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Abstract

:

A global climatology of absorbing carbonaceous aerosols (ACA) for the period 2005–2015 is obtained by using satellite MODIS (Moderate Resolution Imaging Spectroradiometer)-Aqua and OMI (Ozone Monitoring Instrument)-Aura aerosol optical properties and by applying an algorithm. The algorithm determines the frequency of presence of ACA (black and brown carbon) over the globe at 1° × 1° pixel level and on a daily basis. The results of the algorithm indicate high frequencies of ACA (up to 19 days/month) over world regions with extended biomass burning, such as the tropical forests of southern and central Africa, South America and equatorial Asia, over savannas, cropland areas or boreal forests, as well as over urban and rural areas with intense anthropogenic activities, such as the eastern coast of China or the Indo-Gangetic plain. A clear seasonality of the frequency of occurrence of ACA is evident, with increased values during June–October over southern Africa, during July–November over South America, August–November over Indonesia, November–March over central Africa and November–April over southeastern Asia. The estimated seasonality of ACA is in line with the known annual patterns of worldwide biomass-burning emissions, while other features such as the export of carbonaceous aerosols from southern Africa to the southeastern Atlantic Ocean are also successfully reproduced by the algorithm. The results indicate a noticeable interannual variability and tendencies of ACA over specific world regions during 2005–2015, such as statistically significant increasing frequency of occurrence over southern Africa and eastern Asia.
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1. Introduction


Atmospheric aerosols can cause an overall planetary cooling, partly counterbalancing the global warming caused by greenhouse gases [1]. The total aerosol effective radiative forcing (ERF) taking into account aerosol–radiation and aerosol–cloud interactions (ERFari and ERFaci, respectively) is assessed to be −0.9 (−1.9 to −0.1) W m−2 with medium confidence [2]. More specifically, according to [1], the ERFari is assessed to be −0.45 (−0.95 to +0.05) W m−2, being less negative than in IPCCAR4th because of a reevaluation of aerosol absorption properties. In spite of the overall aerosol cooling, absorbing carbonaceous aerosols (ACA) including black carbon (BC) and brown organic carbon (BrOC) warm the planet. The BC aerosols dominated by soot-like elemental carbon (EC) are stronger absorbers of solar radiation than brown (BrOC), being also referred as brown carbon (BrC) aerosols, which mainly absorb at visible to ultraviolet wavelengths [3]. Both are primarily consisted of fine particles mostly less than 1μm [4,5,6] and together constitute ACA, which are estimated as the second largest source of global warming after carbon dioxide [7,8,9]. Apart from playing a major role in radiative forcing, aerosol solar absorption also has other effects, namely on atmospheric stability and circulation dynamics [10] photochemistry, visibility, health or on cloud properties through the aerosol indirect (cloud albedo effect, [11], cloud lifetime, [12]) and semi-direct [13,14,15] effects. Nevertheless, there is still considerable uncertainty about the magnitude of the global aerosol solar absorption and forcing [11,16,17]. This is largely attributed to the uncertainty associated with the spatial and temporal patterns of globally distributed ACA [18].



The ACA originate from both natural and anthropogenic sources and prevail over both urban areas [19,20,21,22,23] and continental outflow regions [24,25,26]. Biomass burning (BB) of both natural and anthropogenic origin is among the largest sources of ACA. In addition, activities taking place mainly over urban/industrial areas (UI aerosols), such as power plants emissions, industrial production, residential heating and cooking and transportation, are their main anthropogenic sources [27]. BB aerosols mainly occur over open continental areas, namely near to forest fires, but are also transported through atmospheric circulation to nearby continental and maritime areas. Regardless of their origin, both BB and UI ACA, despite their short lifetime [28], have a strong impact on climate, air quality [7,9] and are responsible for adverse health effects [29,30]. They can also cause biases in satellite retrievals of cloud optical properties, e.g., effective radius and optical depth [31,32,33] and therefore are worth studying. Consequently, it is essential to better understand their spatial and temporal variability as well as their global radiative and climate effects.



The global climatological assessment of ACA is a difficult task. A large number of studies exists dealing with the characterization of ACA [34,35,36,37,38,39]. However, these studies are based on ground based in-situ measurements and therefore are unable to ensure extended spatial coverage. ACA have also been identified at global scale using global models [40,41,42,43,44,45] which, however, have their own limitations. Remote sensing, especially satellite observations, which enable the identification and characterization of ACA at global scale, based on derived aerosol physical and optical properties, can provide important information regarding their spatial and temporal variability. Thus, many scientists have used satellite data in order to characterize aerosols and study their optical properties globally [46,47] or over broad areas, such as the Mediterranean basin [48,49], Europe [50], Atlantic Ocean [51], Middle East [52] and East Asia [53]. However, all of these studies do not exactly address the issue of observation, identification and quantification of ACA from a climatological and global perspective.



In the present study, for the first time to our knowledge, a satellite-based algorithm is used for characterizing/identifying ACA over the entire Earth and a multi-year period (2005–2015), allowing a climatological global assessment. A similar algorithm and satellite data have been previously applied by [54] to identify/characterize episodes of different aerosol types, carbonaceous included, above the greater Mediterranean basin for the period 2000–2007. In this study, a modified version of this algorithm is used along with updated satellite data (MODIS C006 instead of C005), focusing on ACA over the whole globe and an 11-year period. The algorithm uses daily gridded (1° × 1° latitude-longitude) satellite data from MODIS-Aqua describing the load (by means of AOD) and size of aerosols, and data from OMI describing the aerosol absorption ability and finally detects and quantifies ACA for each grid and day of the period 2005–2015. The presented results refer to the frequency of occurrence of ACA at global scale. The satellite data and algorithm are described in the next section. The analysis and obtained results are presented and discussed in Section 3, before summarizing and concluding in the last section.




2. Data and Methodology


2.1. MODIS and OMI Satellite Data


The aerosol data used as input to the algorithm, are part of MODIS Aqua spatiotemporally aggregated Level-3 daily gridded atmospheric data product (MYD08_D3). More specifically, Collection 006 (C006) MODIS Aqua aerosol data are used, which are generated by reprocessing MODIS data archives using calibration enhancements, algorithm refinements, and upstream product improvements [55,56] and have replaced the previous MODIS C005 data providing a better performance against AERONET data [57,58,59]. The following MODIS aerosol data describing the load and size of aerosols are used (as explained in Section 2.2) in the algorithm: (i) Aerosol Optical Depth (AOD), (ii) Ångström Exponent (a), and (iii) Fine Mode Fraction (FF) of AOD (the aerosol fine-mode fraction is defined as [60]: FF=AODf/(AODf + AODc), where AODf is the aerosol fine-mode optical depth and AODc is the aerosol coarse-mode optical depth). However, it should be noted that from them, only spectral AOD are directly taken from MODIS, while a (Ångström Exponent) and FF are derived from AOD. More specifically, AOD are taken from datasets produced with the MODIS Enhanced Deep Blue (DB) and Dark Target (DT) algorithms over land, and a DT algorithm over-water (ocean). The AOD data are available at 7 wavelengths over oceans (DT product) and 3 wavelengths over land (DT and DB products). Subsequently, Ångström Exponent data over land and ocean are computed from the spectral AOD values. Moreover, the fraction of AOD at 0.55µm contributed by fine mode aerosol (AODsmall) over oceans is available by MODIS (at 7 wavelengths). Computing the ratio of these AODsmall and AOD products provided FF over oceans. It should be noted that from the two MODIS data utilized in the algorithm, i.e., the a and FF, the former is available over land and ocean, whereas the latter is only available over ocean. Although it would be possible to only use a in the algorithm, over both land and ocean, it was preferred to additionally use FF over oceans, since FF is, by definition, slightly different to a, also depending, apart from size, on other aerosol properties, namely their concentration and refractive index. The use of different number of input parameters in the algorithm over land and ocean areas does not produce any discontinuity in the results, as shown in the next section.



Apart from MODIS, Aerosol Index (AI) (or Absorbing AI) daily gridded data are also used for the characterization of carbonaceous aerosols, derived from measurements taken by the Ozone Monitoring Instrument (OMI) instrument onboard the NASA’s EOS-Aura satellite since July 2004 [61]. These OMI-Aura satellite data are a sequel to those of Total Ozone Mapping Spectrometer (TOMS) onboard Nimbus-7 and Meteor-3 covering the period 01/1978–12/1994 and onboard Earth Probe satellite (EP-TOMS) launched in July 1996. OMI, similar to its predecessor TOMS, enables measurements and aerosol retrievals in the near-UV, including AI which is a unique qualitative parameter associated with the presence of UV absorbing aerosols (desert dust, smoke, volcanic ash). In the near-UV, the albedo of land surfaces (including arid and semiarid areas) is very low and, therefore, aerosol optical depth retrievals (full description provided by [62,63,64]) are possible over them. OMI, a hyperspectral sensor covering the 270–500 nm range, with its 2600 km viewing swath width provides almost daily global coverage at a 13 km × 24 km nadir resolution. OMI observations are used in the retrieval of atmospheric column ozone, sulfur dioxide, nitrogen dioxide, formaldehyde, and other trace gas, as well as cloud and aerosol information [65]. The OMI aerosol products apart from absorbing AI also include aerosol optical depth and single scattering albedo (388 and 500 nm) which have been carefully evaluated with AERONET observations [61,66,67,68,69,70,71]. In this study, only the AI index, which is a measure of aerosol absorptivity, is used and combined with the MODIS aerosol data.



The utilized MODIS-Aqua and OMI-Aura data are gridded daily products at 1°×1° latitude-longitude resolution data spanning the period from January 2005 to December 2015. It should be noted that MODIS-Aqua data were chosen for this study in order to ensure a collocation in time with OMI data, since Aqua and Aura are both A-train satellites, being in a polar orbit, crossing the equator northbound at about 1:30 p.m. local time, within seconds to minutes of each other, thus allowing near-simultaneous observations. The beginning of the study period is in 2005 because OMI data availability starts in this year. Earth Probe (EP) TOMS data are available prior to 2005, but OMI data were preferred in order to ensure the best homogeneity of the algorithm input satellite data during the entire study period (2005–2015).




2.2. Methodology


The flowchart of Figure 1 explains the structure of the algorithm and its operational phases. The combination of daily 1°×1° gridded MODIS and OMI data, which are indicative of aerosol load (AOD), size (a and FF) and absorptivity (AI), enable the identification/characterization of ACA aerosols, which are, as explained in sect. 1, small (fine) and strongly absorbing particles. Appropriate threshold levels were chosen for each one of the algorithm input aerosol optical properties used for the identification of ACA. The thresholds have been determined based on own sensitivity tests and the existing literature [72,73,74,75,76,77,78,79,80,81,82,83,84]. The selected/applied thresholds are: (i) a≥ 1.2 for Ångström Exponent, (ii) FF ≥ 0.6 for Fine Mode Fraction of AOD and (iii) АІ ≥ 1.5 for Aerosol Index. The obtained results of the algorithm using these thresholds confirm the presence of fine absorbing aerosols, which is the case for ACA.



The algorithm results are critically dependent on the OMI Aerosol Index (AI), since this parameter quantifies the required significant absorptivity of aerosols (their small/fine size is ensured by the other two optical properties, namely the Ångström Exponent, AE and the Fine Fraction, FF). The threshold value of AI (1.5), has been decided based on several sensitivity tests using AI thresholds ranging from 1.0 to 2.0. In Figure S1 (Supplement) are presented the results (annual frequency of occurrence of ACA, in number of days/year) of three (3) sensitivity tests for the (indicative) year 2005, using AI thresholds equal to 1.0, 1.5 and 2.0. The frequency of occurrence of ACA clearly decreases with increasing AI threshold values. With increasing AI from 1.0 to 2.0, not only the spatial coverage of areas with ACA is limited, but also the magnitude of the frequencies (intensity of green-yellow-red colours) is weakened. In the first sensitivity test, i.e., for AI=1.0, the presence of ACA is strong over extended continental areas, also covering considerably wide oceanic areas, even very far from the emission sources of ACA. Such a strong and extended presence of ACA is rather unrealistic. On the other hand, applying the threshold AI=2.0, the presence of ACA is drastically reduced, essentially resulting in their appearance only over the world continental areas dominated by strong and systematic forest fires, namely over South America and tropical and southern Africa. Such a limited presence of ACA is also somewhat unrealistic, since ACA, apart from elemental carbon from natural sources, consist in absorbing carbonaceous aerosols emitted by anthropogenic activities/sources and over urban areas, while (as shown in this paper) they can be transported over oceanic areas, for example reaching up to southeast Atlantic Ocean or South Ocean. The same results are confirmed by the corresponding monthly results of sensitivities, displayed in Figure S2. Therefore, the AI threshold value of 1.5 has been selected, which ensures the reasonable presence of ACA both over remote continental, urban, and also oceanic areas hosting natural and anthropogenic emissions of carbonaceous aerosols (as shown in Figure S1b, and also in Figure 3a in the followings).



The necessity of using other than AI input parameters to the algorithm, although suggested by the need to ensure the small/fine size of ACA, was verified running algorithm sensitivity tests using AI as the sole input parameter, and using additional parameters, namely Ångström Exponent and FF. The results of this sensitivity test, i.e., the absolute frequency of occurrence of ACA, again for the test year 2005, are displayed in Figure S3 and are to be compared to those of Figure S1b. The ACA frequencies of Figure S3 totally differ from those of Figure S1b. Very high frequencies, up to 344 days/year, are obtained, while the highest ACA frequencies estimated by the algorithm are found over North Africa, namely over the Sahara desert, as well as over the deserts of Arabian peninsula, essentially corresponding to dust aerosols, and not to carbonaceous ones. Hence, the regions hosting extended biomass burning, e.g. African and South American forests, do not distinctly appear on the map. This result proves the inability of the sole AI parameter for the detection of ACA globally, and the appropriateness of an algorithm like the one utilized in this paper, which is relied on other than AI products as well, which ensure the fine size of absorbing aerosols, namely Ångström Exponent and FF.



As already mentioned in Section 2.1, the use of FF as input parameter in our algorithm, which is available only over ocean, may be a source of discontinuities and land/sea contrast. In fact, the use of a single size parameter over land areas (Ångström Exponent, along with AI), against two parameters over ocean (Ångström Exponent and FF, still along with AI) may produce a difference in the algorithm outputs (frequency of ACA) over land and ocean areas, producing discontinuities along the coastlines. This was examined running a sensitivity test with the algorithm, using either both Ångström Exponent and FF or only FF. The sensitivity was made again for the year 2005, and the results are shown in Figure S4. It is shown that when we omit FF (Figure S4b), the obtained results, i.e., frequencies of ACA, do not essentially differ from those obtained using both AE and FF (Figure S4a). The spatial patterns and coverage of ACA dominated regions, as well as the magnitude of ACA frequencies are well comparable. The only difference is that using only Ångström Exponent a slightly more limited spatial coverage of ACA areas is found, along with just slightly smaller frequencies(by up to 5–10 days/year). Similar results are obtained, and same conclusions are drawn, by looking at the same sensitivity but on a monthly basis (Figure S5). Given the very small differences between the two examined cases in this sensitivity test, it was preferred to keep using both Ångström Exponent and FF as input parameters to the algorithm.



Note that low carbon content ash emitted during volcanic eruptions, which is also fine [85] and possibly absorbing [86], may be accounted for by the algorithm outputs, but it is not persistent in the atmosphere, and hence its contribution to the 11-year averaged results presented in this study is minimal. It should be noted that this algorithm detects carbonaceous aerosols using three (3) aerosol optical properties, i.e., a, FF and AI, while previous studies [47,87] use only one property, more specifically the AI. The selection of AI threshold 1.5 was made in order to ensure the identification of ACA that occur over the globe, namely over or close to forest wildfires, e.g., in Amazonia and central Africa, or near extensive biomass-burning activities/areas [88,89]. In such cases, emissions of carbonaceous aerosols are very strong [90] and these aerosols predominate throughout the atmospheric column [91,92] yielding a strong absorption of solar radiation. It should be noted that the aerosol data used in the present algorithm are columnar, and therefore identification of ACA presupposes the prevalence of these aerosols in the atmospheric column, thus the obtained results should be interpreted in this aspect. In other words, the identification of ACA over a world location in a given day does not imply that only ACA exist in the overlying atmosphere, but just that ACA dominate the atmospheric columnar aerosol burden in terms of the aerosol optical properties utilized in the algorithm, especially the AI.



The algorithm identifies the presence of ACA in each day of the period 2005–2015. Subsequently, statistics are yielded for each month and year, including the monthly and annual absolute frequency of occurrence of ACA, N (in number of days per month/year) and the monthly and annual relative frequency of occurrence of ACA Nrel (in number of days per month/year per the number of days per month/year for which the satellite algorithm operated). Although the algorithm operates at the global scale, emphasis is also given to specific world regions, which are characterized by extensive fires and biomass burning, and computations (averaging) of the frequency of occurrence and the loading of ACA are also done for these regions. Such a region is for example southern Africa, which hosts the largest biomass-burning emissions, with an average 23% of the global burned area and 23% of the global fire emissions [88,93,94]. ACA from southern Africa are also transported westwards above the Atlantic Ocean [95,96,97]. In South America, large forest areas are burned each year with an average of 5% of the global burned area and 13% of the global fire emissions [84]. Central Africa also has high ACA emissions due to extended burnt savanna areas during December till February [98]. Other areas of interest, though with lower emissions of ACA and less biomass burning [99,100] are equatorial Asia (Indonesia and Malaysia), East Asia (including eastern Asiatic part of Russia and northeastern China), and Southeast Asia. The selected study areas are presented in Figure 2.





3. Results and Discussion


The algorithm ran on a daily basis and for each year of the study period (2005–2015). The outputs were then averaged over each month and year, and finally over the entire 11-year period. Below are presented11-year averaged monthly quantities, namely frequency of occurrence of ACA.



3.1. Geographical Patterns of Carbonaceous Aerosols


The global distribution of the absolute annual frequency of occurrence of ACA (in days/year) averaged for the entire period 2005–2015 is given in Figure 3a. In Figure 3b is also displayed the relative percentage annual frequency of occurrence of ACA with respect to the number of days in a year for which the algorithm operated. White shaded areas in the figures correspond to cases (pixels) for which the algorithm never operated (non-operating algorithm) or detected ACA (non-detecting ACA). The similarity between Figure 3a,b indicates that the spatial patterns in absolute frequency of ACA are not dominated by data availability from MODIS or OMI. Similar results to those of Figure 3a, i.e., absolute frequency of occurrence of ACA, but on a monthly basis, expressed in days/month, are displayed in Figure 4 and they are discussed together with those of Figure 3.



3.1.1. Africa


The highest frequencies of ACA occur in southern African countries, especially over Angola and Congo, where ACA predominate in about 60 days/year (or 50%, Figure 3a). These high frequencies, which are observed from May to October, with frequencies up to 19 days/month (Figure 4), and with maxima in July–August, are due to the extensive burning activities that take place every year in these regions, and they are related with agricultural burning (dry grass and vegetation fires) and wildfires occurring in large and dense forest areas [101]. Indeed, a prolonged annual dry season (May–October) combined with relatively rapid rates of fuel accumulation create conditions conducive to frequent vegetation fires in southern Africa’s savanna (woodland) and grassland vegetation types [102,103,104,105]. It is known that African fires, most of them coming from African areas south of the equator, account for 72% of the global burned area, making Africa the largest biomass-burning emissions source, contributing over half (52%) of the global carbon emissions [106]. It should be noted that high frequencies of ACA (almost up to 50 days/year) are also observed over the south eastern Atlantic Ocean, off the western coasts of African countries (Angola, Congo, Gabon). These are associated with an effective westward transport of African biomass aerosols convectively uplifted to the free troposphere, and subsequently transported westward (e.g., up to the Ascension Island 2000 km offshore the continental Africa) by a well-established anticyclonic circulation induced by the semi-permanent sub-tropical anticyclone of the South Atlantic [97]. Smaller frequencies of ACA (up to about15–20 days/year, Figure 3a) are observed in Central Africa (between the equator and sub-Sahel). These are more specifically observed from December to April (Figure 4), with frequencies up to about 9 days/month (maxima in December and January),and originate from fires taking place over shrubland and cropland areas between November and April [98,101,107,108].Very low frequencies of occurrence of ACA, lower than 5–10 days/year (on an 11-year basis), are found over the Sahara. Such low frequencies of ACA aerosols over this world region have been reported in the literature [109,110,111] and are associated with a northward transport of biomass-burning aerosol (emitted by anthropogenic activities south of 11°N) in warm ascending air that overrides the cooler, drier mineral dust laden air, reaching altitudes higher than 4 km [109].




3.1.2. South America


ACA occur frequently in South America, mainly its southern hemispherical part, in up to about 30 days/year (Figure 3a) or up to 35–40% of the days in which the algorithm operated (Figure 3b). These high frequencies are related to landscape fires and open biomass burning, with regional hotspots of fire activity around the edges of Amazonia [112], take place during the dry season (June to October, [113]) with peak fire activity in August and September [88,101], as shown in Figure 4. This biomass-burning activity results in extended burned areas each year (12.8 Mha/year on average, [88]). The seasonality of the algorithm outputs for this world region and more specifically over the Amazonian basin is in agreement with other studies [2,112]. It can be noticed that over the white shaded areas of northern–northeastern South America there are sparsely distributed greenish-yellowish-reddish pixels indicating that ACA are observed there with relative percentages higher than 40%. These high frequencies are associated with Amazonian forest fires, which although they are less frequent than in the rest of South America [88] they have very high fire emissions per m2 of burned area and constitute a strong source of carbon emissions worldwide [106]. ACA are also observed along the Andes (coasts of Peru and Chile), with relative frequencies up to about 30–40% in southern Peru. Although fire and carbon emissions are generally low over both of these areas [88,106], fires and biomass burning are common in the Andes, especially the tropical fires during the dry season of the year [114]. It should be noted that aerosol black carbon enhanced concentrations from urban/industrial origin in South America can be transported to the South–West Atlantic Ocean [115,116], which can explain the low frequencies of ACA observed near the South Pole rime (Figure 3a,b).




3.1.3. Asia


Relatively high frequencies of ACA (up to about 25 days/year, light blue-green colors) are also observed in south-southwestern Asian countries (Turkmenistan, Afghanistan, Pakistan, Nepal) as well as in the eastern/coastal China (maximum values up to about 30–35 days/year near Beijing). The corresponding computed relative frequencies (Figure 3b) display clearly high values (40–80%, green-yellow-red pixels) in south-southwestern Asian countries and in the south-southeastern Tibetan plateau, as well as in the northern Indo-Gangetic plain. A careful look at Figure 4 indicates that these high frequencies occur in winter (November–December–January–February) and spring (March–April–May). The relatively high frequencies of ACA over these regions are related either to biomass burning, more specifically burning of agricultural residues and grassland, that take place from winter through to spring [117,118] or to other anthropogenic activities like coal combustion, [119]. The strong presence of ACA over South Asia, especially over the Indo-Gangetic plain, is well documented in literature and plays an important role for south Asian climate and hydrological cycle [120,121]. It should be noted that according to the literature [106,117,122], strong biomass burning, also occur over the southeastern Asia, which is reported to be a significant contributor of annual global biomass-burning emissions (6%, [72,85]). Indeed, according to the algorithm results, considerable frequencies of ACA (up to 25–30 days/year or 40%, Figure 3a,b, respectively) are observed over Myanmar and Thailand during winter and spring (from February to April, Figure 4). These results are in agreement with the strong fire activity persisting from January to April reported in the literature [122]. The ACA over the southeastern Asia originate primarily from savanna burning (almost 60 % of burned areas there, [123]), and also from forest and cropland burning (20 % each).




3.1.4. Equatorial Asia


Large frequencies of occurrence of ACA are observed over equatorial Asia (Indonesia) which is reported to be the third largest contributor of annual biomass burning and fire emissions (11% and 10 %, respectively, [88,96]) after Africa (49 % and 52 %) and South America (13% and 15 %). The high frequencies over equatorial Asia are more evident in Figure 3b, reaching about 60–70% of the days of year for which the algorithm operated. They are in line with high annual fire carbon emissions in equatorial Asia reported in the literature [96] arising from numerous forest fires, but also savanna and cropland fires, and from extended burned areas [122,123]. Indeed, large numbers of active fires have been reported over Indonesia from August until October [122] in agreement with the monthly results of the algorithm (Figure 4, frequencies up to 8–9 days/month). It should be noted that the algorithm year-by-year results (not shown here) reveal a strong interannual variability, primarily associated with the fact that fire activity within equatorial Asia–Indonesia is strongly associated with El Niño Southern Oscillation (ENSO) events [124,125], with more burned areas during warmer and dry El Niño than cooler and wet La Niña phases [122]. This interannual variability is presented in Section 3.2, where the year-to-year variability of the regionally averaged algorithm results for equatorial Asia–Indonesia is shown (Figure 5 and Figure 6).




3.1.5. Boreal America, Boreal Asia, central America and Australia


ACA are also observed along the temperate North America (USA), with frequencies up to about 20 days/year in western USA, and can be explained from fires taking place therein [122]. Of course, the presence of ACA in temperate North America, e.g., in local winter, can also be related to anthropogenic ACA primarily emitted from incomplete combustion of fossil or biomass fuels [126,127] or secondarily formed from combustion emissions [128].



ACA are also observed at relatively high frequencies over boreal Asia, i.e., area north of about 50°N (up to about 20 days/year or 40–50% of days for which the algorithm operated, Figure 3a,b, respectively). This region has a considerable fire activity taking place from March to October [101,122,123]. These are mostly forest fires that are quite persisting (1 to 1.5 days per month, [129]) burning extended areas (about 15 Mkm2, [90], or up to about 10% of total areas each year, [123]). These forest fires lead to significant carbon emissions (up to 200 g carbon m−2 year−1, [106]) which are almost 2.5 times as high as those from boreal North America and comparable to emissions from Australia [106] and contribute about 6.5% of average annual global biomass-burning emissions [88]. Such biomass-burning emissions can undergo intercontinental transport and reach western North America [130]. The findings of the algorithm (Figure 4), which show high frequencies of ACA in the period March–October, and a maximum frequency of ACA in July and August (about 5–10 days/month) are in agreement with the seasonality of fires activity in boreal Asia reported in the literature.



Relatively large absolute frequencies of ACA are observed in Australia, with maximum values in its northern and central parts (up to about 30 days/year, Figure 3a). These are related to active fires, and resulted burned areas, occurring primarily in savanna, and also in shrubland and grassland areas across northern Australia throughout the year, but mainly in September, October and November [122,123] in agreement with the monthly results of the algorithm, which reveal frequencies up to 8 days/month (Figure 4).





3.2. Intra-Annual and Interannual Variability of ACA


The seasonal variability of the frequency of occurrence and loading of ACA over specific world areas of interest has already been discussed in the previous Section 3.1. Nevertheless, this is by nature much easier to do by focusing and spatially averaging over the areas of the specific regions. This was done for the seven (7) selected world regions specified in Section 2, namely: central Africa, southern Africa, South America, southeastern Atlantic Ocean, equatorial Asia, East Asia, and southeastern Asia. The seasonality of ACA over each one of these regions is presented in Section 3.2.1, whereas their interannual variability is examined in Section 3.2.2.



3.2.1. Intra-Annual Variability


Figure 5 displays the 11-year average frequencies of occurrence of ACA (in number of pixel or counts/year) over the selected 7 world regions along with the associated standard deviation which quantifies the year-to-year variability. The corresponding year-by-year results are presented in Figure 6. The computed results in number of pixel or counts/year can be compared with other products, such as for example fire occurrences or activity or biomass burning fuels or emissions. Although some seasonality is more or less evident in all regions apart from East Asia, it is more distinct in regions, such as central Africa, southern Africa, southeastern Asia and southeastern Atlantic Ocean, whereas it is much weaker over East Asia, South America or equatorial Asia. Over the latter two regions the magnitude of frequency during the peak seasons varies remarkably from a year to another, even approaching zero values in some years (Figure 6iii,v). The highest frequencies of occurrence of ACA (3000 counts/year on average, Figure 5ii) are observed over southern Africa as well as over the southeastern Atlantic Ocean (2300 counts/year on average, Figure 5iv) from June to October with peak frequencies usually occurring in August and September and rarely in July. As already reported in Section 3.1, these high frequencies are due to frequent vegetation fires in southern Africa’s savanna and grassland vegetation types. The produced ACA are frequently transported westwards over the southeastern Atlantic Ocean, following a similar seasonality with those from southern Africa. Besides, there is a considerable interannual variability during the peak season (Figure 5ii for southern Africa and Figure 5iv for SE Atlantic Ocean).



The second-highest frequencies of occurrence of ACA are observed over Central Africa (Figure 5i) from December to April, when intense fire activity takes place over shrubland and cropland areas (see Section 3.1). The results of Figure 5iv reveal the existence of a secondary, but much lower, maximum frequency of occurrence period in Central Africa, which lasts from June to August, i.e., during the wet season over the area [131,132]. The existence of this secondary maximum could be explained by the presence of ACA transported by the monsoon flow originating in Southern Africa, a region with large biomass burning sources [133].



Another region with a distinct seasonality is South America, where ACA occur frequently (up to 1100 counts/year, Figure 5iii) from June to October, with maximum frequencies in August, which are however characterized by a great interannual variability. The peak frequencies over this region, which arise from landscape fires and open biomass burning associated with deforestation and agricultural activities, largely vary from a year to another, e.g., from as few as 200counts/year in 2014 to 3500 counts/year in 2007, Figure 6iii).



The results of Figure 5vii reveal a clear seasonality of ACA frequency of occurrence over southeastern Asia, which is higher (up to 1000 counts/year on average) from January to April, peaking in March and April, yet with a considerable year to year variability, due to forest and savanna fires.



Over equatorial Asia (Figure 5v), ACA are most frequently observed in September and October (150 counts/year on average), but with quite variable frequencies of occurrence (ranging from a few tens of counts/year (e.g., in 2011, 2012, 2013) up to 850 counts/year (in 2015), annual results Figure 6v) which are associated with large error bars. The great interannual variability of ACA frequency of occurrence in equatorial Asia is in agreement with other studies [122,123,125,134]. A great year to year variability of ACA frequencies is also observed for East Asia, which is characterized by the absence of a specific seasonality.




3.2.2. Interannual Variability


The interannual variation of the mean annual frequency of ACA over the selected 7 study world regions is presented in Figure 7. The estimated linear trends during 2005–2015, as well as their statistical significance (ascertained from the computed standard error of the slope of the applied linear regression), are also presented for each region in Figure 7.



From the results of Figure 7, it is gathered that the presence, i.e., frequency of occurrence, of ACA has been more or less intensified from 2005 to 2015 over all the selected world regions except for South America (where a no statistically significant decreasing trend is found). Furthermore, it appears that the increasing trend is statistically significant only over 2 regions, namely over southern Africa and East Asia. The highest percent increase in frequency of occurrence is found for equatorial Asia (151.1%, though this is largely due to the very high frequency value in 2015) and East Asia (122.2%) followed by the increase in southern Africa (59.3%) while smaller increases are observed over the southeastern Atlantic Ocean (34.8%). The remarkably strengthened presence of ACA over the East Asia can be assigned to a large degree to the continued consumption of fuels like coal and diesel during 2005–2015 [135]. The increasing frequency of occurrence of ACA over southern Africa during 2005–2015 (Figure 7i) seems to be in line with the reported increase of burned areas till 2012 [105]. According to our results, the presence of ACA in southern Africa has intensified even more from 2012 to 2015. Concerning equatorial Asia, it can be noted that the overall increase essentially arises from the very high frequencies in 2015, against low frequencies before and especially before 2013 (Figure 7v). If the high 2015 frequencies are excluded, a decline is estimated for equatorial Asia, which is in line with reported decreasing burned areas over the equatorial Asia till 2012 [123]. Apart from 2015, high frequencies of ACA over equatorial Asia are also found in 2006, and much less in 2009, which are in line with strong warm and dry El Nino phases in those years. Indeed, values of Nina-4 Index anomalies for those years (not shown here), and especially for September, October and November, when high frequencies of ACA are detected by the algorithm (Figure 7v), reach up to 0.8 (2006), 1.2 (2009) and 1.6 (2015), indicating warm and dry El Nino conditions. The results of the algorithm are in agreement with literature reporting that fire activity and burned areas within equatorial Asia are strongly associated with ENSO events [124,125]. The obtained algorithm results span the period 2005–2015, and therefore it is difficult to be compared to relevant results from other studies, which mostly stop at 2010. Nevertheless, comparing the present results, i.e., interannual variability and trends, spanning the years till 2010 to relevant reports in literature, e.g., burned areas [122] or fire carbon emissions [106], a very good agreement for the studied world areas is found.






4. Conclusions


A satellite-based algorithm is used to build, for the first time to our knowledge, a climatology (for the 11-year period 2005–2015) of the frequency of occurrence of absorbing carbonaceous aerosols (ACA). The algorithm uses MODIS-Aqua and OMI-Aura satellite retrievals of key aerosol optical properties, namely Ångström exponent (a), fine fraction (FF) and absorption index (AI). Applying specific thresholds for these properties, fine and absorbing carbonaceous aerosols either of natural or anthropogenic origin are detected on a daily basis and at 1° × 1° latitude-longitude pixel-level over the globe. The frequency of presence of ACA was computed first on a daily basis, and then on a monthly and annual mean basis, while corresponding regional averages for specific world areas of interest were also computed.



	
The results of the algorithm reveal that on average, ACA are observed over the globe up to about 80 days per year. Their largest frequencies are found in southern Africa, where they occur in about 30–80 days/year over Angola and Congo, as well as over the southeastern Atlantic Ocean, where they arrive after traveling for thousands of kilometers from the aforementioned areas of southern Africa. Relatively high frequencies of ACA are also found over the southern hemispherical part of South America (up to 30 days/year), equatorial Asia (Indonesia, Malaysia), over the southern-southeastern parts of Asia and the eastern coast of China as well as over the northern and central Australia (up to 30 days/year). Lower frequencies are identified over central Africa, between the equator and sub-Sahel (15–25 days/year), and over boreal Asia and the temperate North America (up to 30 days/year). As the algorithm did not operate in all days of each year, because not all of its input data were available, the above mentioned frequencies practically refer to less than 365 days of the year, thus yielding higher relative percent frequencies of occurrence of ACA. For example, ACA are observed in 50% of the days for which the algorithm operated over the southern African areas of Angola and Congo, 35–40% of days over South America or 40–80% over south-southwestern Asian countries, the south-southeastern Tibetan plateau, and the northern Indo-Gangetic plain, while they are observed in about 60–70 % of the days of year in which the algorithm operated over equatorial Asia (Indonesia).



	
The algorithm results reveal a seasonality of the frequency of occurrence of ACA, which is in line with the known seasonal cycles of burning processes, namely agricultural burning (dry grass and vegetation fires), intensive livestock activities, and wildfires in large and dense forest areas, worldwide. The highest frequencies of ACA over southern Africa, its adjacent southeastern Atlantic Ocean, and South America take place during the local dry season, namely during May to October—with maxima in July–September—in the former two regions and June to October—with maxima in August–September—in the latter region). Equatorial Asia (Indonesia) and Southeast Asia exhibit a distinct seasonality with highest frequencies of ACA in late autumn (September–October) for the former and spring (March–April) for the latter. Finally, in Central Africa, the annual maximum frequencies are observed in December and January, while secondary maxima are found in July–August.



	
A rather predominant and strengthened presence of ACA over extended global regions is indicated by the results of the algorithm. This can have important climate implications given the strong solar absorbing ability and heating potential of these aerosols [11], which are considered to be the secondary (to carbon dioxide) warming driver of the contemporary global climate [1,9,136]. Apart from climate effects, the more frequent presence of ACA during 2005–2015 has also deteriorated air quality, and caused premature deaths worldwide and especially in East and South Asia [137], where according to our results the highest and statistically significant at 95% level increase of frequency is observed.






In the future, an improvement of the algorithm will be the ability to determine the fraction of AOD that is only attributed to ACA. This is a difficult task, since it requires the knowledge of the detailed vertical distribution of different aerosol types (ACA included) on a detailed, but at the same time complete, temporal (daily, multi-year) and spatial (1° × 1°, global) resolution, which is missing nowadays. Nevertheless, forward steps are made towards this direction (e.g., Cloud-Aerosol Lidar with Orthogonal Polarization, CALIOP) and the situation is expected to improve in the forthcoming years.
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Figure 1. The satellite-based algorithm and methodology applied for the identification of absorbing carbonaceous aerosols (ACA). 
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Figure 2. Geographical domains of the sub-regions considered for the regional analysis. 
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Figure 3. Global distribution of: (a) absolute frequency of occurrence of absorbing carbonaceous aerosols (in number of days/year); (b) relative percentage frequency of occurrence of absorbing carbonaceous aerosols (with respect to the number of days per year with available satellite data and for which the satellite algorithm operated). The results are averaged over the period 2005–2015. The white-shaded areas are those for which the algorithm did not operate due to missing input data (non-operating algorithm) or it did not detect ACA (non-detecting ACA). 
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Figure 4. Global distribution of the monthly absolute frequency of occurrence of absorbing carbonaceous aerosols (in number of days/month). 
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Figure 5. Intra-annual variability of the 2005–2015 averages of the regional total absolute number of grid cells (1° × 1°) where absorbing carbonaceous aerosols (ACA) have been detected by the satellite algorithm (left column). Results are presented for: (i) Central Africa, (ii) Southern Africa, (iii) South America, (iv) Southeast Atlantic Ocean, (v) Equatorial Asia, (vi) East Asia and (vii) Southeast Asia. Error bars represent the year-by-year variability by means of computed 2005–2015 standard deviations. 
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Figure 6. Intra-annual variability, for each year of the period 2005–2015, of the absolute frequency of occurrence of absorbing carbonaceous aerosols (ACA) over the 1° × 1°grid cells of each selected world region. Results are given for: (i) Central Africa, (ii) Southern Africa, (iii) South America, (iv) Southeast Atlantic Ocean, (v) Equatorial Asia, (vi) East Asia and (vii) Southeast Asia and refer to the overall number of grid cells (counts) over which ACA have been detected by the satellite algorithm during each year. 
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Figure 7. Interannual variability (2005–2015)and linear trend of: the frequency of absorbing carbonaceous aerosols (ACA, in terms of total absolute number of grid cells (1° × 1°) per year over which ACA have been detected by the satellite algorithm). Results are given for: (i) Central Africa, (ii) Southern Africa, (iii) South America, (iv) Southeast Atlantic Ocean, (v) Equatorial Asia, (vi) East Asia and (vii) Southeast Asia. In each case, linear regression is applied to the time-series and the computed slope and associated standard error values are given (red colored text) at the right bottom of each panel. The estimated 2005–2015 mean values and relative percent changes are also given (black and blue colored text, respectively) at the left bottom of each panel. 
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