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Abstract

:

This study analyzed the variability and trend in aerosol optical depth (AOD) over North China using the latest MODIS/Terra C6 merged Dark Target/Deep Blue AOD monthly data at 550 nm from 2001 to 2016. The spatial distribution of the annual mean AOD was generally characterized by two prominent high-value centers located in the industrially and economically developed areas of the North China Plain and East China, and the dust aerosol-dominated areas of southern Xinjiang. The seasonally averaged AOD reached its maximum in spring (0.430 ± 0.049), followed by summer (0.356 ± 0.035) and winter (0.282 ± 0.039), with the minimum occurring in autumn (0.219 ± 0.022). There were notable long-term annual trends in AOD in different regions over North China during 2001–2016: a decreasing AOD trend was found in Qinghai Tibet (−0.015 ± 0.010/decade), Northwest China (−0.059 ± 0.013/decade at 99% confidence level), and the North China Plain (−0.007 ± 0.021/decade), but a positive increasing trend was identified in northern Xinjiang (0.01 ± 0.006/decade), southern Xinjiang (0.002 ± 0.013/decade), East China (0.053 ± 0.042/decade), and Northeast China (0.016 ± 0.029/decade). Seasonal patterns in the AOD regional long-term trend were evident. The AODs in spring over all the study regions, except East China, exhibited a decreasing trend, with the maximum trend value observed in Northwest China (−0.099 ± 0.029/decade at 99% confidence level); whereas AODs in autumn, except in Northwest China, showed an increasing trend, with the maximum trend value occurring in East China (0.073 ± 0.038/decade). Geographically, we also examined the annual and seasonal spatial patterns of AOD trends over North China. The annual spatial trends in AOD revealed a dominance of positive trends in most regions over the whole of North China from 2001 to 2016, but especially in East and Northeast China (AOD trend value of about 0.16/decade); whereas a negative trend was observed over northern Inner Mongolia (AOD trend value of about −0.12/decade). In addition, seasonal spatial trend analyses indicated that a continual clear upward trend occurred in East China in the autumn and winter seasons during the study period, with the maximum average increase occurring in winter (about 0.20/decade).
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1. Introduction


Aerosol particles, including anthropogenic and natural aerosols, have a crucial effect on global and regional climate change by scattering and absorbing both solar and terrestrial radiation (known as the direct effect), depending on the particles’ size, shape, chemical composition, and mixing state [1,2], as well as by modifying the microphysical formation and lifetime of clouds, their precipitation efficiency, and hence their radiative properties (known as the indirect effect) [3,4]. In addition, aerosols have an important effect on greenhouse gas concentrations, distributions, and the hydrological cycle by influencing the physical and chemical processes in the atmosphere [5,6]. Furthermore, aerosols can cause environmental and public health problems [7,8]. Despite extensive efforts to analyze the sources, properties, and evolution processes of aerosols in recent years, aerosol optical properties and their concentrations are still one of the largest sources of uncertainty in current assessments of global climatic change [9,10,11].



Aerosol optical depth (AOD), as one of the most basic optical parameters, is both accurate and widely available, and is a key parameter for estimating aerosol content and evaluating the extent of air pollution. As a column-integrated quantity, AOD reflects the aerosol column loading and the impact of aerosols on the Earth’s radiation budget. Currently, ground-based observations and satellite monitoring are two important methods for measuring long-term aerosol properties [12]. However, due to a sparse surface network, in-situ observations of aerosol properties and concentrations from various related instruments are difficult to achieve on a continuous and global scale. In recent decades, the retrieval of aerosol optical parameters from satellite observations has attracted more and more interest.



The aerosol products retrieved from the Moderate Resolute Imaging Spectroradiometer (MODIS) provide excellent global coverage, with daily or near-continuous temporal resolution. In contrast to previous studies, the present study analyzed the trends and variability in AOD over North China using the monthly mean of the combined Dark Target/Deep Blue (DT/DB) 550-nm AOD from MODIS Terra, the most recent (as of 2016) data collection 6 (C6), which is based on refined retrieval algorithms [13] and provides extended spatiotemporal coverage compared to earlier products. The performance of the MODIS DT/DB C6 AOD products was recently evaluated through comparison with the ground-based observations of AERONET over China [14]. The research results suggested that collocated AOD retrieved from DT was much higher than that from DB, with the difference in AOD seasonal mean values exceeding 0.3–0.4 over eastern China. In addition, the collocated AOD retrieved from DB enabled a large increase in spatial coverage, especially in conditions of dense haze clouds [14]. Over recent years, various studies have been conducted to determine the long-term variation trends in AOD using a variety of aerosol products retrieved by satellite-based remote sensing. Based on 22 years (1980–2001) of TOMS and 9 years (2000–2008) of MODIS AOD data, a significant increase in AOD was observed across China between 1980 and 2008 [15]. Using the MODIS 3-km observations from 2002 to 2015, research conducted by He et al. (2016) suggested that, pre-2008, there was an upward tendency, while post-2008 there was a downward tendency [16]. Meanwhile, over the Middle East, a previously identified positive AOD trend was also observed based on MODIS C6 products between 2001 and 2012 [17].



With rapid economic and societal development in China, the dramatic increase in industrial and agricultural activities, energy consumption, and the population has inevitably been accompanied by substantial emissions of anthropogenic aerosols into the atmosphere. As a consequence, the aerosols over North China comprise different types, including dust, sulfate and carbonaceous aerosols. Under highly mixed conditions, a complex aerosol loading will be produced in the troposphere [18]. Thus, in order to strengthen our understanding of aerosol responses to climate change and feedback, it is vital to analyze the long-term trends and variability in AOD over North China in recent decades. In this paper, we examine the spatial and temporal variations of annual and seasonal mean AOD distributions over North China using the latest 16 years of combined DT/DB AOD from MODIS Terra, C6. Meanwhile, we also present a long-term annual and seasonal trend analysis of AOD in seven typical regions of North China.




2. Data and Methodology


2.1. Study Area


We conducted spatiotemporal variation trend analysis of MODIS AOD at 550 nm during 2001–2016 for the entire area of North China. Generally, it is easier to distinguish the long-term variation tendencies for different sub-regions, not only because mainland North China covers a very wide area with complex terrain, but also because they are likely to be higher than those in the global AOD averages [15,16,19]. As such, seven typical areas (see Figure 1) in North China were selected for long-term trend analysis: (1) northern Xinjiang; (2) southern Xinjiang; (3) Qinghai Tibet; (4) Northwest China; (5) North China Plain; (6) East China; and (7) Northeast China.



Northern Xinjiang, southern Xinjiang, Qinghai Tibet, and Northwest China are mainly dominated by natural dust aerosol. Along with the development of atmospheric circulation and weather systems, these dust aerosols enter the atmosphere every spring and are subsequently transported to other regions and further result in dust storm events. North China Plain, East China, and Northeast China are the most highly developed areas, and are more affected by anthropogenic activities, including vehicular emissions, coal combustion, industrial emissions, and biomass burning [20,21], which are the major contributors to air pollution.




2.2. MODIS C6 AOD Data


The twin MODIS sensors are located on board the Terra and Aqua satellites, which have been flying in polar orbit since 2000 and 2002, respectively. The MODIS instrument has one wide spectral range in 36 spectral bands, from 0.41 μm to 14.5 μm, with a broad swath (2330 km) and spatial resolutions of 1 km (or less, depending on the band). These features permit accurate and useful retrieval of AOD over land and ocean [22,23]. The latest C6 MODIS aerosol products over land and ocean provide refined algorithms for retrieving aerosol properties—in particular, the expanded Deep Blue algorithm [13,24]. The latter is of special importance for this study, since it is suited for retrievals over ‘bright object’ surfaces such as the deserts, arid regions, and plateaus covering wide parts of North China. The C6 product introduces the merged DT/DB product, which produces a consistent dataset covering a multitude of surface types, ranging from oceans to bright deserts. In addition, it will not only include the standard 10-km aerosol retrieval product, but also a global (DT-land and DT-ocean) aerosol product at 3 km [24]. The C6 DT-land expected error is ±(0.05 + 0.15τAERONET) relative to the AERONET optical thickness (τAERONET) [24]. The C6 DB expected error is about ±(0.03 + 0.2τMODIS) relative to the MODIS optical thickness (τMODIS) [13,25]. In addition, it is noted that the drift in the MODIS/Terra blue channel has been correted from C5 to C6 [24]. In this study, the level-3 monthly averaged combined DT/DB AOD data at 550 nm, with a spatial resolution of 1° × 1° (which can be downloaded from http://modis-atmos.gsfc.nasa.gov/MOD08_M3/index.html), from MODIS Terra C6, for the 16-year period between 2001 and 2016, were used to explore the trends and variability in AOD over North China.



In this study, the annual averaged AOD data were obtained by averaging the monthly AOD data. Furthermore, the seasonal means were obtained for spring (March, April, and May), summer (June, July, and August), autumn (September, October, and November), and winter (December, January, and February) by averaging the monthly means in each season. Based on the annual or seasonally averaged MODIS AOD data, the annual and seasonal linear trends in AOD were estimated using the least-squares linear regression method. This method is based on determining the equation of best fit to time series data by minimizing the sum of the squares of the errors in the residuals. For each trend estimate, Student’s t-test was applied to detect the robustness of the trend estimates.





3. Results and Discussion


3.1. Annual and Seasonal Mean AOD Distributions


As an important optical parameter for aerosols, AOD basically represents the aerosol load in the atmosphere. Figure 2 presents an overview of the annually averaged AOD distribution pattern over North China during 2001–2016. It was computed from the monthly mean products of the combined DT/DB AOD from MODIS Terra, C6. This spatial pattern of annually averaged AOD is generally characterized by two prominent high-value centers. The highest AOD center (between 0.65 and 1) occurred over the North China Plain and East China (also see Figure 1), which are located in the most densely populated and industrialized areas over North China, with low elevations and high anthropogenic aerosol emissions [26]. In the highest AOD regions, large amounts of fine-particle aerosols from anthropogenic activities account for a large proportion of the total aerosol loading. Other important aerosol sources are the high emissions of coarse-particle aerosols, including industrial dust, soot from domestic coal combustion, and dust transported from the desert [16]. The second-highest AOD center (between 0.35 and 0.6) was in the Tarim Basin of southern Xinjiang, with high concentrations of natural aerosols, which could be dominated by desert dust emitted from the Taklimakan Desert. The areas with the lowest AOD (<0.25) were located mainly in northern Qinghai Tibet, Northwest China, and eastern Inner Mongolia. Since these areas are sparsely populated and limited in industrial aerosol emissions, the aerosol loadings are low throughout the year over these regions. The 16-year domain-averaged statistics of the annual and seasonal mean AODs in North China over all seven regions are shown in Figure 3. According to Figure 3, the multi-year averaged AOD of the period 2001–2016 over North China was 0.318 ± 0.022. The annually averaged strengths of AOD over North China varied from east to west, with the maximum in East China (0.782 ± 0.077), followed by the North China Plain (0.402 ± 0.036), and then Northeast China (0.342 ± 0.051), southern Xinjiang (0.315 ± 0.023), Northwest China (0.224 ± 0.035), Qinghai Tibet (0.199 ± 0.018), and northern Xinjiang (0.185 ± 0.011).



Figure 4 shows the spatial distribution of 16-year averaged AOD for spring, summer, autumn, and winter over North China. The spatial distribution of seasonally averaged AOD was similar to the spatial pattern of the multi-year averaged AOD. In all four seasons, the highest AOD loadings were usually located in the North China Plain and East China. The seasonally averaged AOD over North China varied from spring to winter, with the maximum in spring (0.430 ± 0.049), followed by summer (0.356 ± 0.035), and then winter (0.282 ± 0.039) and autumn (0.219 ± 0.022) (see Figure 3). This seasonal pattern indicates that spring may be the most polluted season over North China, possibly due to the peak dust aerosol loading transported from the deserts in Northwest China, high levels of biomass burning, and fugitive dusts from natural surfaces in spring. The second-highest AOD levels occurred in summer, which can be explained by stronger photochemical interactions owing to higher air temperatures, higher amounts of water vapor, and droplets suspended in the atmosphere during summer [27,28]. These factors favor the increase in aerosol loading during this season.




3.2. Domain-Averaged Monthly Variations and Seasonal Characteristics in AOD


Figure 5 illustrates in detail the temporal changes in AOD over all seven regions (see Figure 1), both annually and monthly, from January 2001 through to December 2016. Over the whole study period, low aerosol levels prevailed in regions where local natural aerosol particles dominate, such as regions 1, 3 and 4. Relatively high AOD values were seen in regions where dust particles prevail, such as region 2, while much higher aerosol loadings were observed in regions where industrial particles dominate, such as regions 5, 6 and 7. In northern Xinjiang, the monthly AOD values were mostly less than 0.40 throughout the whole study period, which may be related to lower levels of human activity. In southern Xinjiang, however, the period of March–May featured the highest aerosol loadings, indicating the frequent occurrence of dust events during spring over the Taklimakan Desert of southern Xinjiang [29,30]. Relatively high aerosol loadings occurred during the period of March–May in Qinghai Tibet, and the period of March–August in Northwest China. This could be associated with wind-blown sand and/or dust clouds caused by dust storms during spring and summer over the Taklimakan Desert [30,31].



The notably high AOD values that were observed in April 2001 in both Qinghai Tibet and Northwest China were consistent with the maximum that occurred in April 2001 in southern Xinjiang. Hence, it can be inferred that the dust events that occurred in April 2001 in southern Xinjiang influenced the aerosol loadings of both Qinghai Tibet and Northwest China. Between 2001 and 2016, the North China Plain, with its intensive industrial activities and high population density, tended to be characterized by high aerosol loadings, especially during the period of May–August. The high aerosol content can be explained by hygroscopic particle growth and coagulation, with high temperatures and relative humidity in summer [32]. During the whole period, most of the AOD values (nearly 80%) were greater than 0.6 in East China, with its intensive industrial activities and high population density, reflecting the contribution of particulate matter pollution, especially fine particulate matter with aerodynamic diameters less than 2.5 μm [33,34]. These results agree with those of Guo et al. (2011) [15]. There were three main peaks in AOD in Northeast China: January 2001, February 2014 and 2015, and May and June 2013. The high aerosol loadings in winter were associated with coal combustion for domestic heating [35,36], while in summer they were related to the hygroscopic growth of aerosols in the humid atmosphere [37,38].



Figure 4 also reveals clear regional characteristics and significant impacts of local aerosol sources. The different seasonal patterns of AOD over the seven regions are shown in Figure 3. Northern Xinjiang had its own seasonal variation, with the maximum aerosol loading in spring (0.227 ± 0.018) and the minimum in autumn (0.135 ± 0.015). The seasonal variations in AOD over the whole of North China were similar to those in southern Xinjiang, Qinghai Tibet, and Northwest China, with the maximum AOD in spring, followed by summer and winter, and the minimum in autumn (see Figure 3), reflecting the effect of dust events. The North China Plain and East China showed similar seasonal patterns, with summer having the highest AOD values (0.556 ± 0.079 and 1.011 ± 0.156, respectively) and autumn the lowest AOD values (0.301 ± 0.028 and 0.635 ± 0.073). That the maximum occurred in summer rather than in spring in the North China Plain, and East China is in agreement with previous studies [15,39]. In summer, photochemical interacions are more active, accompanied by higher temperatures and water vapor content, which increases the hygroscopic growth of fine aerosol particles in the atmosphere [27]. In Northeast China, the minimum AOD value (0.234 ± 0.047) was observed in autumn, while the maximum (0.431 ± 0.106) was in spring for the study period.




3.3. Regional Interannual Variation and Trends in AOD


To identify the trends in each of the seven regions over the study period, we carried out a long-term linear trend analysis based on the domain-averaged annual and seasonal mean AOD. Figure 6 displays the average annual and seasonal AOD time series for the period 2001–2016 in the seven regions of North China. On the whole, the annual-averaged AOD time series showed a decreasing tendency, with slopes of −0.015, −0.059 (confidence level 99%) and −0.007/decade in Qinghai Tibet, Northwest China and the North China Plain, respectively; whereas there were increasing, with trends of +0.01, +0.002, +0.053 and +0.016/decade, in northern Xinjiang, southern Xinjiang, East China and Northeast China, respecctively. Note that, in spring, all seven regions except East China showed a decreasing trend, with the maximum decreasing trend of −0.099/decade (confidence level 99%) observed in Northwest China. In contrast, all the seven regions except Northwest China showed an increasing trend in autumn, with the maximum increasing trend of +0.073/decade observed in East China. In summer, increasing trends of +0.005, +0.015 and +0.036/decade were observed in northern Xinjiang, East China and Northeast China, respectively; whereas, decreasing trends of −0.027, −0.026 (confidence level 95%), −0.088 (confidence level 99%) and −0.020/decade were observed in southern Xinjiang, Qinghai Tibet, Northwest China and the North China Plain, respectively. A spurious, abnormally high AOD value was observed in 2016 and 2015 over northern Xinjiang and Northeast China, respectively, possibly due to higher surface albedo in winter [40]. In winter, increasing trends of +0.033, +0.034 and +0.106/decade were observed in southern Xinjiang, the North China Plain and East China, respectively; whereas decreasing trends of −0.004 and −0.035/decade (confidence level 95%) were observed in Qinghai Tibet and Northwest China, respectively. In addition, the annual-averaged AOD was the highest (>0.60) in East China during the study period. It should be noted that Northwest China saw a significant negative trend in all seasons, with a maxiumn decreasing trend of −0.099/decade (confidence level 99%) observed in spring, whereas significant postive trends were seen in East China, with a maxiumn increasing trend of +0.106/decade in winter.




3.4. Annual and Seasonal Spatial Trends in AOD


Linear regression trend analysis was performed for the annual and seasonal mean AOD over North China from 2001 to 2016 using the least-squares linear regression method. Figure 7a shows the spatial distributions of the annual trends in MODIS AOD. It can be seen that not all regions have statistically significant trends. In general, the results in Figure 7a reveal positive trends in most regions over North China from 2001 to 2016, especially over the North China Plain, East China, northern Qinghai Tibet, northern Xinjiang, and Northeast China. In particular, there was a notable hot spot of increased AOD in East China, with the increasing trend magnitude ranging from 0.04 to 0.20/decade between 2001 and 2016. This is due to the rapid increase in industrial and anthropogenic activities over the region [5,20], resulting in more aerosols being emitted into the atmosphere. Comparably strong trends can also be found over the Middle East [17]. In contrast, a significant decreasing trend was observed over northern Inner Mongolia during the study period, with the decreasing trend magnitude ranging from −0.02 to −0.16/decade. These results may linked to the large decreases in dust emissions caused by decreased wind speed in recent years [41]. In order to help study the radiative effects of aerosols on Earth’s climate, we also calculated the corresponding meridionally averaged trends (averaged from 33° N to 54° N over North China, as shown by the map boundaries of Figure 7a), and these are displayed in Figure 7b. As expected, the meridionally averaged trends were significantly negative around 100°–114° E, reflecting the decreasing trends in Northwest China. However, the meridional averages showed positive trends around 115°–120° E and 125°–138° E, representing the increasing trends in East China and Northeast China. It should be mentioned that these meridionally averaged trends might be of high uncertainty, as they are partly based on non-significant trends in some regions of North China.



As shown in Figure 4, there is strong seasonality in the emission intensities of natural and anthropogenic aerosols over various source areas, which has a significant impact on large-scale aerosol distributions. Here, we calculated the trends separately for each season based upon the 16-yr MODIS AOD data record; these trends are displayed in Figure 8a,b,e,f. It was found that there were not statistically significant trends in all seasons in North China. There was a clear increasing AOD trend over East China in autumn and winter seasons from 2001 to 2016, with the maximum average increase occurring in winter (about 0.20/decade) and the minimum occurring in spring (about 0.06/decade). However, we only found strong negative trends over northern Inner Mongolia during the spring and summer seasons (about −0.018/decade and −0.14/decade, respectively). Similar trend patterns over most areas of North China except for Northeast China were observed, with increasing trends occurring in northern Qinghai Tibet, northern Xinjiang, and East China, but decreasing trends in northern Inner Mongolia. In autumn, an increasing trend was observed over most regions of North China, especially in northern Xinjiang, East China, and Northeast China. The variation trends of AOD in winter were similar to those in autumn.



Similar to Figure 7b, the annual meridionally averaged trends are shown in Figure 8c,d,g,h. The net negative trends around 90°–130° E in spring are largely associated with the decreasing dust emissions [39]. The summer meridionally averaged trends were negative in Qinghai Tibet and Northwest China (90°–117° E) due to decreases over the dust source regions [39,41], but were positive in Northeast China (120°–135° E). In general, the autumn meridionally averaged trends were positive, corresponding to the increasing AOD, while the AOD showed decreasing trends in Northwest China (103°–110° E). The notably positive trends around 114°–120° E during winter are indicative of the increasing pollution emissions in East China. Southern Xinjiang (75°–90° E) showed weak increasing trends, while Northwest China (100°–110° E) showed weak decreasing trends, in winter. It should be noted that the the above annual meridionally averaged trends in four seasons still need to be confirmed in the future, because of the non-significant statistics for the whole North China region.





4. Conclusions


This paper presents the distributions of annual and seasonal mean AOD at 550 nm, as well as the interannual variations and trends in AOD, over seven regions across North China, using the latest MODIS/Terra C6 merged DT/DB AOD data from 2001 to 2016. Insights into the spatial distribution pattern and long-term variations and trends, both spatially and temporally, in regional AOD over North China, have been gained.



Our observations suggest that the annually averaged AOD over North China is generally characterized by two prominent high-value centers located in the North China Plain and East China, with high anthropogenic aerosols (ranging from 0.65 to 1), and in the Tarim Basin of southern Xinjiang, with high natural aerosols (ranging from 0.35 to 0.6). Influenced by differences in the level of industry, population density, anthropogenic activities, and elevation, as well as the precipitation and weather systems in the different regions, the levels of seasonal-mean AOD were highest in spring (0.430 ± 0.049), followed by summer (0.356 ± 0.035) and winter (0.282 ± 0.039), and lowest in autumn (0.219 ± 0.022), during the study period. An investigation into the variations over the seven regions revealed that the maximum seasonal AOD occurred in spring over North China as a whole, and in all regions except the North China Plain and East China, while the maximum seasonal AOD occurred in summer in the other two regions.



The long-term linear trend analysis based on the domain-averaged annual and seasonal mean AOD over the seven regions of North China provided insights into the trend pattern: a decreasing AOD trend prevailed in Qinghai Tibet (−0.015 ± 0.010/decade), Northwest China (−0.059 ± 0.013/decade at 99% confidence level), and the North China Plain (−0.007 ± 0.021/decade); whereas, an increasing trend was identified in northern Xinjiang (0.01 ± 0.006/decade), southern Xinjiang (0.002 ± 0.013/decade), East China (0.053 ± 0.042/decade), and Northeast China (0.016 ± 0.029/decade). In addition, from the temporal perspective, all seven regions showed a decreasing tendency in spring, except East China, with the maximum trend value observed in Northwest China (−0.099 ± 0.029/decade); whereas, in autumn, all seven regions except Northwest China presented an increasing trend, with the maximum trend occurring in East China (0.073 ± 0.038/decade). From the spatial perspective, the results of the annual and seasonal spatial trends in AOD showed that positive trends dominated in most regions over the whole of North China from 2001 to 2016, but especially in East and Northeast China (AOD trend of about 0.16/decade); whereas a negative trend was observed over northern Inner Mongolia (AOD trend of about −0.12/decade). Seasonal trend analyses showed that a continual clear upward trend occurred in East China in autumn and winter seasons from 2001 to 2016, with a maximum average increase occurring in winter (about 0.20/decade) and minimum in spring (about 0.06/decade).
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Figure 1. Terrain elevation and location of the seven regions in North China used in this study: northern Xinjiang (1); southern Xinjiang (2); Qinghai Tibet (3); Northwest China (4); North China Plain (5); East China (6); and Northeast China (7). 
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Figure 2. Annual mean AOD at 550 nm over North China for the period 2001–2016. 
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Figure 3. Annual and seasonal mean values of MODIS AOD for the period 2001–2016 in North China and the seven regions (see Figure 1). 
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Figure 4. Seasonal mean AOD over North China in (a) spring, (b) summer, (c) autumn, and (d) winter, for the period 2001–2016. 
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Figure 5. Regional-averaged AOD distribution in relation to month and year in (a) northern Xinjiang, (b) southern Xinjiang, (c) Qinghai Tibet, (d) Northwest China, (e) North China Plain, (f) East China, and (g) Northeast China, for the period 2001–2016. 
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Figure 6. Annual and seasonal AOD time series averaged for the period 2001–2016 for (a) northern Xinjiang, (b) southern Xinjiang, (c) Qinghai Tibet, (d) Northwest China, (e) North China Plain, (f) East China, and (g) Northeast China, together with the slopes, correlation coefficient (r), two-sided p-value (p), and standard error (SE) of the linear trends. 
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Figure 7. Annual spatial distributions of linear trends from MODIS AOD over North China from 2001 to 2016 (a), and the corresponding meridionally averaged trends (b). Dots indicate significance at 95% confidence level. 
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Figure 8. Seasonal spatial distributions of linear trends from MODIS AOD over North China and the corresponding meridionally averaged trends in (a,c) spring, (b,d) summer, (e,g) autumn, and (f,h) winter, for the period 2001–2016. Dots indicate significance at 95% confidence level. 
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