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Abstract

:

Atmospheric aerosols have important effects on the environment and human health. In this study, we analyzed the atmospheric aerosol layers’ optical and physical properties over Africa utilizing CALIPSO level 2 products from 2007 to 2019. Interannual and seasonal variations in aerosol optical parameters were studied: the lowest aerosol layer (AODL), the base height of the lowest aerosol layer (BL), the top height of the lowest aerosol layer (HL), the top height of the highest aerosol layer (HH), the volumetric depolarization ratio of the lowest aerosol layer (DRL), the color ratio of the lowest aerosol layer (CRL), the total AOD of all aerosol layers (AODT), the number of aerosol feature layers (N), the thickness of the lowest aerosol layer (TL), and the AOD proportion of the lowest aerosol layer (PAODL). The annual mean AODT was slightly higher in southern Africa than in northern Africa. HL and HH had strongly positive correlations with landform elevations. However, HL and HH were greater in northern Africa than in southern Africa from March to August. The reason could be that northern Africa is dominated by deserts with high temperatures and intense atmospheric vertical convections leading to dust layers existing in the upper air. PAODL values were lower in northern Africa (daytime: 71%; nighttime: 61%) than in southern Africa (daytime: 78%; nighttime: 69%), revealing that aerosol stratifications were more frequent in northern Africa than in southern Africa. DRL values were higher in northern Africa (daytime: 0.16; nighttime: 0.11) than in southern Africa (daytime: 0.07; nighttime: 0.05) indicating the predominance of non-spherical dust particles in northern Africa. This work can provide an important understanding of regional aerosol layers’ optical and physical properties to scientists and local environmental protection agencies.
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1. Introduction


Atmospheric aerosols are liquid or solid particulate matter (PM) suspended in the atmosphere, with a diameter of 0.001–100 μm [1,2]. Aerosols have important effects on the atmospheric energy balance, environment, air quality, climate dynamics, and human life [3,4,5,6]. Therefore, effective monitoring of atmospheric aerosols can help provide an important understanding of aerosol optical and physical characteristics, aerosol radiative forcings, and aerosol air pollution control [7,8,9].



The optical properties of aerosols are mainly obtained through ground-based measurements and satellite observations [10,11,12,13]. Ground-based measurements are mainly conducted through sun photometer networks, such as the Aerosol Robotic Network (AERONET), which can provide global aerosol observations [14,15,16]. Meanwhile, satellites can achieve large-area observations of aerosols all over the world; for instance, the Moderate Resolution Imaging Spectroradiometer (MODIS) [17,18], Multi-angle Imaging Spectroradiometer (MISR) [19,20], and Visible Infrared Imaging Radiometer Suite (VIIRS) [21] have been used for long-term continuous detection of aerosol optical depth (AOD) globally. To better understand the optical and physical characteristics of aerosols and clouds, aerosol and cloud layers’ vertical distribution information has been explored based on lidar [22,23,24]. Lidar satellites like CALIPSO (Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations) have been widely used in the scientific observation of aerosol and cloud layers around the world [25,26,27]. CALIOP (Cloud–Aerosol Lidar with Orthogonal Polarization) was an important dual-wavelength polarization lidar payload on CALIPSO, which had the unique advantage of obtaining the vertical structure of aerosol and cloud optical–physical properties, such as atmospheric optical depth (AOD), aerosol layer location information, and aerosol shape and size information [28,29,30].



Africa is an important dust source region in the world, which has a significant impact on the regional and global radiation budget, climate system, and sea–land–air coupling [31]. The level of industrialization and agricultural modernization in Africa is still relatively backward with a low technological level [32]. Air pollution and environmental problems need to be studied and discussed in depth in Africa. Previous studies mainly focused on seasonal air pollution caused by savannah fires in southern Africa [33,34]. Prospero and Lamb studied the regional climate effects of dust aerosols in African arid regions and the Caribbean [35]. However, there are few studies on the vertical distributions of aerosol layers’ optical and physical properties over the whole of Africa at present. And interannual and seasonal variations in aerosol layers’ optical and physical properties also need to be further explored, which can deepen our understanding and recognition of the aerosol climate effect in Africa. Based on this background, this paper utilized CALIPSO satellite products to study spatial–temporal distribution characteristics, seasonal variation, and inter-annual variation characteristics of atmospheric aerosol layers in Africa. The natural and human causes (pollutant emission, meteorological conditions, etc.), and correlations between important optical–physical parameters were also studied in Africa. This study can provide new understandings and ideas for studies on the aerosol climate effect and environmental impact in Africa and neighboring areas, and can also provide scientific and technical support for local relevant departments to carry out environmental protection activities. The research method is discussed in Section 2. The results and discussion are provided in Section 3 and a simple conclusion is provided in Section 4.




2. Methodology


2.1. Study Area


Figure 1 shows the landform of Africa. Africa is a continent spanning the equator, located between the northern and southern hemispheres. It is surrounded by the Atlantic and Indian Oceans, and the Mediterranean Sea [36]. Its total area is 30,370,000 km2 [32]. The African population is unevenly distributed; the southern and eastern regions are relatively densely populated, while most of the areas north of the Sahara are more sparsely populated [37]. The African coastline is extremely long, and the southern and eastern coastlines are more rugged, while the northern and western coastlines are flatter. Southern and eastern Africa are dominated by mountains and plateaus, while the western and northern parts are dominated by deserts and plateaus (Sahara Desert and Atlas Mountains) [38]. Southern Africa has wet summers and dry winters, while the northern and western regions are dominated by desert landscapes. The average temperature in southern Africa is usually between 20 and 30 °C. The climate in northern Africa is milder along the Mediterranean coast, where the annual average temperature is about 20–22 °C. The climate is hotter in desert regions, and the maximum temperature in summer can reach about 50 °C. Due to the geographical location of Africa, its climate types are diverse, including savanna, tropical desert, and tropical rainforest climates [39,40,41].




2.2. Materials and Methods


CALIPSO (Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations) was jointly developed by NASA and the French Central Institute of Aerodynamics [29]. It was launched on April 28, 2006. CALIOP has a revisit cycle of 16 days. The satellite is equipped with CALIOP (cloud and atmosphere lidar altimeter), IIR (infrared imager), and WFC (wide-field camera). The CALIOP lidar can provide a three-channel echo dataset: 532 nm vertical polarization, 532 nm horizontal polarization, and 1064 nm. CALIOP can detect information on the layer location, thickness, optical density, and type of cloud and aerosol layers [28]. The dataset used in this study was level 2, where the horizontal resolution of the data used was 5 km [25,42]. The aerosol optical–physical parameters utilized in this paper are shown in Table 1.



AODL, HL, BL, HH, DRL, CRL, and N can be obtained directly from level 2 products, while AODT, TL, and PAODL should be computed indirectly using the following equations:


    AOD  T  =    ∑   1 N    AOD  N  ; N = 1 , 2 , ⋯ 7 , 8  



(1)






   T N  =  H N  −  B N   



(2)






    PAOD  N  =     AOD  N      AOD  T    × 100 %  



(3)




where N = 1 represents the lowest aerosol layer; N = 8 represents the highest aerosol layer, i.e.,:


    AOD  L     = AOD   1   



(4)






   T L  =  T 1   



(5)






BL = B1



(6)






HL = H1



(7)






DRL = DR1



(8)






CRL = CR1



(9)






    PAOD  L  =   PAOD  1   



(10)







Based on the geographical location of Africa, we divided Africa into two regions ((A) northern plains and desert regions and (B) southern highlands regions). The dataset used in this study was the 532 nm band. The annual and seasonal variability in aerosol variables over these two regions was calculated from 2007 to 2019, and correlations of important optical–physical parameters (AODL, N, HH, TL, and PAODL) were also discussed. Seasons were defined as March–May (MAM), June–August (JJA), September–November (SON), and December–February (DJF) in this study.





3. Results and Discussion


3.1. Interannual Variability in Aerosol Layer Properties in Africa


The annual mean values of AODT over the plains (zone A) and highlands (zone B) of Africa were studied from 2007 to 2019, as shown in Figure 2 and Figure 3 (daytime) and Figure 4 and Figure 5 (nighttime). Figure 2a (daytime) and Figure 4a (nighttime) show that annual mean values of AODT were both higher in zone B (daytime: 0.32; nighttime: 0.29) than in zone A (daytime: 0.28; nighttime: 0.27). Because zone A is located in northern Africa, characterized by more deserts and frequent dust storms (Saharan, etc.), large amounts of flying dust can increase aerosol loading in the atmosphere leading to correspondingly high AODT values [43]. Zone B is located in southern Africa, where human activities are more extensive. Factories, agricultural activities, and economic activities generate large amounts of aerosols emitted into the atmosphere, resulting in high annual mean values of AODT in zone B [33,37]. As shown in Figure 2b (daytime) and Figure 4b (nighttime), annual mean values of AODL were also high in region B (daytime: 0.2; nighttime: 0.18) and region A (daytime: 0.17; nighttime: 0.16). This was similar to the variation in AODT as described above, i.e., zone B was more influenced by anthropogenic activities and zone A was more influenced by natural factors.



From Figure 2c and Figure 4c, it can be seen that annual average values of N were higher in area A (daytime: 1.79; nighttime: 2.0) than in area B (daytime: 1.58; nighttime: 1.85). The reason can be the fact that area A has a tropical desert climate with relatively high temperatures and intense atmospheric vertical movements leading to more frequent vertical stratifications [36,44]. Area B, on the other hand, is a mountainous plateau landform and the temperature in zone B was not as high as in zone A resulting in relatively weak atmospheric vertical convection and stratification in zone B [37]. As shown in Figure 2d and Figure 4d, results showed that TL values in zone A (daytime: 1.50 km; nighttime: 1.53 km) and zone B (daytime: 1.54 km; nighttime: 1.41 km) were both ~1.5 km. Figure 2e and Figure 4e show the fact that the annual mean values of BL in zone B (daytime: 1.51 km; nighttime: 1.43 km) were higher than those in zone A (daytime: 1.24 km; nighttime: 0.89 km). Moreover, Figure 3c and Figure 5c also show the fact that the annual mean values of HL in zone B (daytime: 1.51 km; nighttime: 1.43 km) were higher than those in zone A (daytime: 1.24 km; nighttime: 0.89 km). One of the main reasons can be related to topographic elevations. Zone B is a plateau landform with mainly higher elevations, while Zone A is a plain landform with lower elevations. On the other hand, Figure 3a and Figure 5a show that HH values were not obviously different between zones A (daytime: 3.58 km; nighttime: 3.91 km) and B (daytime: 3.55 km; nighttime: 3.88 km). This was because region A is mainly covered by deserts, and dust would be blown to a high altitude in the atmosphere, causing aerosol layer stratification and uplifting, resulting in the HH values of plain region A being almost equal to those of plateau region B [35].



PAODL was the ratio between AODL and AODT shown in Figure 3b and Figure 5b. As shown, B PAODL values (daytime: 77.4%; nighttime: 68.4%) were higher than A PAODL values (daytime: 71.2%; nighttime: 61.6%) because PAODL represented the proportion of the first aerosol layer in the entire atmosphere. In region A, due to the influence of more desert coverage, there was more stratification of dust layers in the sky, resulting in a decrease in the proportion of the first aerosol layer [45]. The phenomenon was less common in region B. As shown in Figure 3d and Figure 5d, the DRL annual mean values of zone A (daytime: 0.16, nighttime: 0.11) were higher than those of zone B (daytime: 0.07; nighttime: 0.04). DRL reflected the non-spherical properties of the lowest aerosol layer; the larger the DRL values, the more non-spherical the aerosol particles. The reason, once again, can be that area A had more deserts (the Sahara Desert and other smaller deserts such as the Libyan Desert and the Sinai Peninsula Desert) than region B. The shape of dust aerosols was almost irregular and non-spherical [44,46]. Atmospheric aerosols of the B region were mainly emitted from human activity and industrial development, and their shapes were more often spherical (such as black carbon aerosols) [33,34,37]. CRL was the ratio of the total attenuation backscattering coefficient at 1064 nm wavelength and 532 nm wavelength, which represented the particle sizes. The higher the color ratio values, the larger the particle sizes. As shown in Figure 3e and Figure 5e, the annual mean values of the color ratio in zone B (day: 0.81; night: 0.6) were similar to those in zone A (day: 0.76; night: 0.56), and both values were larger. This was because more parts of region A were covered by deserts, and the dust aerosol sizes were larger. Aerosol sources in region B were mainly combustion emissions (black carbon, organic carbon, etc.), forest fires, industrial emissions (sulfate, etc.), and sea salts, which will lead to larger aerosol particle sizes [34,39,47,48,49,50].




3.2. Seasonal Variations in the African Aerosol Layer


We conducted seasonal statistical analysis of parameters during daytime and nighttime over Africa (from Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13). March–May AOD (AODT, AODL) high values (daytime AODT: ~0.46; nighttime AODT: ~0.53; daytime AODL: ~0.28; nighttime AODL: ~0.34) were mainly concentrated in the south of the Sahara Desert, in Guinea, probably due to high dust loadings carried by strong northeasterly trade winds. June–August showed that AOD (AODT, AODL) was still high in the Sahara Desert region of northern Africa (daytime AODT: ~0.6; nighttime AODT: ~0.7; daytime AODL: ~0.3; nighttime AODL: ~0.4). The Sahara Desert had large quantities of dust during the summer months at this time, resulting in excessive AOD values [44,45]. At this time in the Congo Basin region, atmospheric aerosols were dominated by organic carbon (OC) and black carbon (BC) aerosols emitted from tropical rainforests and savannas [34,51]. High AOD (AODT, AODL) values in September–November (daytime AODT: ~0.5; nighttime AODT: ~0.6; daytime AODL: ~0.3; nighttime AODL: ~0.45) were mainly in the highland forest areas of Zambia and Angola in southern Africa, probably due to the increased aerosol loadings emitted during this season due to frequent fires [33]. In December–February, high AOD (AODT, AODL) values (daytime AODT: ~0.6; nighttime AODT: ~0.6; daytime AODL: ~0.3; nighttime AODL: ~0.35) were mainly concentrated in equatorial regions. The reason can be that northeast trade winds and southeast trade winds formed the equatorial easterly wind during this season, which blew northern and southern aerosols to the equator [51]. Aerosols gathered in the equatorial region, leading to increases in the AOD values. From the seasonal variation plots (Figure 10, Figure 11, Figure 12 and Figure 13), AODT values in area A were higher in March–August (daytime: ~0.32; nighttime: ~0.33) than in September–February (daytime: ~0.25; nighttime: ~0.22), which was roughly for the same reason stated above. The dominant aerosol type in North Africa was sand-dust aerosol, which existed with the highest frequency in spring and summer, followed by autumn, and the lowest in winter [44].



According to spatial distribution maps (Figure 6 and Figure 8), N values from March to August were higher in northern Africa (daytime: ~1.88; nighttime: ~2.15) than in southern Africa (daytime: ~1.54; nighttime: ~1.80). Because northern Africa had spring–summer seasons and high temperatures at this time, atmospheric vertical convection was stronger, leading to more aerosol layer stratifications and high N values. From December to February, high N values (2~2.5) were mainly distributed in the Guinea Gulf near the equator, which can be due to the equator’s high temperature enhancing atmospheric vertical convection, resulting in the obvious aerosol layer stratifications [51]. In southern Africa, the N values (daytime: ~1.54; nighttime: ~1.80) were not high in all seasons, which can be attributed to the high-altitude terrain here. The relatively low temperature throughout the year could lead to weak vertical convections and stratifications. High values of TL (~2 km) were mainly found in northern Africa and the Congo Basin region. Northern Africa was the main source of high dust aerosol contents, resulting in thick aerosol layers; the Congo Basin is densely populated, and human activities could generate a large amount of localized anthropogenic aerosols [50]. More socio-economic activities and energy consumption (petroleum and minerals industries) can also bring more serious atmospheric pollution, resulting in high aerosol loadings and thicker aerosol layers [47].



HL, HH, and BL will have strong positive correlations with geographic elevation according to their definitions. The higher the geographic altitude, the higher the HL, HH, and BL values. Therefore, the HL, HH, and BL values (HL, daytime: ~3.01 km; nighttime: ~2.84 km; HH, daytime: ~3.53 km; nighttime: ~3.86 km; BL, daytime: ~1.49 km; nighttime: ~1.44 km) were higher in the southern African plateau in all four seasons. Meanwhile, due to the influence of sand and dust aerosols in the spring and summer seasons in northern Africa, the temperature was higher, and atmospheric vertical convection was strong. Liftings of the sand and dust layers were obvious, which will lead to larger values of HL, HH, and BL (HL, daytime: ~2.73 km; nighttime: ~3.10 km; HH, daytime: ~4.01 km; nighttime: ~4.50 km; BL, daytime: ~1.49 km; nighttime: ~1.0 km) in spring and summer in northern Africa. In addition, in the northeastern region of Africa, the Ethiopian plateau also had larger HL, HH, and BL values during all four seasons due to higher terrain elevations.



Low PAODL values indicate small AOD proportions of the lowest aerosol layers and more stratification of aerosol layers. PAODL values (spring, daytime: ~0.69; nighttime: ~0.60; summer, daytime: ~0.69; nighttime: ~0.57; autumn, daytime: ~0.73; nighttime: ~0.60) were lower in spring, summer, and autumn in northern Africa. Frequent outbreaks of dust combined with higher temperatures, strong atmospheric vertical convection, and greater stratification will result in a decrease in PAODL values. Meanwhile, in Congo Basin and Guinea Gulf regions, PAODL values were also lower (March–May, daytime: ~0.75; nighttime: ~0.70; June–August, daytime: ~0.70; nighttime: ~0.68; September–November, daytime: ~0.76; nighttime: ~0.71; December–February, daytime: ~0.65; nighttime: ~0.51). The Congo Basin and Guinea Gulf are in the equatorial region, which is mainly dominated by tropical rainforests, and characterized by frequent forest fires, leading to large amounts of black carbon aerosols being emitted into the air. At the same time, the Guinea Gulf has a large population, and increased economic activities will lead to more anthropogenic emissions. Coupled with higher atmospheric temperatures in equatorial regions, atmospheric convections were strong, and atmospheric stratifications were obvious, which would then lead to reduced PAODL values. The DRL values were large in North Africa in all seasons (daytime: ~0.16; nighttime: ~0.11). Because the main aerosol sources were large amounts of dust aerosols in North Africa, they were irregularly shaped [38,46]. The DRL values were low in area B in all four seasons (daytime: ~0.07; nighttime: ~0.04) and did not change significantly, indicating that aerosols in southern Africa were mainly dominated by spherical features [37].



The CRL values of dust aerosols in northern Africa were high in the spring and summer seasons (daytime: 0.77; nighttime: 0.68), which should be attributed to the fact that higher temperatures, stronger vertical convections, and more frequent dust activities in spring and summer can bring larger-sized dust particles into the air. On the other hand, lower temperatures weakened the vertical convections, and fewer dust activities in fall and winter can lead to decreased particle sizes. Large CRL values in Equatorial Guinea regions in all four seasons (daytime: ~0.81; nighttime: ~0.65) can be attributed to high anthropogenic emissions and economic activities. Meanwhile, burnings of local tropical rainforests and savannahs will emit large quantities of black carbon aerosols and organic carbon aerosols. Moreover, dust aerosols can be blown from northern Africa to the Guinea Bay region due to north-easterly trade winds in December–February, resulting in large CRL values here. In the coastal and highland areas of southern Africa, the CRL values were higher in December–May (daytime: ~0.82; nighttime: ~0.59). The reason probably was that higher temperatures in these two seasons can lead to large amounts of seawater evaporation. High humidity in the air can promote the formation of particles coated by moisture [33,34,48,49]. Therefore, aerosol particles had large sizes with spherical characteristics.




3.3. Correlations of Aerosol Properties over Africa


We analyzed the correlations of aerosol properties over Africa. Figure 14 depicts the correlation between N and PAODL over Africa. Results showed that N and PAODL values all had significant negative correlations over A and B at daytime and nighttime. The larger the N, the smaller the PAODL. Therefore, the greater the number of layers, the lower the proportion of the lowest aerosol layer’s AOD; i.e., PAODL values became smaller. Our results were consistent with the results of existing studies [52,53].



Figure 15 depicts the correlation between N and HH over Africa. As shown, N and HH had strong positive correlations in all regions at daytime and nighttime. The higher the HH, the greater the N values. Because more aerosol layers were generally due to strong atmospheric vertical convection, leading to liftings of the aerosol layers, the top heights of the highest aerosol layers increased. At the same time, the more frequent the aerosol stratifications, the greater the number of aerosol layers. This result was consistent with the existing knowledge reported for the Yellow River Basin and the Tibetan Plateau [52,54].



Figure 16 depicts more significant positive correlations between AODL and TL. The thicker the aerosol layers, the greater their light obstruction, i.e., the aerosol layers’ optical thickness increased. Similar findings have been observed in the Pakistan region and Tibet [52,53].



A comparison of AOD values between Africa and previous study areas (the Tibetan Plateau [52], Pakistan [53], and the Yellow River Basin [54]) showed that AOD values were mainly related to the climate environment and human activities. And it was found that AOD values in the Tibetan Plateau were lower than those in Africa. The AOD values of Pakistan and some parts of the Yellow River basin were higher than that of Africa. The main reason why Pakistan had higher AOD than Africa was cross-border pollution, human activities, and industrial pollution discharge. The main reason why the Yellow River Basin had higher AOD than Africa was that the urban agglomeration close to the eastern part of the region is one of the most polluted places in China. Africa is dominated by tropical steppe and tropical desert climates, and the high dust content would lead to a large aerosol load. The Tibetan Plateau is dominated by a plateau climate, low humidity and temperature, and low aerosol load.



For all the regions studied, HH, HL, and BL had strong positive correlations with altitude. Compared with Pakistan, the Tibetan Plateau, and the Yellow River basin, the higher the temperature, the larger the N values, the more obvious the aerosol layer stratifications, and vice versa. In all the studied areas, PAODL values had strong negative correlations with N values. The lower the N values, the fewer the aerosol layers stratifications, and the larger the PAODL values. For all regions, it was observed that seasonal variations in PAODL values were lower in summer and higher in winter. This was due to the strong air convection caused by high temperatures in summer and weak convections caused by low temperatures in winter.



By comparison, it was found that aerosol CRL values in Africa were all large (~0.8), while non-spherical aerosols were dominated by dust in northern Africa. And the spherical aerosols enveloped by water vapor in southern Africa were familiar. The spatial distribution of aerosol particle size in Pakistan showed a gradually increasing trend from north to south, because the southern region was close to the vast desert area, and aerosols had strong non-spherical characteristics. The aerosol particle size in the Yellow River Basin was slightly smaller than that in Africa (~0.7), and the eastern Tibetan Plateau and Loess Plateau show strong aerosol non-spherical characteristics, which may be due to the more frequent occurrence of dust aerosols, while the North China Plain showed more spherical aerosols.





4. Conclusions


In this study, we explored aerosol layers’ optical–physical characteristics over Africa from 2007 to 2019 using CALIPSO satellite level 2 products. Interannual and seasonal variations in 10 parameters during daytime and nighttime were analyzed and discussed. The conclusions were as follows:




	(1)

	
The Sahara Desert accumulated large amounts of dust aerosols during the spring and summer months, resulting in high AOD (AODT, AODL) values. Organic carbon (OC) and black carbon (BC) aerosols emitted from the Congo Basin region will lead to an increase in AOD (AODT, AODL) values. Equatorial Guinea Gulf region’s perennial high temperatures enhanced atmospheric vertical convections and aerosol stratifications in December–February, leading to high N values.




	(2)

	
Thicker aerosol layers had a high-frequency occurrence in northern Africa and the Congo Basin regions because of the high content of dust aerosols and artificial aerosol loading. Low values of PAODL indicated more stratified aerosol layers. PAODL values decreased in the Equatorial Guinea Gulf region because of high temperatures, strong convections, and obvious stratifications.




	(3)

	
Aerosols in region B were mainly dominated by spherical features. Irregularly shaped aerosols were mainly observed in region A. Higher DRL values were observed in the A region in spring and summer because of frequent dust activities. DRL values were also high in the southern B region from December to May. This was due to anthropogenic discharges from industrial activities, animal husbandry, and tourism. Also due to the high humidity that occurred in this season, particles were covered by a water envelope, which can increase the size of particles.
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Figure 1. Topographic map of Africa. A: northern plains and desert regions; B: south-ern highlands regions. 
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Figure 2. Interannual variation in the optical properties of African aerosol layers during daytime from 2007 to 2019. (a) AODT, (b) AODL, (c) N, (d) TL, (e) BL (A: plains area; B: highland area). 
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Figure 3. Interannual variation in the optical properties of African aerosol layers during daytime from 2007 to 2019. (a) HH, (b) PAODL, (c) HL, (d) DRL, (e) CRL (A: plains area; B: highland area). 
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Figure 4. Interannual variation in the optical properties of African aerosol layers during nighttime from 2007 to 2019. (a) AODT, (b) AODL, (c) N, (d) TL, (e) BL (A: plains area; B: highland area). 
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Figure 5. Interannual variation in the optical properties of African aerosol layers during nighttime from 2007 to 2019. (a) HH, (b) PAODL, (c) HL, (d) DRL, (e) CRL (A: plains area; B: highland area). 
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Figure 6. Seasonal spatial distribution of AODT, AODL, N, TL, and BL over Africa during daytime. 
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Figure 7. Seasonal spatial distribution of HH, PAODL, HL, DRL, and CRL over Africa during daytime. 
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Figure 8. Seasonal spatial distribution of AODT, AODL, N, TL, and BL over Africa during nighttime. 
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Figure 9. Seasonal spatial distribution of HH, PAODL, HL, DRL, and CRL over Africa during nighttime. 
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Figure 10. Seasonal variation in the optical properties of the aerosol layer over Africa during daytime from 2007 to 2019. (a) AODT, (b) AODL, (c) N, (d) TL, and (e) BL (A: plains area; B: highland area). 
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Figure 11. Seasonal variation in the optical properties of the aerosol layer over Africa during daytime from 2007 to 2019. (a) HH, (b) PAODL, (c) HL, (d) DRL, and (e) CRL (A: plains area; B: highland area). 
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Figure 12. Seasonal variation in the optical properties of the aerosol layer over Africa at night from 2007 to 2019. (a) AODT, (b) AODL, (c) N, (d) TL, and (e) BL (A: plains area; B: highland area). 
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Figure 13. Seasonal variation in the optical properties of the aerosol layer over Africa at night from 2007 to 2019. (a) HH, (b) PAODL, (c) HL, (d) DRL, and (e) CRL (A: plains area; B: highland area). 
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Figure 14. Correlation of N and PAODL over Africa from 2007 to 2019 ((a) northern plains daytime; (b) northern plains nighttime; (c) southern plateau daytime; (d) southern plateau nighttime). 
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Figure 15. Correlation of N and HH over Africa from 2007 to 2019 ((a) northern plains daytime; (b) northern plains nighttime; (c) southern plateau daytime; (d) southern plateau nighttime). 
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Figure 16. Correlation of AODL and TL over Africa from 2007 to 2019 ((a) northern plains daytime; (b) northern plains nighttime; (c) southern plateau daytime; (d) southern plateau nighttime). 
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Table 1. An abbreviated list of aerosol optical–physical parameters is in this paper.
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	Parameter
	Abbreviation





	AOD of the lowest aerosol layer
	AODL



	Total AOD of all aerosol layers
	AODT



	The base height of the lowest aerosol layer
	BL



	Top height of the lowest aerosol layer
	HL



	Depolarization ratio of the lowest aerosol layer
	DRL



	Top height of the highest aerosol layer
	HH



	Thickness of the lowest aerosol layer
	TL



	Number of aerosol layers
	N



	Specific gravity of the lowest aerosol layer AOD
	PAODL



	Color ratio of the lowest aerosol layer
	CRL
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