4. Results and discussion 219 
4.1 Inter-annual and monthly variations of regional mean AOD 220 
The spatial distribution of annual mean AOD across the GBA between 2001 and 2021 is shown in 221 
Figure S1. The geographic distribution is not stable and significant spatial heterogeneity can be 222 
found in different regions. For the central regions of the study area, higher AOD were mostly 223 
concentrated, where the urban agglomeration and water bodies are located. It means that higher 224 
levels of AOD are commonly located in densely populated regions with thriving industries (He et 225 
al., 2016). Whereas lower AOD can be mainly found in the northern and eastern regions where are 226 
densely covered by vegetation. This phenomenon reveals that the AOD variations over the study 227 
region are highly related to the LULC types. Significant changes of AOD can be observed in the 228 
GBA over the study period, with an upward and then downward trend. Prominent changes in AOD 229 
can be found in the regions where construction lands and water bodies are located. It indicates 230 
anthropogenic activities and meteorological conditions have an important influence on AOD 231 
variations, which has also been suggested by other researchers (Kang et al., 2019; Ding et al., 232 
2020).  233 
 234 
The annual regional mean AOD values at 0.55 µm from 2001 to 2021 and the linear trend of the 235 
variations at the 95% confidence level were displayed in Figure 2. The yearly regional mean AOD 236 
is larger than 0.35 but less than 0.70 with significant oscillations. The yearly mean AOD value 237 
was peaked in 2012, thereby the study period was divided into two major periods based on the 238 
variation trend and peaked AOD, namely the pre-2012 and post-2012 periods. The year 2012 can 239 
be deemed as the turning point. During 2001-2012, interannual variations of AOD present a 240 
noticeable escalating trend of 0.0091 yr-1 with noticeable fluctuations. The descending trend of 241 
AOD in 2008 is more likely to be associated with the outbreak of the global financial crisis, and 242 
the values increased subsequently after the economy recovered gradually in 2009 (Buchholz et al., 243 
2021). Nevertheless, different from the pre-2012 period, a significant steep downward trend of -244 
0.0294 yr-1 was suggested from 2012 to 2021. The declining trend of AOD is more likely to be 245 
attributed to the implementation of a series of air pollution control policies enacted by the 246 
government and relevant institutes (Ma et al., 2019; Zhang et al., 2012). Thus, the overall annual 247 
mean variations over the study period show a significantly decreasing trend of 0.0086 yr-1. 248 
 249 
Besides, the AOD exhibits significant differences in monthly mean values (Figure S2a). The 250 
maximum monthly mean AOD occurs in March, with a reduction in subsequent months. Further 251 
reversal of the declining trend was observed in August and September, and the monthly average 252 
AOD in November and December is the lowest. Monthly variations have been suggested that are 253 
more associated with climatological factors (Luo et al., 2014). Consistent with the study by Luo et 254 
al. (2014), two peaks and one low monthly mean AOD can be found during March and September, 255 
ascribed to aerosol washout by the monsoon rainfalls and their evolutions. For the GBA low-256 
latitude region, it experienced a peak monthly mean AOD of around 0.68 before the pre-summer 257 
rain in March and April, a low AOD of about 0.54 during the pre-summer rainy period in May and 258 
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higher AOD of around 0.60 after the rainfall in August and September. Evident seasonal 259 
characteristics of AOD can be observed (Figure S2b). Spring has the highest AOD reaching above 260 
0.6, followed by summer and autumn. Winter has the lowest AOD (around 0.45). Spring was the 261 
most polluted season across the GBA over the study period, a possible reason is the high level of 262 
dust and airborne sand from natural surfaces of local and long-distance sources (i.e., South Asia, 263 
north and northwest China) (Zheng et al., 2022; Wong et al., 2013a). Additionally, frequent 264 
biomass burning activities from Southeast Asia have also been found in spring (Deng et al., 2008). 265 
It should be mentioned that high AOD is not equal to high aerosol concentration and brings serve 266 
air pollution issues, as meteorological conditions exert prominent effects on AOD. For example, 267 
higher AOD tends to accumulate in summer, perhaps because the summer heat stimulates 268 
photochemical reactions, resulting in an increase in aerosol loading (Li & Wang, 2014; Dickerson 269 
et al., 1997). Moreover, high relative humidity and high temperature in summer can enhance the 270 
oxidation of aerosol precursors (i.e., sulfur dioxide), as well as facilitate the fine-mode and other 271 
secondary pollutant particles (Yang et al., 2022). Lower AOD values can be observed in winter in 272 
the GBA region, which is more likely speculated to be mainly due to higher wind speed and dry 273 
weather conditions in winter than in summer (Chen et al., 2014; Man & Shih, 2001). As lower 274 
relative humidity can alleviate the hygroscopic growth of aerosols, and higher wind speed 275 
promotes aerosol diffusion, dilution and circulation (Yu et al., 2022). The spatial distribution of 276 
multi-year seasonal AOD over the GBA region has been displayed in Figure S3. It can be found 277 
that spring and summer have higher AOD, similar to the annual distribution, higher AOD values 278 
are commonly accumulated in urban and coastal areas. This phenomenon is more likely to ascribe 279 
to anthropogenic emissions, long-distance transport and hygroscopic growth of aerosols.  280 
 281 

 282 
Figure 2. Inter-annual variations of regional mean AOD over the GBA with the linear trend (yr-1) 283 
in three different periods, namely 2001-2012 (red), 2012-2021 (blue) and 2001-2021 (green). * 284 
represents the trends passing the 95% confidence level. 285 
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 286 
4.2 Monthly-average AOD trends in different districts based on ESMD 287 
Figure 3 displays monthly-average AOD variation trends at the city level based on ESMD. The 288 
orange dots denote the original monthly-average AOD and blue dashed curves are the non-linear 289 
variation trends based on ESMD. From the perspective of the city-scale, two major changing trends 290 
can be categorized: increasing-fluctuating-decreasing and increasing-stable-decreasing. 291 
Increasing-stable-decreasing was mainly presented in the northern regions of the study area, like 292 
Zhaoqing, Foshan, Guangzhou and Huizhou, same as the whole GBA. AOD trends in remaining 293 
cities mainly show the increasing-fluctuating-decreasing trend. Because of the differences in 294 
meteorological conditions, geographical environment, economic development, policies and so on, 295 
AOD trends are not entirely consistent across cities (Zheng et al., 2022). Interestingly, for both 296 
increasing-stable-decreasing and increasing-fluctuating-decreasing trends, AOD increases before 297 
2004 and presents a stable or slight fluctuation between 2004 to 2012, then a significant, 298 
continuous downward trend can be found after 2012. These findings are consistent with the annual 299 
AOD changes. The results illustrate that the year 2012 can be deemed as the turning point, with 300 
opposite trends observed before and after 2012. Moreover, different from linear regression, ESMD 301 
is an effective method to reveal AOD variations that can accurately identify non-linear and specific 302 
AOD trends. 303 
 304 

 305 
Figure 3. Monthly-average AOD trends at pixel level and city level based on ESMD. The orange 306 
dot represents the monthly-average AOD values and the blue dashed line denotes the AOD 307 
variation trend derived by ESMD. 308 
 309 
4.3 Spatiotemporal AOD trends and the persistence of AOD dynamics 310 
In addition to regional descriptions of AOD variation trends, a long-term variation trend analysis 311 
was carried out using the annual averaged AOD of individual pixels based on the Theil-Sen method. 312 
The Mann-Kendall test was applied in the significance test over the GBA from 2001 to 2021. The 313 
monotonic tendency can be detected from the quantitative perspective. Figure 4 displays the AOD 314 
variation trends and their significance examination. During the 21-year study period, the derived 315 
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𝛽𝛽 varies from -0.048 to 0.05 and the decreasing trend is elevated in the western areas of the GBA 316 
compared with that in the eastern. In addition, majority areas pass the 95% confidence level 317 
significance test except for some coastal regions (Figure 4d). Interestingly, the variation trends for 318 
two sub-periods present distinct distribution patterns, with an upward AOD trend in most regions 319 
of the GBA for the pre-2012 period, while a decreasing trend dominated across the study area for 320 
the post-2012 period. It is consistent with previous inter-annual trend analysis results at a coarse 321 
regional scale (Section 4.1). For the pre-2012 period, the AOD variations in most areas of the GBA 322 
are manifested by the ascending trend with a variation rate under 0.025 and prominent variation 323 
values exceeding 0.05 can be found in coastal areas (Figure 4b). However, it should be mentioned 324 
that quantities of pixels fail to pass the significance test successfully, even for the 90% confidence 325 
level (Figure 4e). Referring to Figure 2, this issue tends to be ascribed to the pronounced AOD 326 
fluctuations during 2001-2012. With regard to the post-2012 period, similar to the spatial 327 
distribution pattern of the AOD trend from 2001 to 2021, a significant declining trend can be 328 
observed across the GBA and the trend variations in the eastern areas are smaller than those in the 329 
western regions (Figure 4c). The decreasing slopes in the post-2012 period are greater than the 330 
increasing slopes in the pre-2012 period, thereby a significant declining trend in most areas of the 331 
GBA is derived for the whole study period.  332 
 333 
Additionally, to qualitatively identify the variation tendency of AOD over the GBA, that whether 334 
AOD trends varied in opposite or same directions, the Hurst exponent test at the 95% confidence 335 
level was adopted and the results have been illustrated in Figure 5. The range of the Hurst exponent 336 
is from 0.17 to 0.87. It can be found that the 𝐻𝐻 value in most areas is larger than 0.5, combining 337 
the Theil-Sen trend analysis results shown in Figure 4a, which demonstrate consistent descending 338 
trends of AOD after the study period in most regions of the GBA. Furthermore, stronger 339 
persistence (> 0.65) can be observed mainly in Zhongshan, Dongguan and the border between 340 
Shenzhen and Hong Kong SAR. Nevertheless, some regions showing slightly inconsistent 341 
variation trends (0.3 < 𝐻𝐻 < 0.5), were mainly concentrated in Guangzhou, Huizhou and some 342 
areas in Zhaoqing. It means that the inconsistent areas tend to present an upward trend of AOD 343 
after the study period, possibly due to fluctuant meteorological conditions and the intensifying of 344 
human activities like urbanization and overgrazing (Peng et al., 2012).  345 
 346 
In conclusion, the spatiotemporal variations and consistency of AOD over the GBA have been 347 
analyzed quantitatively and qualitatively pursuant to the Hurst exponent and Theil-Sen analysis 348 
methods. The AOD has significantly declined in favor of relevant air pollution control policies in 349 
recent years. Moreover, the descending trend tends to exhibit a consistent declining tendency for 350 
most areas in the GBA after the study period. However, the regions fail to pass the significant tests, 351 
indicating the future trend of AOD in these areas cannot be determined accurately and reliably. 352 
Consequently, specific emission regulations are supposed to be formulated and continuous 353 
concerns are indispensable in the regions with the opposite variation direction or failing to pass 354 
the significant tests. 355 
 356 
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 357 
Figure 4. Spatial variations of AOD trends in the GBA from (a) 2001 to 2021; (b) 2001 to 2012; 358 
and (c) 2012 to 2021; as well as corresponding significance test results in (d) 2001-2021; (e) 359 
2001-2012; and (f) 2012-2021. 360 
 361 
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 362 
Figure 5. The persistence of AOD variation tendency over the GBA from 2001 to 2021. 363 

 364 
4.4 AOD variations influenced by LULC and LULCC 365 
The statistical characteristics of AOD over these six different LULC types in 2001 and 2020 have 366 
been summarized in Table 2. Discernible discrepancies in AOD values over different LULC types 367 
can be observed, with relatively high values for unused land, water bodies and construction land, 368 
while low AOD values concentrate in the regions with grassland, cropland and forests, which are 369 
also suggested by other researchers (Nair et al., 2022; Yang & Jiang, 2021). Among them, unused 370 
lands have the highest mean AOD values. It is because barren areas are generally deemed as 371 
potential dust sources, leading to elevated mean AOD (Kim et al., 2013). Water bodies have the 372 
second-largest mean AOD values with the widest range. In addition to the natural suspension of 373 
silt, the effects of human activities should be considered, such as diesel workboats plying. 374 
Moreover, major roads along the riverbanks serve heavy traffic, resulting in huge emissions (Nair 375 
et al., 2022). Relatively low AOD and clean air are in regions covered by woodlands, croplands 376 
and grasslands as vegetation is capable of absorbing atmospheric aerosol/particles and abating the 377 
ground aerosol. Different from previous studies (Liu et al., 2020), the mean AODs of grasslands 378 
are greater than those of croplands in the GBA, presumably caused by the geographical locations 379 
of the grasslands and croplands in the study area. As depicted in Figure 1b, grasslands in the study 380 
area are mostly located around urban areas or water bodies, whereas croplands are close to the 381 
forests. Thus, the AOD has been affected, showing different AOD characteristics in grasslands 382 
and croplands compared with previous studies. The discrepancies of AOD values in the LULC 383 
types can be denoted as the differentiation between anthropogenic and natural aerosols. 384 
Additionally, the AOD of these six different LULC types significantly decreased from 2001 to 385 
2020. Unused lands have the largest decline by 23% for the mean values and the maximum values 386 
have descended from 1.12 to 0.86. AOD variations not only depend on anthropogenic emissions, 387 
but also related to meteorological parameters, climate change, geographic factors and socio-388 
economic indices (He et al., 2016; Yu et al., 2022; Li & Wang, 2014). Additionally, AOD is 389 
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spatially autocorrelated to some extent due to the diffusion and transport of aerosol particles (Yang 390 
& Hu, 2018). Namely, AOD at a given location would be also affected by the adjacent areas. 391 
Furthermore, the standard deviations (SD) of all LULC types show a downward trend, implying 392 
the spatial differences of AOD decreased significantly and the air quality has been enhanced over 393 
the study area to some extent. 394 

Table 2. The statistical characteristic of AOD based on different LULC types over the GBA. 395 

LULC 2001 2020 
Min Max Mean SD Min Max Mean SD 

Woodlands 0.101 0.812 0.401 0.071 0.053 0.764 0.346 0.063 
Grasslands 0.128 0.844 0.448 0.082 0.087 0.798 0.379 0.078 
Construction lands 0.140 0.968 0.465 0.096 0.092 0.969 0.391 0.083 
Croplands 0.169 0.832 0.437 0.068 0.015 0.772 0.360 0.057 
Water 0.068 1.430 0.473 0.137 0.019 1.370 0.404 0.131 
Unused lands 0.174 1.12 0.599 0.124 0.152 0.862 0.459 0.078 

 396 
To quantify the impacts of LULCC on the AOD changes, the decreasing rates of AOD have been 397 
calculated to compare the effects of land use pattern shift on AOD changes between 2001 and 2020 398 
across the GBA (Figure 6). The decreasing rates of mean AOD for different LULC types were 399 
derived by using the discrepancies between the mean AOD values in 2001 and 2020 divided by 400 
the average AOD values in 2001 ((𝐴𝐴𝐴𝐴𝐴𝐴2020 − 𝐴𝐴𝐴𝐴𝐴𝐴2001)/𝐴𝐴𝐴𝐴𝐴𝐴2001 ). It can be found that 401 
woodland is the main LULC type in the GBA and construction land occupies the second largest 402 
area with an increase from 7,047 km2 to 8,511 km2. Followed by water bodies, it remains in a 403 
relatively stable state of approximately 8%. The area of cropland has been extended significantly 404 
from roughly 2,458 km2 to 4,024 km2. Analogously, Grassland shows a slightly upward trend 405 
accounting for from 2.3% to 2.9%. By contrast, significant degradation of unused land can be 406 
observed. From the perspective of LULCC, other than construction land, other LULC types are 407 
significantly changed. 408 
 409 
As discussed above, the AOD considerably decreased from 2001 to 2020 for all LULC types. Thus, 410 
there was still a downward trend of AOD in non-LULCC areas, while the decrease in these areas 411 
was irrespective of the LULCC, mainly due to meteorological changes and policy regulations and 412 
so on. To minimize uncertainties and disturbance, the decreasing rates in the non-LULCC areas 413 
were used as a reference to discuss the impacts of LULCC on AOD changes (Yang & Jiang, 2021; 414 
Nair et al., 2022). Subsequently, a statistical comparison of the AOD decreasing rates under 415 
different land use types was performed to imply the effects of LULCC. As illustrated in Figure 6a, 416 
the declining rates in conversion from woodland to other LULC types are lower than those in the 417 
regions with non-LULCC (15.91%), especially when woodland is converted to water bodies or 418 
unused land. For grassland and cropland, a similar distribution pattern of the decreasing rate can 419 
be discovered (Figure 6b and 6d), with the greatest decreasing rate existing in converting to 420 
woodland, while smaller declining rates can be found when converting to unused land and 421 
construction land. An analogous distribution pattern can be observed in the conversion of water 422 
and unused land to other LULC types (Figures 6e and 6f). There is no transformation from water 423 
or unused land into cropland. Differently, the declining rates in the conversion from water to other 424 
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types are less than those in the conversion from unused land to other types. Interestingly, there is 425 
no shift from construction land to other LULC types in the GBA during the study period, with a 426 
reducing rate of 17.42% that can be attributed primarily to emission control and other air pollution 427 
regulations (Figure 6c). The results elucidate that the drop-in rate is larger when the LULC types 428 
with higher AOD values are converted to the types with lower AOD values, while there are smaller 429 
decreasing rates when the types with lower AOD are transformed into the types with higher AOD 430 
values. The LULCC patterns can also indicate different intensities of human activities. For 431 
example, construction lands are generally deemed as high intensity owing to commercial and 432 
industrial activities, heavy traffic flow and human mobility, which are the major sources of 433 
anthropogenic aerosols. The vegetation-covered areas are less affected by human activities and 434 
indicate the natural sources of aerosols. Moreover, it has been suggested that vegetation can 435 
contribute to weakening aerosol pollution due to deposition (Yang & Jiang, 2021). When the 436 
vegetation-covered types were transformed into man-made lands, intensified human activities tend 437 
to increase AOD, leading to lower decreasing rates in these areas than in the unchanged vegetation 438 
coverage areas. In conclusion, distinct heterogeneity can be found due to LULC types and LULCC. 439 
Furthermore, the LULCC can also make contributions to the dynamics of AOD. When the unused 440 
and constructed lands are converted to natural lands, it is beneficial for alleviating the AOD values 441 
due to the lower anthropogenic emissions and dust; otherwise, higher AOD can be found. The 442 
ecological security, agricultural development and rational urbanization pattern is supposed to be 443 
formed by promoting low-efficiency land and unused land. It is recommended that vegetation 444 
coverage areas should be restrained from converting to construction land. Simultaneously, the 445 
comprehensive promotion of environment-friendly, low-carbon, healthy lifestyle and consumption 446 
is paramount. 447 
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 448 
Figure 6. Decreasing rates of AOD based on different LULC types. The converted area in km2 449 
is in the parenthesis. The Y-axis denotes the decreasing rate of annual mean AOD of 450 
corresponding LULC types in the GBA from 2001 to 2020. The X-axis represents the LULC 451 
types in 2020, where individual bar graphs represent the LULC types in 2001, namely (a) 452 
woodland, (b) grassland, (c) construction land, (d) cropland, (e) water and (f) unused land. 453 

 454 
5. Discussion 455 
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In our study, the AOD variation trends over two decades in the GBA region were explored from 456 
multi-spatiotemporal scales using satellite-based AOD data. Compared to previous studies, apart 457 
from the overall regional varying trend, the non-monotonic oscillations at the city level and the 458 
changing trend at the pixel level as well as its persistence were also studied. Different from linear 459 
trends, non-linear tendencies based on ESMD at the city level can provide more detailed variations. 460 
The results can advance the understanding of the AOD variations in each city and facilitate specific 461 
mitigation policies for individual cities. Additionally, the AOD variation trend and its persistence 462 
at the pixel level were evaluated quantitatively and qualitatively based on the Theil-Sen trend 463 
analysis and Hurst exponent methods, which can assist the assessment of AOD spatiotemporal 464 
evolution pattern but were rarely presented in previous studies. The results show that AOD has 465 
significantly decreased in recent years, and the decline tends to be persistent for most areas in the 466 
GBA. Finally, using the AOD changing rates of non-LULCC areas as a reference, the LULCC has 467 
been suggested that have an important impact on the AOD dynamics, as the LULCC is generally 468 
related to different intensities of human activities.  469 
 470 
Although a relatively comprehensive AOD variations analysis over the GBA region has been 471 
performed in our study, there are still some limitations. First, due to the limitation of satellite-472 
based AOD observations, the causes of AOD changes cannot be explored deeply from the 473 
perspective of aerosol composition. Future analysis should focus on the interactions between the 474 
aerosol compositions and meteorological conditions, which is helpful to deepen the understanding 475 
of the variations of AOD physical and optical compositions. Confined to the LULC data and 476 
analysis method, the effects of LULCC on AOD dynamics are analyzed at the regional level, with 477 
the intensities of human activities considered to be the paramount contributions. The results can 478 
provide a basic reference for regional environmental governance, whereas the responses of AOD 479 
to the LULCC might differ in different regions owing to the atmospheric circulation, climatic 480 
factors, geographical features and etc. Consequently, further investigations about the relationships 481 
between the driven factors and AOD dynamic at a finer spatiotemporal scale are desirable for a 482 
more detailed and comprehensive understanding of AOD characteristics and mechanisms. 483 
 484 
6. Conclusion  485 
Multi-spatiotemporal variation trends of AOD and sustainability of the tendency in the GBA from 486 
2001 to 2021 were studied based on the ESMD, Theil-Sen median trend analysis and Hurst 487 
exponent method in this study. The Mann-Kendall test was employed for identifying the prominent 488 
trends as well. From the temporal perspective, the year 2012 was an apparent turning point in the 489 
GBA. Although the variation trend of AOD in the GBA fluctuated over the study period, with a 490 
slight increase (0.009 yr-1) followed by a steep decrease (-0.03 yr-1), an overall significant 491 
downward trend can be found during the 21-year period. Besides, higher AOD can be observed in 492 
spring and summer, whereas winter and autumn have lower levels of AOD. There are two major 493 
non-linear changing trends, namely the increasing-stable-decreasing trend in most northern cities 494 
and the increasing-fluctuating-decreasing trend in remaining cities. An increasing trend can be 495 
observed before 2004 and a significant decline after 2012. A stable or slightly fluctuant tendency 496 
can be found during 2004-2012. From the spatial perspective, the northern cities exhibit an 497 
increasing-stable-decreasing trend of monthly-average AOD and the increasing-fluctuating-498 
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decreasing trend can be found in remaining cities. The decreasing rates are greater in western 499 
regions than those in eastern regions. Furthermore, majority areas present a considerable decrease 500 
with long-term persistence. Nonetheless, there should be a continuous focus on the areas with 501 
increasing or undetermined tendencies. In addition, prominent spatial heterogeneity is present over 502 
different LULC types. Specifically, unused land, water bodies and construction land have higher 503 
AOD values, whereas lower AOD values generally concentrate in the areas covered by woodland, 504 
grassland and cropland. The results imply that slow decreasing rates can be found when LULC 505 
types with low AOD values are converted to types with elevated AOD values, otherwise, high 506 
decreasing rates can be observed. In conclusion, by evaluating the long-term variation trends and 507 
periodicities of AOD, the persistence of the tendencies and the impact of LULCC on AOD change, 508 
our study provides a comprehensive and scientific basis for regional environmental protection and 509 
urban planning agencies.  510 
 511 
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