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Abstract

:

In the process of rapid urbanization, air environment quality has become a hot issue. Aerosol optical depth (AOD) from Moderate Resolution Imaging Spectroradiometer (MODIS) can be used to monitor air pollution effectively. In this paper, the Spearman coefficient is used to analyze the correlations between AOD and urban development, construction factors, and geographical environment factors in Shandong Province. The correlation between AOD and local climatic conditions in Shandong Province is analyzed by geographic weight regression (GWR). The results show that in the time period from 2007 to 2017, the AOD first rose and then fell, reaching its highest level in 2012, which is basically consistent with the time when the national environmental protection decree was issued. In terms of quarterly and monthly changes, AOD also rose first and then fell, the highest level in summer, with the highest monthly value occurring in June. In term of the spatial distribution, the high-value area is located in the northwestern part of Shandong Province, and the low-value area is located in the eastern coastal area. In terms of social factors, the correlation between pollutant emissions and AOD is much greater the correlations between AOD and population, economy, and construction indicators. In terms of environmental factors, the relationship between digital elevation model (DEM), temperature, precipitation, and AOD is significant, but the regulation of air in coastal areas is even greater. Finally, it was found that there are no obvious differences in AOD among cities with different development levels, which indicates that urban development does not inevitably lead to air pollution. Reasonable development planning and the introduction of targeted environmental protection policies can effectively alleviate pollution-related problems in the process of urbanization.
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1. Introduction


With the acceleration of China’s industrialization process and the continuous growth of energy consumption, atmospheric aerosols have gradually become one of the main atmospheric pollutants [1,2,3,4], and research on China’s atmospheric pollution continues to intensify. In recent years, air pollution has greatly affected people’s health and daily lives. Aerosols, which play an important role in the atmospheric environment, have been a major concern of the social science community.



Atmospheric aerosol refers to a stable mixture of solid particles and liquid particles that are suspended in air. They generally have diameters between 0.001 and 100 μm. Atmospheric aerosols are mainly derived from human activities [5,6,7,8,9] (such as petrochemical fuel use, industrial exhaust emissions) and natural production [7,10]. Aerosols affect atmospheric visibility and human health [11,12,13]. Studies have shown that in cities, atmospheric aerosol concentration is closely related to chronic diseases, such as emphysema and tracheitis, and the changing trend in aerosol concentration is basically consistent with the frequency of respiratory disease development during the same period, and the two are positively correlated [13]. Atmospheric aerosols also affect the balance of atmosphere–ground radiation through direct [14,15,16] and indirect [10,17] climate effects, which is one of the most uncertain factors in climate change. The effects of aerosols on climate have attracted great attention from the scientific community [18,19]. The Aerosol Optical Depth (AOD), as one of the most basic optical properties of aerosols, is defined as the integral of the extinction coefficient of the medium in the vertical direction, which describes the reduction effect of aerosols on light. The MODIS AOD is a kind of data with wide coverage and more accuracy compared with other sources of currently available aerosol data, and it is also a key factor used to evaluate the degree of atmospheric pollution and to determine the aerosol climate effect [20,21,22,23,24,25]. It is often used in the study of aerosol change characteristics and regional climatic effects. In recent years, domestic and foreign scholars conducted a lot of research on the spatial and temporal distribution and variation characteristics of AOD [14,26,27,28,29,30,31], atmospheric environmental pollution monitoring [32], climate change impact [2,27], and other aspects of this topic and have made great progress.



In the process of urbanization, economic development also increases energy consumption and pollutant emissions. High-intensity human activities also cause the release of a large amount of harmful particulate matter into the atmosphere, seriously affecting air quality and human health. Studying the relationship between AOD and urbanization is of great significance for maintaining and improving the quality of the atmospheric environment [6,8,9,10,17,33,34,35,36].



Most of the above studies on the relationship between AOD and urbanization used population or economic factors to represent the level of urban development, but the influences of the topographic environment and climate cannot be ignored in the aerosol research process [18,37,38]. This paper uses Shandong province, China as an example to analyze the spatial and temporal distribution and change rules of AOD and its relationship with the urbanization development process, as follows: (1) The spatial and temporal distribution and change characteristics of AOD are analyzed on year, quarter and month time scales, which reveals the spatial distribution and change rules of AOD in Shandong province; (2) the correlations between AOD change and social and economic factors, such as the urban population, urban economic development data, and the main pollution emission data are analyzed to determine the degree of influence of various indicators on air quality; and (3) the correlation between AOD and urban level distribution is analyzed to study the response of AOD to urbanization. Since AOD is greatly affected by the topographic environment and climatic temperature, this paper takes into account elevation, temperature, and precipitation when studying the relationship between AOD and urbanization to better analyze and explain the correlation between them. This study can provide decision-making support for the environmental protection of cities in Shandong province [39,40], as well as providing as reference for similar analysis of cities in other provinces.




2. Study Area, Materials, and Methodology


2.1. Study Area


This study used Shandong Province as the analysis object and carried out research on the spatiotemporal distribution and variation characteristics of aerosol optical depth and its response to urbanization. Shandong Province is located on the eastern coast of China. The territory includes a peninsula and inland area. The peninsula protrudes into the Bohai Sea and the Yellow Sea. It is opposite the Liaodong Peninsula and includes Qingdao, Yantai, and Weihai, as well as most or part of Weifang, Rizhao, Dongying, and Binzhou. The inland part is bordered by Hebei, Henan, Anhui, and Jiangsu provinces from north to south, including Liaocheng, Dezhou, Jinan, Tai’an, Laiwu, Dongying, Zibo, Zaozhuang, Linyi, Jining, and the remaining parts of Weifang, Rizhao, Dongying, and Binzhou. The location map of Shandong Province is shown in Figure 1.



The air quality in coastal and inland cities of Shandong Province is affected by the ocean to varying degrees. The air quality in coastal cities is obviously directly controlled by the ocean [41,42,43]. However, the air quality in inland cities is less affected by the ocean. Generally, the wind speed in coastal areas is higher than that in inland areas, and the atmospheric diffusion conditions are good. Moreover, there are obvious differences in temperature and rainfall among cities in the province. The annual average temperature in the province decreases from southwest to northeast, and in the hilly areas of the peninsula, it is lower than in other regions. The annual average precipitation in most parts of Shandong Province is between 600 mm and 750 mm, and this has greater distribution in the north than in the south. The population density, economic strength, and urbanization levels of the cities in Shandong Province are quite different, and the urbanization development in Shandong Province is relatively unbalanced.



Based on the above analysis, when studying the spatial and temporal distribution and variation characteristics of aerosol optical data in Shandong province and their relationship with the level of urbanization, social factors such as urban population, urban construction area, and sewage discharge should be taken into account as well as the impact of the urban geographical location and climate.




2.2. Materials


The data used in this paper mainly included MODIS aerosol data from 2007 to 2017, total urban population data of Shandong Province, the green land area for urban construction, the secondary industry gross output value, urban soot, sulfur dioxide, nitrogen oxide emissions, the urban annual average temperature, precipitation, and digital elevation data.



2.2.1. Aerosol Data


AOD is defined as the integral of the extinction coefficient of the medium in the vertical direction, and it describes the effect of aerosol on light attenuation. It is one of the most important parameters of aerosols, the key physical quantity that characterizes the degree of atmospheric turbidity, and an important factor for determining the climatic effects of aerosols. The aerosol data used in this paper were derived from the MODIS c6 aerosol product released by the National Aeronautics and Space Administration (NASA) website. This product combines two inversion algorithms: the Dark Target (DT) algorithm and the Deep Blue (DB) algorithm. Many domestic scholars have verified the AOD dataset MODIS product at a wavelength of 550 nm, and AOD has been studied in some parts of China using the product. It is believed that MODIS aerosol products have reached the corresponding quality requirements and can be used to study the distribution and variation of terrestrial AOD in China [44,45,46]. This study used the AOD dataset with a resolution of 10 km for MODIS4, and the time series used was from 1 January 2007 to 31 December 2017.




2.2.2. Urbanization Related Data


Urbanization is a process in which the population of a region becomes relatively concentrated in cities from towns, which leads to the growth of the urban population, the expansion of urban land, and changes in the social and economic structure. This study analyzed the correlations between AOD values and the population density, the green land area for urban construction, and the regional secondary industry gross product in Shandong province, and explores the influences of these three factors on AOD value changes. During the process of urbanization, the emissions from gas pollution change continuously, which has a significant impact on AOD. This study also analyzed the relationships between AOD and soot, sulfur dioxide, and nitrogen oxides. The six elements of data were all sourced from the Shandong Provincial Bureau of Statistics. The soot, sulfur dioxide, and nitrogen oxide data are the total emissions of the index in the whole province in each year, the sources of which include industrial production as well as from factors related to people’s daily lives.



Urbanization not only includes the population and social economy, but also involves cultural education, politics, transportation, and other aspects of information. It is impossible to fully understand the relationship between urbanization and AOD by relying on a single indicator. Indicators of China at the city level include the number of first-line brands, GDP, the per capita income, 211 universities, multinational top 500 entry numbers, major companies’ strategic city rankings, airport throughput, large company entry, consulate number, and international routes. A total of ten indicators were calculated to comprehensively represent the development level of urbanization. In this paper, the city level data of 17 cities in Shandong Province in 2016 were used, as shown in Figure 2.




2.2.3. Shandong Digital Elevation Model Data


Topography has an impact on the depth of AOD. Most scholars at home and abroad also believe that elevation has an impact on the spatial distribution of AOD. Therefore, Digital Elevation Model (DEM) data was used as one of the influencing factors to study. DEM data of 90 m resolution were downloaded from the China natural resources satellite image cloud service platform, and the data were processed into the same resolution as AOD aerosol data by means of resampling. Figure 3 shows (a) the original DEM data and (b) the resampled DEM data.





2.3. Methodology


The data processing involved in this paper mainly involved the acquisition of aerosol data, projection definition, image cropping, data aggregation, and mean calculation to study the spatial and temporal distribution and variation characteristics of AOD. In this paper, first, AOD data were subjected to Lambert projection, and then the image was cut using Shandong Province as a mask. Finally, the cut AOD data were aggregated and averaged. The obtained aerosol data were first screened to ensure its accuracy before the calculation of AOD, and the valid data (data were considered valid if the percentage of valid pixels in the image data was greater than 50%) were retained. Then, the annual, quarterly, monthly aggregation, and mean values of the aerosol product data were calculated by ArcGIS. The equations are shown in (1) and (2). The monthly average AOD of Shandong Province analyzed in the paper was obtained by accumulating the daily AOD and then averaging. The quarterly average AOD and annual average AOD were obtained by accumulating the monthly average AOD and quarterly average AOD. The monthly division criterion used was the natural month when analyzing the monthly changes in AOD. The quarterly divisions used were spring from March to May, summer from June to August, autumn from September to November, and winter from December to February.


AODQS=⌈∑s=1S(AOD(s))⌉/S



(1)







In the equation, AODQS is the aerosol aggregated data, which was used to represent the average distribution of the aerosol optical depth, AOD represents the effective aerosol data participating in the superposition, s represents the s-th image data, and S represents the total number of superimposed images.


AODAvg=⌈∑i=1m∑j=1n(AOD(i,j))⌉/N



(2)







AODAvg represents the average value of AOD; AOD(i,j) is the pixel value of the i-th row and the j-th column in the aerosol optical depth average distribution image calculated by Equation (1); m and n respectively represent the total number of rows and the total number of columns in the image data; and N represents the total number of cells participating in the operation.



This study used the Spearman rank correlation test to measure the correlations between two variables to study the relationship between AOD values and the green land area for urban construction and the urban population. The principle was to sort the original data xi,yi from large to small and to record the position of the original data xi,yi as x´i,y´i in the sorted list. x´i,y´i is called the rank of xi,yi, and the rank difference is di=x´i−y´i. The Spearman rank correlation coefficient is


ρs=1−∑i=1ndi2n2−1



(3)







The Spearman correlation coefficient was used to analyze the correlation between AOD and the urban population, which was based on a continuous time series and did not consider geographical location characteristics. However, the relationship between precipitation and AOD will change with the geographical location. This paper considered the spatial distribution of the two and finally adopted the Geographically Weighted Regression (GWR) method to explore the relationship between this factor and the urban AOD. The GWR model is shown in (4):


yi=β0(ui,vi)+∑j=1kβi(ui,vi)xij+εi i=1,2,…n



(4)







In the Equation (4), x is the independent variable, y is the dependent variable, k is the number of dependent variables, j is the sample point, ui,vi is the spatial location of the sample point i, βo(ui,vi) is the intercept, and βi(ui,vi) is the equation coefficient, which varies with the spatial location of the sample point. Each local βo(ui,vi) is used to estimate its adjacent spatial observation value. The core of the model is the selection of the spatial weight matrix. In this study, Gaussian function was selected as the method to select the spatial weight coefficient, which is one of the most commonly used methods. The expression equation of Gaussian function is as follows:


Wij=−1e2(dij/b)2



(5)







GWR is a local form of linear regression used to model spatial variation relations. It constructs an independent equation for each element in the data set, which is used to combine the dependent variables and explanatory variables of elements falling within the bandwidth of each target element. The shape and range of the bandwidth depends on the user’s input parameters, such as the kernel type, bandwidth method, distance, and number of adjacent elements. The commonly used kernel types include FIXED (the kernel surface is created by selecting the bandwidth at a certain distance) and ADAPTIVE (the kernel surface function is created according to the density of element sample distribution). The most commonly used bandwidth methods are CV, AIC, and BANDWIDTH_PARAMETER. In this study, the FIXED type was selected as the core type. The FIXED type was used to select the bandwidth according to a certain distance to create the core surface. It can generate a smoother core surface compared with ADAPTIVE. This study adopted the AIC method for bandwidth selection to achieve a better fitting degree. AIC determines the best bandwidth by the minimum information criterion, which is a standard to measure the excellent performance of statistical model fitting. The AIC function expression is as follows:


AIC=2n lnσ^+n ln(2π)+n[n+tr(S)n−2−tr(S)].



(6)




where the trace tr(S) of the hat matrix S is a function of the bandwidth b, and σ^ is the maximum likelihood estimate of the variance of the random error term, and σ^=RSSn−tr(S). For the same sample data, the bandwidth corresponding to the geographic weighted regression weight function with the minimum AIC value is the optimal bandwidth. This study applied it to analyze the differences in AOD among cities with different development grades, because it is a suitable way to test the differences between the unpaired data of independent samples. The main principle of the Wilcoxon rank-sum method is to assume that there are no significant differences between the H0 samples. The following test parameters were calculated:


T=∑i=1nr(|di|)I(di>0)



(7)






Z=T−n1(n1+n2+1)/2n1×n2(n1+n2+1)/12



(8)




where T is the sum of the smallest rank order of the two groups of independent data. If T is in the test value interval determined by table lookup comparison, then p>α and H0 is not rejected; otherwise, p≤α and H0 is rejected. The Z-statistic was used when the data volume was more than 10, and the Z-value was tested with the normal distribution method.



This study analyzed the spatial and temporal distribution of AOD in Shandong Province and its relationship with urbanization from four aspects. Firstly, the spatial and temporal distribution and the variation characteristics of AOD were analyzed by means of aggregation and mean value calculation of AOD. Secondly, the Spearman coefficient was used to analyze the correlation between AOD and urban population, the green land area for urban construction, the secondary industry GDP, and other factors to determine the impacts of urban population growth and social and economic development on AOD in the process of urbanization. Thirdly, GWR was used to explore the correlation degree of precipitation and other weather conditions on the local distribution of AOD. Fourthly, the Wilcoxon rank-sum method was used to compare and analyze the AOD differences among cities with different development levels.





3. Results and Analysis


3.1. Temporal and Spatial Distribution and Variation Characteristics of AOD


3.1.1. Annual Average Distribution and Variation Characteristics of AOD


The 11-year distribution and multi-year average distribution of AOD in Shandong Province from 2007 to 2017 are shown in Figure 4. According to the spatial distribution of AOD in the Shandong region for many years, it is concluded that from 2007 to 2017, although the intensity of the high value center of AOD in Shandong Province had some differences, the characteristics of the regional distribution center were generally of the single-high-low type and remained unchanged. A low center is located in Weihai, Yantai, and eastern Qingdao, an area close to the Yellow Sea and Bohai Sea. The AOD is around 0–0.3, which is related to the high wind speeds and good atmospheric diffusion conditions in the coastal areas. The high center is located in Liaocheng and Jining, Dezhou, Binzhou, Jinan, Tai’an, Laiwu, northern Zibo, Dongying West, and northern Weifang, which are densely populated and industrially developed, with AOD values of around 0.4–0.7.



The average value of the aggregated AOD in Shandong Province from 2007 to 2017 was calculated, and the AOD value changes in Shandong Province from 2007 to 2017 were obtained, as shown in Figure 5. It can be seen from the figure that, in 2007, the mean AOD of the whole province was about 0.39, slightly decreased to 0.37 in 2008, and then increased year by year until reaching its highest peak of 0.53 in 2012. It decreased significantly to 0.46 in 2013 and showed a downward trend year by year from 2014 to 2017. In general, there has been a trend of increasing first and then decreasing in the past 11 years. To further verify this trend, we constructed unitary linear regression functions for the years of 2007–2012 and 2012–2017, respectively, with 2012 as the boundary. As shown in Figure 6, 2007–2012 showed a growth trend with a slope of 0.0267 and an R2 value of 0.7313. The years 2012–2017 showed a downward trend with a slope of −0.0263 and an R2 value of 0.8112. From 2007 to 2012, Shandong Province made great efforts to develop its economy through industry, which brought a serious impact on the environment. Additionally, AOD showed an obvious growth trend. After 2012, Shandong Province changed its economic development model, advocated green development, dealt with polluting enterprises, and maintained a steady downward trend in AOD. The environment has improved markedly.




3.1.2. AOD Quarterly Average Distribution and Variation Characteristics


The 11-year average AOD distribution in spring, summer, autumn, and winter in Shandong Province from 2007 to 2017 is shown in Figure 7. As can be seen from the figure, the AOD in the east of Weihai, Yantai, and Qingdao was very low, ranging from 0 to 0.3, and the change range between each quarter of the year was not large. Additionally, Dezhou, Binzhou, and Jinan were the areas with high AOD values, and AOD changed significantly among the seasons from 0.3 to 1.0. In spring and summer, the AOD in Weihai, Yantai, and eastern Qingdao was relatively low, around 0–0.3. Dezhou, Binzhou, Dongying, Jinan, the northern part of Tai’an, Laiwu, and Weifang were high AOD value areas where the AOD was about 0.6–1.0. The AOD values of Dezhou, Jinan, Binzhou, and Dongying were very high, around 0.8–1.0. In autumn, the AOD value of inland cities in Shandong Province was generally around 0.3–0.6, and in winter, the AOD value of Shandong Province was generally around 0–0.3. If the quarterly average AOD value is greater than 0.5, it is defined as a high value. The high value area of AOD was the largest in summer, followed by spring and autumn, and it was the smallest in winter. The main reasons for the significant differences in AOD between coastal and inland cities can be summarized as follows. Firstly, coastal areas mainly rely on marine resources to develop their economies, while inland areas depend on industrial development economies and therefore have serious air pollution. The hills in central Shandong have weakened the impact of monsoons from the oceans on inland areas, thereby reducing the ability of air pollutants to dissipate.



The mean values of aggregated AOD in Shandong Province during the four quarters (spring, summer, autumn and winter) in 2007 to 2017 were calculated. As shown in Figure 8a, the overall trend of AOD is slowly declining, and the quarterly line changes periodically with the four seasons. The peak values varied significantly in different years, while the lowest values fluctuated less. As can be seen from the Figure 8b, the AOD value in spring in Shandong Province was around 0.35–0.7. The AOD value in summer in Shandong Province was around 0.4–0.8. The AOD value in autumn in Shandong Province was about 0.3–0.45. The AOD value in winter in Shandong province was about 0.2, the lowest value of the four seasons. There are different annual changes in different seasons. The value in autumn and winter is low and stable, and there is no obvious change trend. This is affected by the northern monsoon. The aerosol spreads well and is not easy to aggregate. The spring and summer have higher values and the trend is roughly the same as the average trend of the year. Its value is mainly affected by dust and pollution emissions. But there was an unusually low point in the summer of 2016. The reason for the abnormal AOD in the summer of 2016 is that Shandong province took compulsory measures to close down and rectify a large number of polluting enterprises in the summer of 2016, which resulted in a sharp decline in pollution in this quarter.




3.1.3. AOD Monthly Average Distribution and Variation Characteristics


The distribution of the multi-year average aerosol optical depth in Shandong Province from 2007 to 2017 is shown in Figure 9. It can be seen from the figure that the AOD in Shandong Province was generally around 0–0.3 in January, February, and December. In March, September, October, and November, except for the low AOD values of 0–0.3 in Weihai, Yantai, and eastern Qingdao, the AOD values were generally around 0.4–0.6. In April and May, the AOD values of Liaocheng, Dezhou, Binzhou, Dongying, Jinan, and Weifang in Shandong Province were about 0.4–0.8. In June, July, and August, a large number of high-value areas appeared, namely Liaocheng, Dezhou, Binzhou, Dongying, Jinan, Tai ’an, Laiwu, and Weifang, where the AOD was around 0.8–1.1. In June and July, the AOD in Binzhou and Dongying exceeded 1.1. The high value area of AOD was the largest in June and July, followed by May, then April and August, and the AOD in other months was generally less than 0.5.



The mean values of the monthly aggregated AOD in Shandong province from 2007 to 2017 were calculated, and the AOD changes in Shandong Province during the 12 months from 2007 to 2017 were obtained, as shown in Figure 10. As can be seen from the figure, the monthly variation in AOD in Shandong province presented a single peak, which increased from January onwards, and the maximum value of AOD appeared in June before gradually decreasing. This is consistent with the research results of Zheng Xiaobo et al. Due to dust invasion in spring, the AOD thickness increases. The high temperature in summer promotes the transformation of secondary organic aerosol particles to a great extent. Moreover. Shandong Province is in the peak period of wheat harvest in June each year, and people have the habit of burning straw, so a large amount of artificial aerosol particles are discharged into the atmosphere, resulting in the average aerosol optical thickness reaching the highest value during this period. However, with the increase in rainfall in July and August, the AOD decreases obviously.





3.2. Response Analysis of AOD to Social and Economic Factors


The AOD and socio-economic factor data from Shandong Province from 2007 to 2017 (including total urban population, green land area for urban construction, the regional GDP of the secondary industry, soot emissions, SO2  emissions, nitrogen oxide emissions) are shown in Table 1.



It can be seen from Table 1 that from 2007 to 2017, the total urban population, the area of urban green land for construction, and the output value of the secondary industry in Shandong Province all showed an increasing yearly trend due to social development, and the growth rates in the past 11 years were about 7%, 83.42%, and 124.9%, respectively. From 2007 to 2017, the growth rate of green coverage in the built-up area was 83.42%. Although the green coverage rate in the built-up area showed an increasing trend, it was relatively low compared with the growth rate of the output values and the emission change rate of various pollution gases. Therefore, Spearman rank correlation test was adopted to measure the correlations between two variables, and the correlation coefficients are shown in Table 2.



As can be seen from Table 2, AOD has an insignificant positive correlation with the total urban population, the area of urban green land for construction, and the output value of the secondary industry, with correlation coefficients of 0.191, 0.21, and 0.21 respectively, and there were relatively high positive correlations with soot, SO2, and nitrogen oxides, with correlation coefficients of 0.393, 0.329, and 0.867, respectively. Among these factors, there was a significant correlation with the bilateral test of nitrogen oxide emissions at the confidence level of 0.01. Generally speaking, an increase in vegetation can increase the ability of the surface to absorb particles, and then AOD will have a significant downward trend. The greening rate of urban District in Shandong Province is increasing year by year as shown in Table 1, but the inhibition effect on AOD is not obvious. Because many people are packed into cities during the process of urbanization, urban construction land expands rapidly, human activities increase significantly, producing a large amount of pollutants (soot, SO2, nitrogen oxides, etc.) that directly acting on aerosol generation. The amount of anthropogenic aerosol is much higher than the amount of aerosol adsorbed by the vegetation.




3.3. Response Analysis of AOD to Terrain and Weather Conditions


The elevation data were resampled to obtain data with the same resolution as AOD, and the pixel values were extracted for the correlation analysis of the average AOD over 11 years. From 2007 to 2017, the AOD data from one year were randomly selected, and then the relevant analysis results with the average temperature and precipitation (annual precipitation depth) of prefecture-level cities in the current year were shown in Table 3.



The correlation coefficient between elevation and AOD was −0.430, and this was a significant correlation at the 0.01 level (both sides), indicating that the altitude has a negative correlation with AOD. The higher the altitude is, the better the pollution gas diffusion will be, and the lower the AOD index will be. Places with higher altitude are not suitable for the development of heavy industry, and they is also not conducive to having a dense population, so the amount of pollution generated is also greatly reduced. The correlation coefficient between temperature and AOD was 0.585, showing a horizontal correlation at the 0.05 level (two sides). An increase in temperature promotes the generation of aerosol transformation and is not conducive to the condensation and transformation of small and medium particles in the air. The correlation coefficient between precipitation and AOD was 0.341. Generally speaking, precipitation has a scouring effect on aerosols, which is negatively correlated with AOD. However, many studies have shown that the interaction between aerosol and precipitation is complex. Precipitation is the main way to remove aerosol particles. However, the increase in aerosol optical thickness inhibits the occurrence of light rain in summer in north China, and convective precipitation is more likely to occur, and the incidence of heavy rain has increased significantly. As a result, the correlation coefficient between AOD and precipitation in the study area is positive. The Geographical Weighted Regression method was used to further analyze the influence of precipitation on AOD in local areas. In the GWR model, the precipitation data from 17 cities were used as the independent variable, and the AOD values of cities were used as the dependent variable to analyze the GWR model. As shown in Figure 11, the GWR model’s fitting degree R2 was 0.74 and the adjusted fitting degree R2 was 0.625. The standardized residual value in 88% of the regions in the whole province ranged from −1.5 to 1.5, indicating that the GWR model had a good fitting effect overall. The urban precipitation in Shandong Province has a significant impact on the temporal and spatial distribution of AOD. In Weihai, the impact of the marine environment was shown to be greater than the adjustment of precipitation, so the residual value was obviously too small.




3.4. Analysis of AOD’s Response to the Urbanization Process


Taking the geographical distribution of AOD in Shandong Province and the spatial distribution of the city level in 2017 as an example, the relationship between AOD and urbanization level was studied. Among the 17 cities in Shandong Province in 2017, Qingdao, Jinan, Yantai and Zibo are second-tier cities with a large scale, developed economy, and frequent human activity. Weifang and Dongying are third-tier cities, with larger areas and more developed economies. Laiwu is a six-line city with a small scale, backward economic development, and a low urbanization level.



The city grade types are divided into two categories, the second-tier cities are type one, and the third-level cities and below are type two. The two groups of samples were observed using a box chart. The Figure 12 below shows that there were no significant differences in the median, range, maximum value, or minimum value between the two sets of data.



The Wilcoxon rank-sum method was used to detect the differences between AOD data from the two city types. The sum of the order of the first class cities was 28, the sum of the order of the second class cities was 125, the Z value was –0.911, the bilateral test p-value was 0.362, and the exact probability test value was 0.412. These values supported the original hypothesis that there are no significant differences in AOD values between the two city types. This shows that the relationship between the urbanization development process and the current AOD values in Shandong is not obvious.





4. Conclusions


This study analyzed the spatial and temporal distribution and variation characteristics of the AOD in 17 cities on different time scales—yearly, quarterly, and monthly—by applying the daily aerosol MODIS data from Shandong Province from 2007 to 2017, as well as data on the urban population, the green land area for urban construction, the gas pollutant discharge data, the digital elevation data, the average temperature of each city, the precipitation, and the urban development level data. The Spearman coefficient was used to explore the correlations between the multi-year AOD value of Shandong Province and the urban population. GWR was used to analyze the response of AOD spatial distribution to precipitation. The Wilcoxon rank-sum method was used to verify the relationship between urbanization development level and AOD. The conclusions are as follows:



(1) From a spatial point of view, the spatial distribution of the annual average AOD in Shandong Province includes low and high centers. The low centers are Weihai, Yantai, and eastern Qingdao. The seasonal variation of AOD is relatively stable, from 0 to 0.3. One high center is concentrated in the eastern part of Liaocheng, Dezhou, Jinan, Binzhou, and Dongying, where the annual AOD is greater than 0.5. The depth of AOD in this area varies among seasons. The AOD in spring and summer increases obviously, decreases in autumn, and reaches its lowest value in winter, but this is still slightly higher than the low value of the eastern area.



(2) From a time point of view, the AOD of Shandong Province changed between 0.37 and 0.53 from 2007 to 2017, and the overall trend was an increase first, followed by a fall, and the highest value was reached in 2012. The State Council issued a notice on the comprehensive work plan for energy conservation and emission reduction in the “Twelfth Five-Year Plan” in 2011. The Shandong Provincial Government responded positively and gradually changed the economic development model and introduced many environmental protection orders to reduce the industrial pollution. AOD has shown a downward trend since 2012 with a fitting function of y=−0.0263x+0.5344 and R2=0.8112. Shandong Province has the highest AOD (0.4~0.8) in summer, followed by spring (0.35–0.7), then autumn (0.3–0.45), and finally winter (around 0.2). The monthly changes in AOD in Shandong Province are unimodal—high AOD values (greater than 0.5) appear from April to July, and the maximum values of AOD appear in June and July.



(3) There are insignificant positive correlations between AOD and the urban population, the green land area for urban construction, and the secondary industry output value. The correlation coefficients were calculated to be 0.191, 0.21, and 0.21 respectively. There are obvious positive correlations of AOD with soot, SO2, and nitrogen oxides. The correlation coefficients were calculated to be 0.393, 0.329, and 0.867 respectively, and there was a significant correlation with nitrogen oxide emissions at the confidence level of 0.01. This shows that urban development does have a certain impact on air pollution, but pollutant emissions are the most direct cause of air quality deterioration.



(4) AOD is significantly correlated with DEM and average temperature, and the correlation coefficient with DEM was shown to be −0.430 at the significance level of 0.01 (both sides), while the correlation coefficient between temperature and AOD was calculated to be 0.585 at the significance level of 0.05 (both sides). This shows that high terrain areas are conducive to the dissipation of polluting gases. High terrain is not conducive to the development of heavy industry or dense human populations, so the pollutant gas emissions are less under normal circumstances. The higher the temperature is, the higher the AOD value is, which promotes the conversion of secondary organic aerosol particles and is not conducive to the condensation and precipitation of fine particles in the air. The spatial distribution of AOD and precipitation showed good agreement. The fitting degree of RWR of GWR model was 0.74, and the fitting degree of fit R2 was 0.625. However, for coastal cities, the comprehensive regulation of the atmosphere by the ocean is greater than the impact of precipitation on the atmosphere, and the ocean becomes the dominant factor affecting the air quality.



(5) There is no obvious connection between AOD and the urban development level. In the process of development of different cities, economic development has different focuses; depending on resources, the economic composition is not same. Therefore, we can conclude that urban development has a certain impact on the environment, but it can completely reduce the harm to the environment by choosing different economic development models.



This paper analyzed and summarized the spatial distribution and mean change characteristics of AOD in Shandong Province from 2007 to 2017 on annual, quarterly and monthly time scales. It is a powerful reference for understanding the temporal and spatial variations in the atmospheric aerosol optical depth in Shandong Province. It better explains the correlation between AOD and the level of urbanization development and could be a reference for urban development planning and regional atmospheric environmental governance.
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Figure 1. Shandong Province location map. 
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Figure 2. City level map. 
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Figure 3. Digital elevation data. 
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Figure 4. Aerosol Optical Depth (AOD) distribution map of Shandong Province. 
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Figure 5. Annual data chart. 
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Figure 6. Linear trend chart. (a) Trends from 2007 to 2012, (b) Trends from 2012 to 2017. 
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Figure 7. AOD quarterly distribution map. 
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Figure 8. Quarterly data chart. (a) AOD overall trend chart, (b) Quarterly trend chart. 
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Figure 9. Monthly distribution map. 
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Figure 10. AOD monthly change chart. 
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Figure 11. Geographically Weighted Regression (GWR) result graph. 
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Figure 12. Box plot analysis results for different city levels. 
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Table 1. AOD and socio-economic impact factors.
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	Year
	AOD
	Population (10,000 people)
	Green Land Area (ha)
	Secondary Industry Regional GDP (100,000,000 Yuan)
	Soot (10,000 T)
	SO2 (10,000 T)
	Nitrogen Oxides (10,000 T)





	2007
	0.3960
	3436
	146,076
	14,839.13
	46
	182
	



	2008
	0.3769
	3532
	156,957
	17,839.09
	44
	169
	



	2009
	0.3955
	3548
	168,408
	19,219.83
	42
	159
	138



	2010
	0.4140
	3839
	181,055
	22,163.00
	39
	154
	141



	2011
	0.448
	3945
	188,136
	24,539.45
	78
	183
	179



	2012
	0.5363
	4021
	199,899
	26,367.57
	70
	175
	174



	2013
	0.4475
	4130
	217,366
	28,163.57
	70
	164
	165



	2014
	0.4673
	4285
	232,174
	29,585.72
	121
	159
	159



	2015
	0.4153
	4702
	240,024
	30,334.56
	108
	153
	142



	2016
	0.3916
	4856
	253,328
	31,343.67
	87
	113
	123



	2017
	0.3962
	5024
	267,944
	32,942.84
	54
	74
	116
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Table 2. Coefficient between AOD and Socio-economic factor.
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	Factor
	Population
	Greening Land Area
	Secondary Industry Regional GDP
	Soot
	SO2
	Nitrogen Oxides





	AOD
	0.191
	0.21
	0.21
	0.393
	0.329
	0.867
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Table 3. Coefficient between AOD and the environmental impact factor.
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	Factor
	DEM
	Temperature
	Precipitation





	AOD
	−0.430
	0.585
	0.341











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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