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Abstract

:

The vertically distributed aerosol optical properties are investigated over Pakistan utilizing the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) Level 2 products from 2007 to 2014. For a better understanding of the spatiotemporal characteristics of vertical aerosol layers, the interannual and seasonal variations of nine selected aerosol parameters such as the AOD of the lowest aerosol layer (AODL), the base height of the lowest aerosol layer (HL), the top height of the highest aerosol layer (HH), the volume depolarization ratio of the lowest aerosol layer (DRL), the color ratio of the lowest aerosol layer (CRL), total AOD of all the aerosol layers (AODT), the number of aerosol feature layers (N), the thickness of the lowest aerosol layer (TL), the AOD proportion for the lowest aerosol layer (PAODL) for both day and night times are analyzed. The results show AODT increased slightly from 2007 to 2014 over Pakistan, and relatively high AODT exists over the Punjab and Sindh (southern region), which might be owing to the high level of economic development, frequent dust storms, and profound agricultural activities (anthropogenic emissions). AODT increases from north to south. The reason may be that the southern region is rapidly urbanized and is near the desert. The northern region is dominated by agricultural land, and cities are usually semi-urbanized. The highest AODT appears in summer compared to the other seasons, and during daytime compared to nighttime. The HL and HH vary significantly, owing to the topography of Pakistan. The N is relatively large over Punjab and Sindh compared to the other regions, which might be caused by relatively stronger atmospheric convections. The spatial distribution of the TL showed an inverse relationship with the topography as lower values are observed over elevated regions such as Gilgit-Baltistan and Jammu-Kashmir. The value of the PAODL indicates that 77% of the total aerosols are mainly concentrated in the lowest layer of the atmosphere over Pakistan. The higher values of DRL and CRL indicate non-spherical and large particles over Balochistan and Sindh, which might be related to the proximity to the desert. This study provides very useful information about vertically distributed aerosol optical properties which could help researchers and policymakers to regulate and mitigate air pollution issues of Pakistan.
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1. Introduction


Atmospheric aerosols are composed of various solid or liquid particles suspended in the atmosphere with a particle size range of 10−3–102 μm [1,2,3,4,5]. They play an important role in the earth’s radiation budget and global climate change [6,7]. Aerosols affect the climate through direct and indirect ways; i.e., aerosols directly change the radiation balance of the earth-atmosphere by absorbing and scattering the short-wave radiation of the sun and the long-wave radiation of the earth, thus affecting the global climate [8,9], and indirectly by altering the cloud microphysical characteristics and acting as cloud condensation nuclei (CCN). As the absorption and scattering of solar shortwave radiation by aerosol types is dissimilar, so the earth’s radiation budget is influenced by various aerosol components [10,11,12]. In 2013, the fifth report of the Intergovernmental Panel on climate change (IPCC) pointed out that aerosols are one of the most uncertain factors affecting climate change [7]. In addition to the impact on climate change, aerosols are also related to environmental pollution events, such as the occurrence of photochemical smog, acid rain, smog weather, and haze, etc., [12,13,14,15,16,17]. At the same time, environmental pollution events also adversely affect human health, such as atherosclerosis, lung diseases, respiratory issues, and so on [18,19,20].



Because of the instability of aerosol space-time changes, the mechanism of its impact on the earth’s radiation balance is complex and changeable, which limits our understanding of the climate system and global climate change. Therefore, it is necessary to continually study the long-term status of the space-time distribution of aerosol optical and physical properties to understand the aerosol-radiation interactions. At present, aerosol optical properties are mainly obtained from ground-based measurements and satellite-based observations. Ground-based measurements are conducted through Sunphotometers networks, such as the AErosol RObotic NETwork (AERONET), established by NASA, which provides continuous aerosol data globally [11,21,22]. Using high-resolution spectro-temporal datasets from AERONET, scientists have contributed to the knowledge gaps regarding aerosols [23,24,25]. However, because of the scattered geographical distribution of the AERONET sites and their limited spatial coverage, the large area and large scale characteristics of the aerosol cannot be obtained. Satellite observation can make up for the shortcomings of in situ observation, and help to achieve a large area and large-scale observations of aerosols around the globe. Aerosol research based on satellite remote sensing began in the mid-1970s. Advanced very high resolution radiometer (AVHRR) sensors on a series of polar-orbiting satellites of NOAA were used first time in aerosol remote sensing [26]. The availability of AVHRR marine aerosol remote sensing products became a valuable data source for aerosol researchers. With the availability of a world-wide high-frequency Moderate Resolution Imaging Spectroradiometer (MODIS), on Terra and Aqua satellites, sensor data, the monitoring of global aerosol optical properties has been realized [27,28,29,30,31]. In 2004, the Aura satellite launched by NASA, which carries the Ozone Monitoring Instrument (OMI) sensor of ozone observer, made available the aerosol index products which can help distinguish aerosol types [32,33]. On 28 April 2006, the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), jointly developed by NASA and CERES, was launched and became a member of A-train series of satellites [34,35,36].



CALIPSO is mainly used to study the three-dimensional distribution of physical and optical properties of clouds as well as aerosols at a global scale. CALIPSO data are of great significance to study the influence of clouds and aerosols on global radiation and make rather a precise parameterization of clouds and aerosols for improving modeling knowledge about climate, weather forecast, air quality, and related models. CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization), one of the payloads of the CALIPSO satellite [37], is an active optical sensor, with dual-wavelength polarization-sensitive channels with unique advantages: Long-term continuous and high-precision monitoring; it can operate by day and night; it can observe the thin clouds as well as the multi-layer structure of clouds and aerosols, which is the only technology currently available to accurately observe the thin clouds and aerosol profiles simultaneously [38]. It would help researchers to further explore knowledge about aerosols and clouds and to study the global climate and temperature changes.



In Asia, because of developments in the economy, urbanized and industrialized areas are constantly increasing, resulting in the growth of anthropogenic emissions and aerosol loadings in the atmosphere. Pakistan enjoys a topography hosting mountains and plains, with a subtropical climate. Pakistan is one of the most polluted countries in Asia [39] and so far, relatively few studies related to aerosol optical properties have been conducted over Pakistan using passive remote sensing satellites such as MODIS [23] and OMI [40]. Gohar et al. [41] investigated trends in AOD using long-term data derived from MODIS over twelve regions in Pakistan. Salman et al. [42] analyzed the aerosol index deduced from OMI over Pakistan from December 2004 to November 2008 and found that the aerosol index value in Pakistan had significant spatio-temporal changes, with higher values in southern parts of Pakistan and lower values in the northern parts. Shahid et al. [43] have shown that coal-fired power plants in India are a major source of cross-border air pollution affecting northeast Pakistan, and aerosol concentrations in South Asia show a minimum during the monsoon season (June–September) and a maximum during the post-monsoon season (October–November). The accurate assessment of the aerosol effects on climate as well as urban air quality depends on the precise and systematic understanding of the physical, chemical, and optical properties of aerosols as well as their spatiotemporal and vertical distributions. To our best knowledge, no single study has been conducted previously related to vertical distributions of different aerosol layers for both day and night times over Pakistan. Therefore, by taking advantage of this opportunity, for the first time, this study analyzed the vertical distributions of aerosol optical characteristics over Pakistan for both day and night times using the CALIOP Level-2 aerosol layers product from 2007 to 2014.




2. Methodology


2.1. Study Area


Figure 1 shows the geographical distribution of Pakistan with respect to elevation. Pakistan is situated in the northwest of the South Asian subcontinent, bordering the Arabian Sea in the south, and neighboring India, China, Afghanistan, and Iran in the East, North, and West, respectively. The coastline is 840 km long. Three-fifth of the land area is mountainous and hilly, the southern region is desert and coastline, and the northward extension is continuous plateau pasture and fertile land. The highest peak in the country is the Gorgory peak (8611 m above sea level). Three famous mountains in the world; i.e., Himalayas, Karakoram, and the Hindu Kush, converge in the northeast of Pakistan. Pakistan’s annual temperature (27 °C) is generally high, and the precipitation is relatively low. The area with annual precipitation less than 250 mm accounts for more than three-quarters of the total area of the country. Pakistan has a subtropical climate with humid and hot in the south, affected by monsoon, dry and cold in the north, with snow all-year-round in some places [23,44].




2.2. Materials and Methods


The CALIOP lidar is one of the main payloads of the CALIPSO satellite, a solar synchronous polar orbit satellite, with an orbital altitude of 705 km, an orbit speed of 7 km/s, a circle around the earth every 96 min, and a repeat coverage time of 16 days. CALIOP is a dual-wavelength orthogonal polarization lidar, which consists of a laser transmitting and receiving subsystems. In the emission system, the laser can generate 532 nm and 1064 nm laser pulses at the same time. The pulse energy is about 110 mJ, and the pulse repetition frequency is 20.16 Hz. The laser emits signals approximately vertically on the earth’s surface, forming a spot with a diameter of about 70 m and a horizontal interval of 333 m. There are three receiving channels in the receiving system, which receive 1064 nm backscatter signal and 532 nm backscatter signal. CALIOP data are available three levels and Level 2 (L2) data are used in this paper. The L2 data can be divided into three types: (a) Cloud and aerosol layers data product (Clay/Alay), which provides the number of cloud/aerosol layers, top height, layer optical thickness, etc.; (b) cloud and aerosol vertical profile data (CPro/APro), which provides the vertical distribution backscatter coefficient and extinction coefficient; (c) the vertical feature mask (VFM) data product, which provides the classification information of detectable features (cloud and aerosol) [38].



The data employed have a horizontal resolution of 5 km. To better analyze the vertical optical and physical characteristics of the aerosol layers, the characteristics of all aerosol layers are analyzed together, and the lowest aerosol layer individually. In this study, the parameters used are the AOD of the lowest aerosol layer (AODL), the top height of the lowest aerosol layer (HL), the top height of the highest aerosol layer (HH), the volume depolarization ratio of the lowest aerosol layer (DRL), the color ratio of the lowest aerosol layer (CRL), total AOD of all the aerosol layers (AODT), the number of aerosol feature layers (N), the thickness of the lowest aerosol layer (TL), the AOD proportion for the lowest aerosol layer (PAODL). AODL, HL, HH, DRL, CRL, N can be obtained directly from L2 data, whereas, AODT, TL, and PAODL were obtained by indirect calculations using the following Equations [45]:


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



(1)




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


AODL = AOD1



(2)






TL = HL − BL



(3)




where, BL represents the base height of the lowest aerosol layer and can be obtained directly from L2 data;


   PAOD L  =    AOD L     AOD T    × 100 %  



(4)







To infer a detailed picture of the temporal and spatial variation characteristics of aerosols in Pakistan, it has been divided into six regions, namely A: Gilgit-Baltistan; B: Jammu-Kashmir; C: Khyber-Pakhtunkhwa; D: Punjab; E: Balochistan; and F: Sindh. The annual and seasonal statistical information of several aerosol variables over these six regions is calculated from 2007 to 2014 to reveal the annual and seasonal changes in the aerosol properties over Pakistan. In this study, null values and values less than or equal to zero were eliminated and the remaining data were re-sampled to 1◦ × 1◦ grid. For this purpose, this study has utilized both day and night times cloud-free images. The clouds (both thick and thin) were discriminated by the Selective Iterated Boundary Locator (SIBYL) and Scene Classification Algorithms (SCA) [35]. The SIBYL algorithm can also calculate every backscatter profile of CALIOP to identify the aerosol feature layers, and when the backscatter value is beyond the threshold value, then the existence of aerosol feature layers is recognized as one. The whole number of aerosol feature layers in one backscatter profile can be defined as the N values. In this study, CALIPSO overpass tracks; i.e., 5 for daytime and 5 for nighttime, were analyzed over Pakistan [36].





3. Results and Discussion


3.1. Interannual Variations in Optical Characteristics of Aerosol Layers


Annual mean values of AODT have been analyzed from 2007 to 2014 over Gilgit-Baltistan, Jammu-Kashmir, Khyber-Pakhtunkhwa, Punjab, Balochistan, and Sindh. Figure 2a (for daytime) and Figure 3a (for nighttime) demonstrate that the annual mean AODT is slightly increased over Pakistan, which can be associated with the economic development, industrial activity, and agricultural and dust storm activities. This result is similar to that of Gohar et al. [41], who analyzed the AOD annual average variation trend of 12 regions in Pakistan by using MODIS in 15 years (2003–2017), and the AOD generally presents an increasing trend of annual variation. Since the world over the subprime crisis in 2008, the economic development of Pakistan also suffered a relative slow down. In comparison with other Asian countries, aerosol concentrations did not increase significantly between 2007 and 2014. The annual mean values of AODT were higher over Sindh (daytime: 0.52, nighttime: 0.46) and Punjab (daytime: 0.49, nighttime: 0.50), followed by Balochistan (daytime: 0.41, nighttime: 0.36), Khyber-Pakhtunkhwa (daytime: 0.36, nighttime: 0.28), Jammu-Kashmir (daytime: 0.26, nighttime: 0.18), and Gilgit-Baltistan (daytime: 0.17, nighttime: 0.09). Punjab and Sindh are Pakistan’s leading provinces as well as the first and second-largest regional economies, respectively, therefore, this can be a reason for higher AOD over these two regions compared to the other regions. In the Southeast of Pakistan, the Thar desert contributes to the higher annual mean AOD values over the bordering eastern provinces of Punjab and Sindh compared to the other four regions. Shahid et al. [43] pointed out that some observational analysis had proved the importance of aerosol transport from northern India. Indian coal-fired power plants are the main source of cross-border air pollution affecting northeast Pakistan [46]. Another persuasive reason might be that aerosols from multiple sources such as industrial emissions, vehicle emissions, and locally generated dust are mixed to increase the AOD values, [44,47]. Overall, the annual mean AODT values are slightly higher (~0.1) during the daytime compared to the nighttime, which could effectively be related to the higher frequency of human activities during daytime than nighttime, resulting in the higher anthropogenic aerosol emissions.



The results show higher annual mean values of N over Punjab (daytime: 2.32, nighttime: 2.41) and Sindh (daytime: 2.30, nighttime: 2.20), sequentially succeeded by Balochistan (daytime: 1.93, nighttime: 1.94), Khyber-Pakhtunkhwa (daytime: 1.78, nighttime: 1.93), Jammu-Kashmir (daytime: 1.48, nighttime: 1.63), and Gilgit-Baltistan (daytime: 1.07, nighttime: 1.43) (Figure 2b and Figure 3b). It is also evident from Figure 4 (for daytime) and Figure 5 (nighttime) that the spatial distributions of N values are greater than 2 over Punjab and Sindh (low elevated terrain as shown in Figure 1) compared to the other regions (moderate to high elevated terrain). A plausible reason could be that these two regions geographically stretched toward the southern part of Pakistan with relatively high temperatures, strong vertical movement of the atmosphere, as well as bearing large atmospheric aerosol load, resulting in the obvious vertical stratification of the atmosphere. Besides, the values in Punjab are higher than those in Khyber-Pakhtunkhwa and Balochistan along similar latitudes, which might be ascribed to the mountainous terrain of Khyber-Pakhtunkhwa and Balochistan, characterized by lower temperatures, relatively weaker vertical convection, and low aerosol load. Thus, the vertical stratification of atmospheric aerosols is relatively weak, resulting in the low N values. Overall, these results suggested that the number of aerosol layers (N) shows variations with respect to terrain pattern; i.e., N is higher over the low-elevated terrain compared to the moderate to high elevated terrain.



The annual mean values of HL and HH were higher over Gilgit-Baltistan, followed by Jammu-Kashmir, Khyber-Pakhtunkhwa, Balochistan, Punjab, and Sindh (Figure 2c,f and Figure 3c,f). These results indicate that HL and HH have a clear relationship with the terrain pattern; i.e., the higher the altitude of a geographic location, the greater the values of HL and HH over the region. Similarly, higher the values of HL and HH (or elevation of the terrain), the low aerosol loadings in the atmosphere [48]. The inverse relationship between elevation and aerosol loadings was also reported over the hilly terrain of Hong Kong by Bilal et al. [49]. Therefore, these results also suggest that aerosol particles exist at lower altitudes over Sindh and Punjab which may have more impacts on human health, air quality, and local weather conditions, especially in some large and densely populated cities such as Lahore, Okara, Faisalabad, Mirpur Khas, Sukkur, and Shikarpur.



AODL is the AOD value of the lowest aerosol layer, which is greatly affected by both natural and anthropogenic activities. Annual mean values of AODL (Figure 2d and Figure 3d) present a similar annual change pattern as AODT; i.e., higher values over Punjab (daytime: 0.29, nighttime: 0.37) and Sindh (daytime: 0.29, nighttime: 0.36) followed by Balochistan (daytime: 0.24, nighttime: 0.29), Khyber-Pakhtunkhwa (daytime: 0.23, nighttime: 0.20), Jammu-Kashmir (daytime: 0.19, nighttime: 0.13), and Gilgit-Baltistan (daytime: 0.16, nighttime: 0.07). Interestingly, AODL is higher during nighttime compared to the daytime over Punjab, Sindh, and Balochistan and for this, meteorological factors such as boundary layer height, wind speed, and ventilation coefficient may be responsible. In general, the nocturnal boundary layer is shallower compared to the daytime, and the ventilation coefficient, which represents atmospheric dispersion and calculated by boundary layer height multiplied with wind speed, rapidly decreases because of low wind speed. This phenomenon confines the aerosols at the lowest aerosol layer during nighttime compared to the daytime [50].



PAODL represents the AOD proportion for the lowest aerosol (Figure 2e and Figure 3e). The results reveal the rank of the large percentage of PAODL over Gilgit-Baltistan (daytime: 94%, nighttime: 78%) > Jammu-Kashmir (daytime: 73%, nighttime: 72%) > Khyber-Pakhtunkhwa (daytime: 64%, nighttime: 71%) > Balochistan (daytime: 59%, nighttime: 81%) > Punjab (daytime: 59%, nighttime: 74%) > Sindh (daytime: 56%, nighttime: 78%). Although a large percentage of PAODL was observed over the elevated region, aerosol loadings over these regions are less vulnerable to human health because of the high altitude of the lowest aerosol layer (HL) as well as less aerosol loadings. Also, Gilgit-Baltistan and Jammu-Kashmir are mountainous regions with relatively low temperature, therefore, the number of aerosol layers (N) is less over these regions due to weak atmospheric stratification. This indicates that the number of all the aerosol layers might be equal to the lowest aerosol layer, and it can be the possible reason for the large percentage of PAODL over these regions. However, a large percentage of PAODL during nighttime comparable to daytime is more vulnerable to human health in Punjab and Sindh because of the significant aerosol loadings at the lowest aerosol layer (AODL) as well as the low altitude of the lowest aerosol layer (HL).



TL is the difference between the top height of the lowest aerosol layer (HL) and the base height of the lowest aerosol layer (BL). The results show that the annual mean values of TL (Figure 2g and Figure 3g) over Khyber-Pakhtunkhwa (daytime: 1.36 km, nighttime: 1.64 km), Punjab (daytime: 1.27 km, nighttime: 1.83 km), Balochistan (daytime: 1.51 km, nighttime: 1.88 km), and Sindh (daytime: 1.27 km, nighttime: 1.85 km) are slightly higher than Gilgit-Baltistan (daytime: 1.06 km, nighttime: 1.34 km), and Jammu-Kashmir (daytime: 1.21 km, nighttime: 1.40 km) vary during the day and night times, and relative large values are observed during nighttime compared to the daytime.



DRL is the ratio of the vertical polarization scattering coefficient at 532 nm to the whole aerosol scattering coefficient at 532 nm, which reflects the spherical and non-spherical degree of aerosol particles in the lowest aerosol layers. The smaller values of DRL represents more spherical aerosol particles and vice versa. The results show highest values of the annual mean DRL over Balochistan (daytime: 0.17, nighttime: 0.15) and Sindh (daytime: 0.15, nighttime: 0.12) compared to Punjab (daytime: 0.13, nighttime: 0.12), Gilgit-Baltistan (daytime: 0.16, nighttime: 0.08), and Jammu-Kashmir (daytime: 0.11, nighttime: 0.07) (Figure 2h and Figure 3h). These results suggest the presence of more non-spherical particles over Balochistan and Sindh, as these regions are mainly affected by dust particles. These results also suggest the presence of more non-spherical particles during the daytime compared to the nighttime, which might be due to dry deposition during the nighttime compared to the daytime.



The color ratio is the ratio between the total attenuation backscattering coefficient of 1064 nm and the total attenuation backscattering coefficient of 532 nm. It represents the particle size of the measured particles, and the higher the color ratio, the larger the particle size [45]. Figure 2i and Figure 3i depict the annual mean variation of the CRL in the lowest aerosol layer during daytime and nighttime, which reflects the size of the aerosol particles; i.e., higher the values of CRL, the larger the aerosol particle size. The results show higher values of CR1 over Punjab (daytime: 0.91, nighttime: 1.06), Balochistan (daytime: 0.87, nighttime: 0.74), and Sindh (daytime: 0.90, nighttime: 0.77) compared to Gilgit-Baltistan (daytime: 0.50, nighttime: 0.52), Jammu-Kashmir (daytime: 0.70, nighttime: 0.46), and Khyber-Pakhtunkhwa (daytime: 0.75, nighttime: 0.54). These results suggest the presence of more coarse-mode (large size particles) over Punjab, Balochistan, and Sindh, and this might be due to the reason that the aerosols are mainly of sand and dust type, being in the proximity of the desert, which results in the high CRL values in southern Pakistan.




3.2. Seasonal Variation Characteristics of the Aerosol Layers over Pakistan


We also performed seasonal analyses to investigate the vertical distributions of aerosols optical characteristics during the day and night times (Figure 4, Figure 5, Figure 6 and Figure 7). The seasons are defined as spring (March to May), summer (June to August), autumn (September to November), and winter (December to February). AODT values (Figure 6a and Figure 7a) reached the highest values in summer (daytime: 0.61, nighttime: 0.46) and the lowest in winter (daytime: 0.24, nighttime: 0.22), which is consistent with the results of various researches. Shahid et al. [43] found that particulate concentrations in northeastern Pakistan were linked to anthropogenic emissions and meteorological factors. Through the PM data in 2006, it was found that the concentration of particulate matter was closely related to temperature and precipitation. In October, low precipitation and low temperature lead to a high concentration of particulate matter. Ranjan et al. [51] found that the lowest mean AOD values occur from October to December. Sarkar et al. [52] found that AOD starts to increase from March and reaches the maximum in June over India, however, a high AOD persists over neighboring Pakistan and the Arabian Sea until August. The air masses travel far to Pakistan in winter and near in summer. The high AOD value in summer is closely related to the long residence time of air masses [41,47]. The higher values in summer could be attributed to the higher temperature, which plays an important role in heating and promoting the loose material in the soil, as well as attributed by frequent dust storms activates [44,52,53]. Besides, the water vapor content is directly related to the AOD load in the atmosphere [54]. The higher the water vapor concentration in summer, the higher the relative humidity of the atmosphere, in turn, the higher the AOD [12,55]. The lower values in winter (winter monsoon) could be due to less or no dust storm activities [56]. As can be seen from the spatial distributions map (Figure 4 and Figure 5), AOD values over the Punjab and Sindh, in summer, are relatively high compared to other regions, especially in large urban places such as Lahore, Rohri, and Karachi. These results indicate that the AOD values are related to levels of economic development, urbanization, population, automobiles emissions, and dust storms, which is consistent with the results of Gohar Ali et al. [41]. Notably, the seasonal variation in AODL values is consistent with the long-term spatial and temporal distributions of mean AODL over six regions of Pakistan (Figure 6d and Figure 7d). Tariq et al. [42] used ozone monitoring instrument (OMI) to conduct remote sensing research on the absorptive aerosol of Pakistan from 2004 to 2008, and found that the aerosol index of Pakistan was higher in the south than in the north, with the maximum value appearing in May and the minimum value appearing in December. The results are consistent with those in this paper [42].



The seasonal mean values of N over Gilgit-Baltistan and Jammu-Kashmir have a slight difference in four seasons (Figure 6b and Figure 7b). The highest values of N were observed over the other four regions during the daytime in summer (2.37), while, values decreased at night time from 2.32 to 1.99 from spring to winter, respectively. This might be due to the higher temperatures in spring and summer and the enhancement of vertical convection, which consequently results in the stratification of aerosols. The seasonal mean N values over Punjab (daytime: 2.27, nighttime: 2.41) and Sindh (daytime: 2.28, nighttime: 2.19) are higher than that over Balochistan (daytime: 1.92, nighttime: 1.91), Khyber-Pakhtunkhwa (daytime: 1.79, nighttime: 1.92), Jammu-Kashmir (daytime: 1.48, nighttime: 1.65), and Gilgit-Baltistan (daytime: 1.12, nighttime: 1.42). According to the spatial distribution maps (Figure 4 and Figure 5), the high values of N are mainly distributed over the big urban areas of Punjab and Sindh, characterized by the relatively high economic activities, dense population, higher presence of industrial units, intense agricultural practices, enhanced automobile exhaust emissions, and prompting higher emissions of pollutants into the atmosphere.



As can be seen from the spatial distribution maps (Figure 4 and Figure 5), the higher the geographic elevation, the greater the seasonal mean values of HL. In comparison with HL, the seasonal mean values of HH did not much vary over the regions (Figure 6c and Figure 7c). The high values of HL are observed over Gilgit-Baltistan, Jammu-Kashmir, Khyber-Pakhtunkhwa, Balochistan, Punjab, and Sindh. The results depict a gradual decreasing seasonal trend from spring to winter. The trends in HH values are similar to the HL variation, which is plausibly due to the enhancement of vertical convection, caused by a seasonal temperature gradient, resulting in the heightening of the aerosol layer vertical movements. Besides, the values of HH are higher (~2 km) during the day than the night, which might be due to the residual aerosols transported toward the higher altitudes during the day with the increased solar heating [47]. The seasonal mean values of HL are higher in spring and summer than in autumn and winter for the five regions: Jammu-Kashmir, Khyber-Pakhtunkhwa, Punjab, Balochistan, and Sindh, and reached the highest in summer (daytime: 2.11 km, nighttime: 2.94 km). The seasonal mean HB1 was the highest over Gilgit-Baltistan (daytime: 4.90 km, nighttime: 4.95 km), followed by Jammu-Kashmir (daytime: 2.75 km, nighttime: 3.91 km), Khyber-Pakhtunkhwa (daytime: 1.89 km, nighttime: 2.56 km), Balochistan (daytime: 1.37 km, nighttime: 1.41 km), Punjab (daytime: 0.73 km, nighttime: 0.67 km), and Sindh (daytime: 0.57km, nighttime: 0.45 km), which might be due to topography enjoyed by the respective regions (Figure 6f and Figure 7f) as well as deeper and shallower boundary layers, respectively.



The mean percentage of PAODL for all the seasons together is almost the same for all the regions (daytime: 79%, nighttime: 73%) (Figure 6e and Figure 7e). The percentages are slightly higher in winter compared to the other seasons, which might be related to the variational character exhibited by AODT (AODL) and N as discussed above. Besides, PAODL values are higher (~2%) during the day than the night, this might be due to more aerosol loadings in the lowest aerosol layer dominated by coarse mode aerosols (dust particles). The seasonal mean values of TL in spring and summer (daytime: 1.42 km, nighttime: 2.00 km) are higher than those in autumn and winter (daytime: 1.19 km, nighttime: 1.41 km). As TL is computed from HL and HH, therefore, its variation mainly depends on the distributions of HL and HH (Figure 6g and Figure 7g). Also, the TL values at night are slightly higher (~1 km) than those observed during the day.



The seasonal mean values of DRL are higher in spring and summer (daytime: 0.17, nighttime: 0.12) than in autumn and winter (daytime: 0.14, nighttime: 0.10), which might be owing to the relatively severe dust transport in these two seasons [57], resulting in the strong aspheric feature of the aerosols (Figure 6h and Figure 7h). The seasonal mean values of DRL for Balochistan, Sindh, and Punjab are higher than Khyber-Pakhtunkhwa, Gilgit-Baltistan, and Jammu-Kashmir.



The seasonal mean values of CRL did not change significantly during the four seasons (daytime: 0.77, nighttime: 0.66), however, it exhibits a gradual increase from north to south in spatial distribution, as, most likely, the southern region is close to a vast desert area, injecting higher sand dust in the atmosphere, hence, relatively high CRL values caused by the large size of sand particles (Figure 6i and Figure 7i).




3.3. The Correlation of Aerosol Properties over Pakistan


To better understand the spatiotemporal distributions of aerosols characteristics over Pakistan, seasonal correlation analysis among some parameters of the vertical aerosol layers was performed (Figure 8). Results show weak to a strong positive correlation between AODL and TL which varies from season to season as well as region to region. This is similar to the situation in the Qinghai-Tibet Plateau and the western Yellow River Basin [31,45,58]. The higher positive correlation was observed in summer, compared to the other seasons, over all the regions except over Gilgit-Baltistan. In summer, the higher correlation was observed over Punjab, Sindh, and Balochistan as the aerosol concentrations over these regions are relatively higher compared to the other regions. The higher positive correlation indicates the more aerosol loadings in the lowest layer is directly related to the thickness of the lowest aerosol layers. This result is supported by a previous study [23] that reported a significantly higher value of AOD (~0.70) for the 15 years over Punjab compared to the other regions.



Figure 9 depicts the correlation between N and HH over Pakistan. Because of less stratification over the three regions A, B, and C, especially over A, where the maximum value of N does not exceed 3, resulting in an inconspicuous positive linear correlation between N and HH. The maximum value of N over D, E, and F is ~7, which has a strong positive correlation with HH. These phenomena reveal that the higher the HH, the larger the N values in most cases. These results are consistent with the existing knowledge and the reported results for the Yellow River Basin and the Qinghai Tibet Plateau [45,58].



The correlation between N and PAODL (Figure 10) for the entire six regions of Pakistan reveals that the two parameters demonstrate a significant negative correlation. Except for region A, which experiences less stratification, and correlation in the other five regions is greater than −0.9. Since PAODL refers to the proportion of AOD of the lowest aerosol layer, and theoretically, a large number of layers (N) leads to the smaller values of PAODL, and these results are supported by the previous studies [45,58].





4. Conclusions


In this study, the spatiotemporal optical characteristics of the vertical aerosol layers were investigated over Pakistan using CALIPSO Level-2 aerosol layers product from 2007 to 2014. The interannual and seasonal variations of AODT, AODL, HL, HH, N, TL, PAODL, DRL, and CRL during both the daytime and nighttime are expressly examined. The main findings of the current study are:




	
The annual mean AODT values are slightly higher (~0.1) during the daytime compared to the nighttime. The highest values of AODT were observed during summer and the lowest values were observed during winter which suggested that summer is the most polluted season in Pakistan.



	
The higher annual mean values of N were observed over Punjab and Sindh, sequentially succeeded by Balochistan, Khyber-Pakhtunkhwa, Jammu-Kashmir, and Gilgit-Baltistan.



	
The HL and HH have shown a positive correlation with the elevation of the geographic location; i.e., higher the elevation, the higher the values of HL and HH, and negative correlation with the aerosol loadings; i.e., higher the values of HL and HH, less amount of aerosols in the atmosphere.



	
Aerosol particles exist at lower altitudes over Punjab and Sindh compared to the other regions of Pakistan.



	
A large number of aerosol amounts (AODL) is presented in the lowest aerosol layers over Punjab and Sindh compared to the other regions.



	
The annual mean values of AODL were observed higher during the nighttime than the daytime.



	
A large percentage of PAODL was observed over the elevated area compared to the plain areas, however, aerosol particles over the elevated regions are less vulnerable to the public health due to higher values of HL and less aerosol loadings.



	
A significant percentage of PAODL during the nighttime compared to the daytime is more vulnerable to the public health in Punjab and Sindh due to a large amount of the aerosols in the lowest aerosol layer (AODL) as well as the lower altitude of the lowest aerosol layer (HL).



	
More non-spherical nature of the aerosol particles was observed during the daytime compared to the nighttime in the following order: Balochistan > Gilgit-Baltistan > Sindh > Punjab, and Jammu-Kashmir. A large number of coarse-mode (large size particles) were observed over Punjab > Balochistan > Sindh > Gilgit-Baltistan > Jammu-Kashmir > Khyber-Pakhtunkhwa. Overall, a large number of coarse-mode non-spherical aerosols were presented during spring and summer compared to autumn and winter.








Overall, this research offers some scientific insights into the optical properties of the aerosols over Pakistan and this could help researchers and policymakers to mitigate air pollution issues and their effects on public health.
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Figure 1. Geographical locations of Pakistan. The color variations represent elevation. 
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Figure 2. Interannual variations in the optical characteristics of aerosol layers over Pakistan (A: Gilgit-Baltistan, B: Jammu-Kashmir, C: Khyber-Pakhtunkhwa, D: Punjab, E: Balochistan, F: Sindh) during daytime from 2007 to 2014. (a) the AOD of all the aerosol layers (AODT), (b) the AOD of the lowest aerosol layer (AODL), (c) the top altitude of the lowest aerosol layer (HL), (d) the top altitude of the highest aerosol layer (HH), (e) the number of aerosol feature layers (N), (f) the thickness of the lowest aerosol layer (TL), (g) the AOD proportion of the lowest aerosol layer (PAODL), (h) the volume depolarization ratio of the lowest aerosol layer (DRL), and (i) the color ratio of the lowest aerosol layer (CRL). 
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Figure 3. Interannual variations in the optical characteristics of aerosol layers over Pakistan (A: Gilgit-Baltistan, B: Jammu-Kashmir, C: Khyber-Pakhtunkhwa, D: Punjab, E: Balochistan, F: Sindh) during nighttime from 2007 to 2014. Where, (a) AODT, (b) AODL, (c) HL, (d) HH, (e) N, (f) TL, (g) PAODL, (h) DRL, and (i) CRL. 
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Figure 4. Seasonal spatial distributions of AODT, AODL, HL, HH, N, TL, PAODL, DRL, and CRL over Pakistan during the daytime. 
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Figure 5. Seasonal spatial distributions of AODT, AODL, HL, HH, N, TL, PAODL, DRL, and CRL over Pakistan during the nighttime. 
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Figure 6. Seasonal variations in the optical characteristics of aerosol layers over Pakistan (A: Gilgit-Baltistan, B: Jammu-Kashmir, C: Khyber-Pakhtunkhwa, D: Punjab, E: Balochistan, F: Sindh) during daytime from 2007 to 2014. (a) AODT, (b) AODL, (c) HL, (d) HH, (e) N, (f) TL, (g) PAODL, (h) DRL, and (i) CRL. 
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Figure 7. Seasonal variations in the optical characteristics of aerosol layers over Pakistan (A: Gilgit-Baltistan, B: Jammu-Kashmir, C: Khyber-Pakhtunkhwa, D: Punjab, E: Balochistan, F: Sindh) during nighttime from 2007 to 2014. (a) AODT, (b) AODL, (c) HL, (d) HH, (e) N, (f) TL, (g) PAODL, (h) DRL, and (i) CRL. 
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Figure 8. Correlation between AODL and TL over Pakistan (A: Gilgit-Baltistan, B: Jammu-Kashmir, C: Khyber-Pakhtunkhwa, D: Punjab, E: Balochistan, F: Sindh) from 2007 to 2014. 
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Figure 9. Correlation between N and HH over Pakistan (A: Gilgit-Baltistan, B: Jammu-Kashmir, C: Khyber-Pakhtunkhwa, D: Punjab, E: Balochistan, F: Sindh) from 2007 to 2014. 
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Figure 10. Correlation between N and PAODL over Pakistan (A: Gilgit-Baltistan, B: Jammu-Kashmir, C: Khyber-Pakhtunkhwa, D: Punjab, E: Balochistan, F: Sindh) from 2007 to 2014. 
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