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Abstract

:

This paper demonstrates the role of meteorology and air transport in influencing the South African atmospheric CO2 distribution. CO2 data from December 2004 to December 2009 acquired by the Tropospheric Emission Spectrometer (TES) instrument onboard the Aura satellite were used to establish the CO2 vertical distribution at selected regions in South Africa. The Hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT) atmospheric model backward trajectories were used to determine the long-range air transport impacting on South African CO2 atmospheric distribution and to detect the source areas of air masses impacting on South Africa’s atmosphere. The study found that long-range air transport can result in the accumulation or dilution of atmospheric CO2 at various sites in South Africa, depending on the source region and type of air flow. The long-range air transport from different source regions at the upper air level between the 700 and 500 hPa stable layers and the layer above 500 hPa strengthens the inhomogeneity in the vertical distribution of CO2, which is caused by the decoupling effect of the upper air stable layers. This long-range air transport also involves intercontinental air transport.
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1. Introduction


Free troposphere and stratospheric CO2 is a long-lived greenhouse gas (LLGHG), which is an effective tracer of atmospheric dynamics and transport in these layers. It has an atmospheric lifetime of 50 to 200 years [1,2] and contributes about 66% of the gaseous radiative forcing responsible for anthropogenic climate change. Among the LLGHGs, CO2 increases have caused the largest sustained radiative forcing over the past decade [1,3,4,5,6,7,8,9]. The atmospheric CO2 mixing ratio is controlled by processes such as natural and anthropogenic emissions, chemical transformation, wet scavenging, surface uptake by terrestrial and ocean ecosystems, and transport at different scales [5,10]. Since the industrial revolution, the increases in global atmospheric CO2 are due to anthropogenic activities, particularly dominated by emissions from the combustion of fossil fuel, gas flaring, and cement production. Other sources include emissions due to land use changes such as deforestation and biomass burning [1,3,4,7,8,9,10,11].



Several studies have been undertaken in the Southern Hemisphere to investigate the influence of atmospheric dynamics and transport on the distribution of atmospheric constituents, mainly air pollutants, at the surface and middle troposphere [12,13,14,15,16,17,18,19,20]. Throughout much of the year, Southern Africa and the adjacent Atlantic and Indian Oceans are located in the region of planetary-scale subsidence occurring between the Hadley and Ferrel cells of the Southern Hemisphere general circulation. The atmospheric circulation is characterized by the regular occurrence of semi-permanent, subtropical anticyclones, which occur between the latitudes 15° and 35° S, over eastern South America, the Atlantic Ocean, the African continent, and the Indian Ocean. These high-pressure systems result in three widespread and temporal persistent stable discontinuities that frequently occur in the vertical structure of the atmosphere. The first discontinuity occurs at the top of the mixing layer and is centered at 700 hPa (3000 m.a.s.l.); the second is associated with the main subsidence inversion located at about 500 hPa level (5000 m.a.s.l), and the third was at about 350 hPa level (8000 m.a.s.l.), bounded below and above by the 500 hPa level subsidence and tropopause, respectively. On some days, the mixed layer can be deeper and extend up to 500 hPa, after the 700 hPa discontinuity has been broken by the passage of the convective westerly wave disturbance. The 500 hPa discontinuity is temporally persistent and can withstand the passage of shallow westerly disturbances [12,13]. The result of this temporal persistence of multiple stable layers is the trapping of surface originating pollutants into altitude bands of air pollution, and the limitation of vertical transport [13,14,18]. However, well developed deep low-pressure troughs and cut off low (COL) pressure systems can destabilize the whole column of the troposphere up to the stratosphere. This enables air mass transfer between the troposphere and stratosphere [13,18,21]. In the Southern Hemisphere, the COLs occur in the midlatitudes to subtropics and around the three main continental areas: Australia, Southern Africa, and South America. Their density of occurrence is greatest at 300 hPa atmospheric level, followed by 500 hPa, and the minimum is at 200 hPa. The occurrence of COLs at these atmospheric levels have a seasonal variability, with peaks in summer, autumn, and winter at 200, 300 and 500 hPa, respectively [22].



The transport of an air mass at a particular location is based on the circulation type prevailing at the location of the origin of the transport. Transportation of air pollutants from biomass burning products, urban and industrial emissions in the troposphere from the Southern Hemisphere continents is driven by interacting planetary and synoptic scale features of the general circulation of the Southern Hemisphere. The South Atlantic anticyclonic circulation is responsible for the intercontinental transport between Southern Africa and South America. In Southern Africa, the continental air mass exits the subcontinent over the west coast into the South Atlantic Ocean, driven by easterly waves [12,13,15]. This African air mass is then carried northwesterly, then easterly, to the northern part of South America under the influence of the South Atlantic anticyclone, then turns southward on the western edge of the Atlantic anticyclonic circulation, which overlaps the South American land mass, and ends up re-crossing the Atlantic Ocean in an easterly direction at higher southern latitudes toward Southern Africa [16,17,19,20]. During the dry season, which spans from June to October, the recirculated air is entrained by biomass fire emissions from the Amazon Basin, resulting in polluted air that is advected to Southern Africa at high altitudes [16,17,19,20,23,24,25,26]. Marenco et al. [26] observed layers of biomass emissions of high loading at elevated altitudes that extended from 1–1.5 to 4–6 km at the Amazon Basin. Edwards et al. [17] observed high carbon monoxide mixing ratio values of about 180 ppb in air masses transported from South America to Southern Africa at 700 hPa. Over Southern Africa, air mass transport is controlled by four major circulation types, which have an annual cycle: the semi-permanent subtropical anticyclones; transient mid-latitude ridging anticyclones; westerly baroclinic disturbances; and barotropic quasi-stationary tropical easterly waves [12,13,14].



Though South Africa is the dominant source region of fossil fuel emissions in Southern Africa [27,28], the country has been understudied with regard to CO2 atmospheric distribution. A recent study was undertaken in Cape Town city to estimate CO2 emissions by inverse modeling [29]. This study illustrates how the climatology of circulation patterns and the air transport influenced the CO2 atmospheric distribution in South Africa. Air mass source regions that impacted the South African CO2 atmospheric mixing ratios at different levels of the atmosphere have also been identified. More recently, Ncipha and Sivakumar [30] conducted preliminary investigations on the influence of meteorology and air transport on South African atmospheric CO2 distribution during the summer and winter seasons.




2. Materials and Methods


2.1. CO2 Analysis


2.1.1. Tropospheric Emission Spectrometer (TES) Instrument


This study used CO2 level 2 data collected from the Tropospheric Emission Spectrometer (TES) instrument onboard the Aura satellite. The objective of the TES is to make comprehensive global stratospheric and tropospheric composition measurements from the four instruments onboard. TES is an infrared, high-resolution Fourier transform spectrometer (FTS) and operates in both nadir (downward view) and limb (side view) modes to measure the vertical distribution of the atmospheric composition and surface parameters [31,32,33,34,35,36,37,38,39]. The CO2 profile data were produced by the National Aeronautics and Space Administration (NASA) and made accessible from the TES website https://tes.jpl.nasa.gov/data.




2.1.2. Ground Station CO2 Data


The ground CO2 data were monitored from the Global Atmosphere Watch (GAW) station at Cape Point, located at the southern end of Cape Peninsula, South Africa (34.35° S, 18.49° E). The Cape Point GAW station is a member of the GAW global network. The station is exposed to the sea, on top of a cliff 230 m in altitude. The Cape Point station is predominantly impacted by the on-shore flow from the South Atlantic Ocean and is representative of southern hemispheric background conditions [29,40]. The CO2 has been monitored continuously using a non-dispersive infra-red (NDIR) instrument since 1993, and the CO2 sampling flask program started in 2010 [41]. The GAW Cape Point station CO2 data were provided directly from the station and is also available at the World Data Center for Greenhouse Gases (WDCGG) website https://gaw.kishou.go.jp.




2.1.3. CO2 Study Region Locations and Description


The analysis involved the TES nadir view data within the South African domain, bounded by the (17° to 33°) E longitude and (22° to 35°) S latitude. Seven areas of interest within South Africa were chosen to characterize the seasonal vertical distribution of CO2. Table 1 and Figure 1 show the areas and their demarcations. The boundaries of these study regions were chosen to include urbanized and industrialized towns and rural towns.



The Cape Town (CT) study region is located at the southwest coast of the country. It extends from the southwest coast into the interior of Western Cape Province including the City of Cape Town and other towns within the province (Figure 1). Cape Town city is the economic hub of the province and has several industrial areas. This study area also included a dense and diverse biome [42].



The central Free State (FS) area lies at the center of the country and overlaps the northwestern part of Lesotho (Figure 1). The landscape of this area is dominated by agricultural activities; it is mainly cultivated land and natural savanna grassland. Gold mining is an important industrial activity in the study area [42].



The central Northern Cape (NC) (Karoo) area was selected because it is a national terrestrial background area. The national spatial industrial CO2 source inventory from Osman et al. [43] indicates only one industrial CO2 emitter in the area, which is a large iron-ore mine [42]. The NC is a semiarid area, as a result it experiences a lack of biomass fire emissions [44,45].



The Eastern Cape (EC) study area lies on the southeast coast of the country. It encompasses the two metropolitan towns, East London and Port Elizabeth, surrounding small towns, and dense bushland. The area has a diverse natural biome. East London and Port Elizabeth have major harbors and both of them are in the vicinity of the industrial complexes in both cities. The automotive industry is an important sector in the economy of both of these cities [42].



The KwaZulu-Natal (KZN) study area lies on the east coast of the country. It includes the three cities Durban, Pietermaritzburg, and Richards Bay, small surrounding towns, nature reserves, and forests. The major CO2 emitting industries in this area are agriculture, forestry, aluminum, petrochemicals, steel production, paper and board manufacturing, automotive manufacturing, and a range of industries linked with imports and exports at the major ports in Durban and Richards Bay [42]. Another important source of CO2 in KZN is its leakage from groundwater wells. Several sites at the Bongwana village (south of KZN) have been identified and monitored for ground CO2 leakages [46].



The Industrial Highveld (IHV) study area has the largest concentration of industrial infrastructure [47]. Osman et al. [43] indicated that this region had the highest concentration of industrial CO2 emitters. Rustenburg and Brits towns in the IHV produce 94% of South Africa’s platinum and have the largest reserves of this mineral in the world. The IHV area has urban-industrial complexes situated in Johannesburg, Vaal Triangle, and Pretoria city. The IHV region is rich in coal reserves, with Witbank town, now renamed eMalahleni, being the largest coal producer in Africa. The abundance of coal and other mineral resources in this region has led to the development of the region into one of the major industrial and urban population centers of South Africa. As a result, the area is the major power generating region of the country, with 11 large coal-generating power plants and the domestic fossil fuel burning emissions are also important contributors to emissions in this region [42,48,49].



The Limpopo Province (L) study area is located in the northern most part of South Africa, sharing borders with Mozambique, Zimbabwe, and Botswana (Figure 1). The landscape of this province is dominated by mixed grassland and trees. Agriculture is an important sector in the provincial economy. Limpopo is also rich in mineral resources, resulting in mining and other related industries being important contributors in this province’s economy. Phalaborwa and Thabazimbi are Limpopo’s major mining centers [42]. The province houses two dry-cooled coal-fired power stations called Matimba and Medupi. Matimba is located in a town called Lephalale and Medupi is just to its west. The Matimba power station was designed to generate 4000 MW and was ranked the largest direct dry-cooled power station in the world. The recently commissioned Medupi power station, which is not operated at its full capacity, is designed to generate 4764 MW [50].




2.1.4. CO2 Data Analysis


The TES nadir view surface level (approximately 1000 hPa) CO2 data were compared with the ground-based Cape Point GAW station data. The two datasets were compared when the TES data was within 0.5° (approximately 50 km) latitude and longitude radius from the ground station. This distance was chosen as a maximum practical distance between the two datasets in order to reduce the possibilities of these two measurement platforms sampling different air masses. This relatively long distance is a compromise for the spatial representativeness of GAW data in preference to obtaining enough of a sample size of the TES data for a fair comparison of the two datasets. The best opportunity for sampling spatially homogeneously mixed air is when the GAW station is impacted by southerly on-shore maritime airflow [51]. The validation requirements for satellite-based atmospheric CO2 measurements with ground-based observations vary depending on the spatial and temporal variability of atmospheric CO2 [39]. Kulawik et al. [39] found a bias of TES against aircraft CO2 data to be within 1 ppm for all pressure levels. The comparison period was from 23/05/2005 to 28/03/2008 and the satellite overpasses were centered at 13:00 (GMT), which satisfied the chosen coincidence (spatial comparison) criteria. The 30 min averaged 13:00 (GMT) data from the GAW station were used for the comparisons.



The TES CO2 data were analyzed from December 2004 to December 2009, after that period, the instrument scans became less frequent and irregular. Averaged CO2 vertical profiles in the study regions (Figure 1) were constructed by averaging atmospheric CO2 horizontally at the same altitude. The averaging was computed from the ground level up to 18 km altitude into the lower stratosphere during the austral summer (DJF) 2004–2009, autumn (MAM) 2005–2009, winter (JJA) 2005–2009, and spring (SON) 2005–2009 seasons. The tropopause in the subtropics of the Southern Hemisphere varies between 15 and 16 km, its seasonal minimum altitude is during the winter [52]. The CO2 data were not subjected to de-trending analysis because of the short study period (five years) and low frequency of the satellite sampling scans (near same location observations were repeated on a cycle every 16 days). This may subject the data to some seasonal bias due to the CO2 long-term increasing trend, as the seasonal difference may not be purely due to seasonal dynamics.





2.2. Atmospheric Circulation Analysis


This study used reanalysis data from the National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) to establish a 5-year seasonal climatology of circulation patterns over Southern Africa, the South Atlantic, and Indian Ocean. The reanalysis data are the product of a collaborative project between the NCEP and NCAR to produce records of the global analyses of atmospheric fields in 17 standard pressure levels in support of the atmospheric science community. The project involves the collection of atmospheric data from various observation platforms, then quality controlling and assimilating it [53]. This study produced a 5-year seasonal climatology of circulation patterns from the National Oceanic and Atmospheric Administration/Earth System Research Laboratory’s Physical Sciences Division (NOAA/ESRL: PSD) website http://www.esrl.noaa.gov/psd/. The seasonal circulation patterns were derived from 5-year averages of geopotential heights computed by the system at the 1000, 700, and 500 hPa pressure levels for austral summer (DJF) 2004–2009, autumn (MAM) 2005–2009, winter (JJA) 2005–2009, and spring (SON) 2005–2009. The study domains for the geopotential height field were (0° to 50° E) and (0° to 40° S) at 1000 hPa and (50° W to 40° E) and (0° to 40° S) at 700 hPa and 500 hPa.




2.3. Air Transport Analysis


Hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT) Atmospheric Transport Model


This study investigated a 5-year seasonal climatology of air transport that impacted the mixing ratios of CO2 in South Africa. This was conducted at three layers of the troposphere, namely the surface layer (ground level to 700 hPa), the layers between 700 and 500 hPa (middle troposphere), and above 500 hPa (upper troposphere). The HYSPLIT version 4 (2017) atmospheric transport model [54,55] was used to detect the source areas of the air masses impacting at various sites of interest (listed in Table 1) in South Africa. Stein et al. [54] gave a description of the establishment, advancement, and applications of the HYSPLIT model. Backward trajectories at the three tropospheric layers were run daily from 06:00 UTC over a period of five days (120 h) for the austral summer (DJF) 2004–2009, autumn (MAM) 2005–2009, winter (JJA) 2005–2009, and spring (SON) 2005–2009 seasons. Monthly files of the reanalysis data of meteorological fields were used as input data to run the backward trajectories simulations. The reanalysis data were produced by NCEP and NCAR and made available on the NOAA website ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis. For vertical motion, the model was set at the default option zero (0), which uses the meteorological model’s vertical velocity fields and the top of the model domain was also set at the default value 10,000 magl [55]. The five day period was selected due to previous studies on intercontinental air transport between South America and South Africa and South America and the Southwest Indian Ocean (SWIO) islands, which showed that this period is sufficient for the upper air transport from South America to South Africa and SWIO islands [30,56]. The 5-year seasonal trajectories were grouped into clusters based on their spatial closeness and each cluster was represented as a mean trajectory. The HYSPLIT model generates the trajectories and automatically assigns them to different clusters. The model also computes the fraction or percentage that each trajectory’s group or cluster makes to the total of trajectories computed for the specific period of analysis [54,55,57]. Draxler et al. [55] have provided a detailed description of the methodology of cluster generation and cluster frequency computation. The HYSPLIT model generated trajectories in each cluster were averaged and their standard deviation was computed. Since the majority of the mean trajectories or clusters were zonal and varied predominantly in latitude, the latitudinal standard deviation was computed to determine the spatial deviation from the mean transport.



The analyzed HYSPLIT data had starting locations within the South African domain, bounded by (17° to 33°) E and (22° to 35°) S. To avoid reproducing similar trajectories, the seven study areas in Table 1 and Figure 1 were grouped based on their proximity to one another. Consequently, four study areas were devised for the purpose of studying air transport impacting the South African atmosphere: (1) Cape Town (CT); (2) the Central Interior of South Africa (CISA) encompassing FS and NC; (3) the East Coast of South Africa (ECSA) containing EC and KZN; and (4) the North East of South Africa (NESA) covering IHV and L. Figure 2 shows the trajectory starting position and demarcations of study areas used for the trajectory analysis. Table 2 presents the details of the starting locations and the height above ground of the backward trajectories.






3. Results


3.1. TES and Global Atmosphere Watch (GAW) Station Comparison


A total of 57 TES profiles were recorded during the period from 23/05/2005 to 28/03/2008 within 0.5° from the Cape Point GAW ground station. However, only 32 profiles were recorded on days in which ground-based data were not contaminated by continental air mass, so the comparison was made using the 32 observations. Figure 3a,b show that there was reasonably good agreement between the surface CO2 data from TES and the ground-based GAW station. There were several instances of close comparison between the two platforms and 25% of the data from both platforms had differences that fell within 1 ppm. The best comparison of the two datasets had a difference of 0.07 ppm, and the highest difference was 4.43 ppm. The correlation between the two observations is shown in Figure 3c. The correlation coefficient R2 obtained between the TES and ground-based measurements was evaluated to be 0.547. This surface correlation value is comparable with the correlation of 0.57 at 900 hPa (corrected for errors) determined during the comparison studies of TES CO2 against aircraft (HIPPO-2) profile observations in the subtropics [39]. The reasonably good comparison between the TES and Cape Point GAW ground station CO2 data implies TES data can be used with some confidence to analyze the other regions.




3.2. Seasonal CO2 Relative Surface Loading at the Study Areas


The seasonal loading of atmospheric CO2 at various locations in South Africa is influenced by the seasonal cycle of the strength of the emission sources. South Africa has diverse CO2 emitting sources spread out over different locations throughout the country [43,45,48,58]. In addition to the influence of local sources to the CO2 atmospheric distribution, this study also describes the dependence of the seasonal CO2 atmospheric levels on the prevailing climatological circulation patterns that influence transport and mixing [12,13,14].



Figure 4 shows the vertical distribution of CO2 in the DJF (2004–2009), MAM (2005–2009), JJA (2005–2009), and SON (2005–2009) season over the selected study areas at various locations in South Africa (Figure 1). The horizontally averaged CO2 data (used for the profiles) at different altitudes and associated standard deviations for all four seasons are provided in Table A1, Table A2, Table A3 and Table A4 in the Appendix A. Over the study period, the surface layer atmospheric loading of CO2 mostly gradually increased from the wet DJF to dry SON season (Figure 4). However, the CT area did not follow this trend, a seasonal minimum was observed during the MAM season. During the wet DJF season, the L study area had the highest averaged surface CO2 atmospheric loading, followed by the IHV, and the FS had the lowest. Over the MAM season, the IHV area had the highest averaged surface CO2 atmospheric loading followed by the L, and FS had the lowest. Similar to the DJF season, the L area had the highest averaged surface CO2 atmospheric loading followed by the IHV area, and the FS area had the lowest during the JJA season. Over the SON season, the L area had the highest averaged surface CO2 atmospheric loading followed by the IHV area, and the NC area had the lowest. The CO2 loadings are tightly connected with the emission sources within each region, thus the L and IHV areas dominated the CO2 atmospheric loading due to their relatively dense CO2 industrial sources [43] including coal-fired power generating stations [42]. The FS area had the lowest throughout the seasons due to less emissions, the exception was during the SON as it experiences biomass burning and the semiarid NC area is not [44,45]. Hence, the NC area had the lowest CO2 surface atmospheric loading during SON.




3.3. The Influence of Stable Layers in the CO2 Vertical Distribution in South Africa


During all seasons, there was a clear influence of the semi-permanent stable layers at altitudes of about 3400 m (700 hPa) and 5500 m (500 hPa) on the vertical tropospheric loading of CO2 in South Africa (Figure 4). These stable layers separated the tropospheric CO2 into three layers: (a) the surface layer, (b) the middle troposphere layer, and (c) the upper troposphere layer. However, during the JJA season, only the 700 hPa stable layer’s influence was easily notable. This could be due to the erosion of the 500 hPa stable layer as the maximum occurrence of COLs at 500 hPa is during JJA in the mid-latitude and subtropical region of the Southern Hemisphere [22]. Another observation was the discernible influence of the stable layer at an altitude of 8000 m (350 hPa) on the vertical profile of CO2 during the MAM, JJA, and SON seasons in the NC study area. This influence of the 8000 m altitude stable layer was also noticeable in the KZN study area during the SON season. The stable layers exert control on the vertical motion of air over the subcontinent by effectively inhibiting the mixing of air parcels between the different atmospheric layers [12,13,14].



The span of the average CO2 mole fractions amongst the study sites in Figure 4 varied from the ground level to the top of the troposphere in all seasons. At the ground level, it was about 5 ppm during DJF, MAM, and JJA; during SON it was about 3 ppm. At the 3400 m stable layer, it was about 5 ppm during DJF, MAM, and JJA; it narrowed to about 3 ppm during SON. At the 5500 m stable layer, it was about 4 ppm during DJF and increased to about 5 ppm during MAM and JJA, and then narrowed considerably to about 2 ppm during SON. The SON season with the highest seasonal burden of atmospheric CO2 had the most uniform distribution of CO2 on a national scale from the ground to the top of the troposphere, as the background mixing ratios shifted to higher values. This was due to the expansive spread of CO2 emissions from biomass burning, as SON is the peak season for biomass fires in Southern Africa [45]. The middle troposphere layer had the greatest span in CO2 atmospheric mixing ratio and the top of the troposphere had the least mixing ratio span of approximately 1 ppm in all seasons (Figure 4). The middle troposphere layer was decoupled from the surface and the upper troposphere layer by the 3400 and 5500 m stable layers. The standard deviations in Table A1, Table A2, Table A3 and Table A4 show that in all seasons, the spatial variability of the CO2 mixing ratio reached the maximum about the 3400 m altitude stable layer at all study sites. Above this layer, the spatial variation decreased with an increase in altitude up to the top of the troposphere. The decrease in spatial variation with an increase in altitude was clearer above the 5500 m altitude stable layer as the upper air was more uniformly mixed. The areas with relatively dense industrial CO2 sources, KZN, IHV, and L [43], had the highest surface CO2 spatial variation.




3.4. Seasonal Circulation Patterns at Different Levels of the Troposphere over Southern Africa and the South Atlantic Ocean


Figure 5 shows the mean seasonal circulation patterns over Southern Africa, the South Atlantic, and Indian Ocean at the 1000, 700, and 500 hPa pressure levels during 2004–2009. At the 1000 hPa level during DJF, the Southern Africa subcontinent was dominated by a continental trough [12,13], indicated by low geopotential height values [59] and was also flanked by anticyclone systems at the South Atlantic, and Indian Ocean [12,13], indicated by the high geopotential height values [59,60]. During MAM, this 1000 hPa level continental trough shifted northward as it was displaced by the ridging South Atlantic and Indian Ocean anticyclone. The 1000 hPa level geopotential height values in central Southern Africa reached a maximum during JJA, as the continental anticyclone is the dominant circulation system during this season [12,13,14,18]. During JJA, the low values of the 1000 hPa level geopotential height in the mid-latitudes extended northward to the southern part of the subcontinent, indicating the transient mid-latitude convective westerly wave impacts the southern parts of South Africa [47]. During SON, the 1000 hPa continental trough shifted southward to the center of the subcontinent, pushing the South Atlantic and Indian Ocean anticyclones southwest and southeast of the subcontinent, respectively. This movement is indicated by the development of low geopotential height values at the center of the subcontinent and the development of high geopotential height values southwest and southeast of the subcontinent.



The middle and right columns of Figure 5 show that Southern Africa and the South Atlantic Ocean were dominated by anticyclonic systems at 700 and 500 hPa levels, as indicated by the high geopotential height values [59,60]. Just west of the subcontinent at the 700 hPa level, the disturbance of the subtropical anticyclone system by the mid-latitude trough (low geopotential heights) was clearly discernable in all seasons and was not pronounced at the 500 hPa level. At both these pressure levels, the maximum geopotential height values (maximum anticyclone intensity) had the largest spatial extent during JJA, followed by SON.




3.5. Seasonal Air Transport Backward Trajectories at Different Layers of The Troposphere in South Africa


3.5.1. Cape Town


Figure 6 presents the seasonal backward trajectories of air transport that influenced the CO2 levels at CT at the surface, above 3400, and 5500 m altitude stable layers during 2004–2009. The DJF and SON season backward surface trajectories from the CT study area were dominated by air flow from the South Atlantic Ocean that exited CT over its west coast. This transport was 100% frequent during DJF and 88% during SON. The MAM and JJA season backward surface trajectories from the CT study area were dominated by a westerly flow with frequencies of 66% and 83%, respectively. The middle and right columns of Figure 6 show that the upper air layers over the CT study area between 3400 and 5500 m, and above the 5500 m altitude were impacted by air that was from above the South Atlantic Ocean, South America, and the southeast Pacific Ocean. At 700 hPa, the transport frequency of the air from above South America increased from MAM (7%) to SON (26%) and this transport did not occur in DJF. At 500 hPa, this transport was also dominant (53%) during SON.




3.5.2. Central Interior of South Africa (CISA)


Figure 7 presents the seasonal backward trajectories of air transport that influenced the CO2 levels at the CISA study area at the surface, above 3400, and 5500 m altitude stable layers during 2004–2009. The surface of the CISA area was dominated by the transport of air from Southern Africa, with an increasing frequency from the DJF (53%) to JJA (70%) season. The influence of the westerly transport at the surface in the CISA study area increased from DJF (11%) to SON (37%). The middle and right columns of Figure 7 show that the middle and upper troposphere layers over the CISA were impacted by air that was from aloft northeast South Africa, the countries north of South Africa, and air from above the South Atlantic Ocean, South America, and southeast Pacific Ocean. The CISA area was dominated by the transport of air from above Southern Africa at the 700 hPa level in all seasons, its frequency decreased from DJF (72%) to SON (37%). At 500 hPa, this transport was limited to DJF (38%) and MAM (30%). Transport of air from above the South Atlantic Ocean was the second dominant at 700 hPa and occurred in all seasons; its frequency increased from the DJF (19%) to SON (58%) season. At 500 hPa this transport also occurred in all seasons, however with a small seasonal variation. The DJF and SON season frequencies were both 62%; the MAM season had the lowest frequency of 58%; and the JJA season had the highest frequency of 67%. The other important air transport mode that impacted the CISA area at 500 hPa was the transport of air from above South America, but was limited to JJA (27%) and SON (38%). The westerly transport of air from above the South Atlantic Ocean and South America to Southern Africa was more frequent during the dry seasons (JJA and SON).




3.5.3. East Coast of South Africa (ECSA)


Figure 8 presents the seasonal backward trajectories of air transport that influenced the CO2 levels at the ECSA study area at the surface, above 3400, and 5500 m altitude stable layers during 2004–2009. The DJF and SON season backward surface trajectories from the ECSA study area were exclusively dominated by flows from the South Indian and Atlantic Ocean. The South Indian Ocean transport was dominant in both the DJF (68%) and SON (63%) seasons and persisted across all seasons. The MAM and JJA backward surface trajectories from ECSA showed a westerly flow from the Atlantic Ocean, which was more frequent during JJA (30%). The middle and right columns of Figure 8 show that the middle and upper troposphere layers over the ECSA study area were largely impacted by air that was aloft the countries north of South Africa, the South Atlantic Ocean, and South America. The most prevalent transport that impacted the ECSA area at the 700 hPa level was the transport of air from above Southern Africa. This occurred in all seasons, with the highest frequency during DJF (58%) and the least during JJA (22%). At 500 hPa, this transport was limited to DJF (28%) and MAM (25%). The other important transport that affected the ECSA area at the 700 hPa atmospheric level was the transport of air from above South America and the South Atlantic Ocean. Both these modes of transport occurred in all seasons, excluding DJF for the South American transport, and the transport had the highest frequency of occurrence during JJA of 29% and 49%, respectively. At 500 hPa, the South Atlantic Ocean transport occurred in all seasons, with a comparable frequency for DJF (66%), MAM (66%), and JJA (64%), and its minimum frequency occurred during SON (24%). The South American transport at 500 hPa only occurred during JJA (26%) and SON (41%).




3.5.4. North East of South Africa (NESA)


Figure 9 presents the seasonal backward trajectories of air transport influencing the CO2 levels at the NESA study area at the surface, above 3400, and 5500 m altitude stable layers during 2004–2009. The NESA area was dominated by surface continental air transport from the Southern Africa subcontinent, where its frequency increased from the DJF (49%) to JJA (66%) season. The westerly air transport from the South Atlantic Ocean to the NESA was most frequent during JJA (34%). During the SON season, the on-shore surface transport from the South Indian Ocean was the most frequent (80%) transport impacting the NESA area.



The middle and upper troposphere layers over the NESA study area were mainly impacted by air originating aloft the countries north of South Africa, the South Atlantic Ocean, and South America. The NESA area was dominated by the transport of air above Southern Africa at the 700 hPa level in all seasons. The seasonal frequency of occurrence of this transport was highest during DJF (85%) and followed by SON (68%). At 500 hPa, this transport was dominant in DJF (62%) and least frequent during JJA (27%). The westerly transport of air from above the South Atlantic Ocean was the second dominant transport impacting the NESA area at the 700 hPa level and occurred in all seasons. It was most frequent (45%) in the MAM and least frequent (15%) in the DJF season. Similarly at 500 hPa, this transport was most frequent (44%) in the MAM and least frequent (31%) in the DJF season. The other important transport at 700 hPa though least frequent was transport of air from above South America, which occurred during the JJA (15%) and SON (9%) seasons. At 500 hpa, this transport occurred at all seasons and increased from the DJF (7%) to the SON (27%) season.






4. Discussion


The seasonal air transport impacting various areas in South Africa at different layers of the troposphere is influenced by the prevailing atmospheric circulation. Previous studies on circulation patterns over Southern Africa established that they have a seasonal cycle [17,18]. This section discusses the link between the seasonal meteorology and air transport established by this study; known emission sources and atmospheric distribution of CO2 over the South African atmosphere.



The DJF and SON season’s surface anticyclonic flows that impacted the CT study area (Figure 6) resulted in subsiding flows, which caused warm and dry off-shore flows over the CT west coast, creating a favorable environment for the development and spread of wildfires [61,62,63]. Natural Fynbos vegetation combustion occurs over the CT area between the warm and dry months of November to March [64]. As a consequence of this warm and dry off-shore flow driven by the South Atlantic anticyclone (Figure 5), the DJF surface CO2 loading was not the season of minimum CO2, and followed the SON CO2 loading, which was a season of maximum CO2 (Figure 4). The surface westerly flow influenced by the transient mid-latitudes westerly wave (Figure 5) dominated the CT study area during MAM and JJA, though was more prevalent during JJA than MAM (Figure 6). It brings clean maritime air from the South Atlantic and the Southern Oceans to southern parts of South Africa [47]. The consequence of the dominance of the westerly flow is the seasonal minimum in surface CO2 mixing ratio at CT in MAM (Figure 4). The higher surface CO2 mixing ratios during JJA than MAM, despite the presence of more westerly flow conditions, are a result of higher CO2 emissions from the domestic and industrial energy sector, which reached a peak during JJA in response to peak demand for energy in this season [29,48].



The CISA study area was impacted at the surface by the anticyclonic continental air transport and westerly flows from the South Atlantic Ocean in all seasons (Figure 7). The anticyclonic flow in DJF and MAM was influenced by the combination of the ridging high along the east coast and the easterly wave (Figure 5). The transport of continental air from Southern Africa was most dominant during JJA (Figure 7). The westerly transport of South Atlantic Ocean air to the CISA area was most dominant during SON. Figure 4 shows a consistent increase in surface layer CO2 from DJF to SON in the NC and FS, which are constituents of the CISA study area, with an exception at NC during SON. The seasonal shift was due to an increase in biomass burning emissions from MAM and reached its peak during SON [45]. However, Figure 4 also shows that SON was not the season of maximum surface CO2 loading at NC, as this study area is semiarid and sparsely vegetated [44,45].



The ECSA study area during DJF and SON was exclusively dominated by surface flows of marine air from the South Indian and Atlantic Ocean (Figure 8). These flows were influenced by the ridging highs (Figure 5). The ECSA study area was also impacted by the westerly flow from the Atlantic Ocean (Figure 8), which was more regular during JJA. Figure 4 shows a seasonal maximum surface layer CO2 mixing ratio during JJA at both EC and KZN. Both the EC and KZN areas are constituents of the ECSA study area. The JJA seasonal maximum at both study areas could have been influenced by the seasonal peak of the westerly flow (Figure 8), which transports emissions from the interior to their exit over the east coast [12,13,48].



Like in the CISA study area, the NESA study area was impacted at the surface by the continental air transport from the Southern Africa subcontinent and westerly flows from the South Atlantic Ocean from DJF to SON. Both the continental and westerly air transports were most frequent during the JJA season (Figure 9). Figure 4 shows that the seasonal maximum surface layer CO2 mixing ratio occurred during JJA at IHV. At L, the highest surface mixing ratio was comparable and occurred during JJA and SON. Both the IHV and L areas are constituents of NESA study area. The JJA seasonal maximum at both study areas could have been due to the energy related emissions, which are at their peak during JJA [48] including other industrial CO2 sources [43]. The transportation of biomass burning emissions laden air masses from countries north of South Africa by the surface continental flow that is prevalent during JJA also played a part in the JJA peak surface CO2 at IHV and L (Figure 9).



The seasonal climatological changes in surface atmospheric circulation patterns played an important role in the surface seasonal changes of the CO2 mixing ratios at the study areas. The dominant easterly wave in DJF (Figure 5) causes unstable atmospheric conditions over the interior that are favorable for the rapid vertical dispersion of air, mixing, deposition by rainfall [12,13,14], and carbon uptake by vegetated ecosystems through photosynthesis [11,28]. From MAM onward, the easterly wave was replaced by stability inducing anticyclones. During JJA and SON, the continental and ridging anticyclones along the east coast were prevalent (Figure 5). The anticyclones limit the vertical dispersion of air, leading to the accumulation of air pollution in a shallow mixing layer [12,13,14,48], thereby contributing to a seasonal increase in surface CO2, which reaches its peak during SON, the peak season of biomass burning in South Africa [45].



The middle and upper troposphere layers in the study areas were impacted by easterly flowing air from above the South Atlantic Ocean, South America, and the southeast Pacific Ocean; and the transport of air from above countries north of South Africa in the subcontinent. At both the middle and upper troposphere layers, the westerly air transport was dominant during JJA and SON, particularly from air above South America (Figure 6, Figure 7, Figure 8 and Figure 9). This transport was influenced by the anticyclone systems at 700 hPa and 500 hPa (Figure 5). The westerly air transport can be burdened by the biomass emissions from South America and Southern Africa (recirculated air) during JJA and SON [16,17,19] including the wide-ranging season (April to November) of sugarcane burning [25]. In these layers, elevated concentrations of vegetation combustion emissions have been observed being transported from South America to Southern Africa [17,24]. The air transport at the middle and upper troposphere from above the countries north of South Africa occurred in all seasons at the 700 hPa level at the study regions, except for CT. At 500 hPa, it occurred in the DJF and MAM seasons, except at NESA where it occurred in all seasons (Figure 6, Figure 7, Figure 8 and Figure 9). This transport was influenced by the trough systems at 700 and 500 hPa (Figure 5) as they transported the air masses in the northwest–southeast direction (Figure 6, Figure 7, Figure 8 and Figure 9). From MAM, this transport brings the biomass emissions to South Africa, as the fires start in the MAM season in northern Angola and the Southern Democratic of Congo and move southward [45,48].



Figure 4 shows that during DJF, in all the study areas with the exception of IHV and L areas, CO2 decreased less with altitudes between the 3400 and 5500 m layer than at the surface layer and then increased with altitude above 5500 m. Throughout the other seasons in the CT area, CO2 increased with altitude from just above the 3400 m stable layer all the way up to the top of the troposphere, except during SON where CO2 decreased with altitude above the 5500 m stable layer (Figure 4). The increase with the altitude of CO2 was caused by the long-range transported air masses carrying high levels of CO2 from South America (Figure 6) as the continent has a long season of biomass burning [16,17,19,25]. However during SON, the peak period for biomass burning in South Africa [45], local biomass burning emissions are strong, therefore, the free troposphere transported CO2 is relatively dilute in comparison to the surface, hence the decrease with the altitude of CO2 above the 5500 m stable layer (Figure 4).



From MAM to SON, the CO2 profiles over the NC area increased with altitude from the surface layer up to 8000 m (the level of the 350 hPa stable layer) and then decreased or showed no change with an increase in altitude (Figure 4). The increase in the slope of the CO2 profiles over the NC area from the surface layer and the layer between 3400 m and 5500 m, and the layer above 5500 m during MAM, JJA, and SON was particularly steep, which could have been due to the area being a weak emission source and the steep increase of CO2 with height to high altitudes was caused by transported air masses aloft. Figure 7 shows the frequent transport of air from above countries north of South Africa and South America in MAM and JJA at the middle and the upper troposphere layers.



During MAM and JJA, CO2 in the FS area increased with altitude from above the 3400 m altitude stable layer all the way up to the top of the troposphere (Figure 4). This was similar in NC, where air transport at these upper layers was from above strong biomass emission source regions, that is, countries north of South Africa and South America (Figure 7). During the SON season, biomass burning is at its peak in South Africa [45], hence biomass combustion emissions are strong, as a result, the free troposphere transported CO2 is relatively dilute in comparison to the surface, hence the decrease with altitude of CO2 above the 5500 m stable layer at FS (Figure 4).



During MAM, CO2 in the EC area increased with altitude from above the 3400 m altitude stable layer all the way up to the top of the troposphere (Figure 4). This could be due to the transportation of air from above countries north of South Africa (Figure 8) as biomass burning in these countries start in MAM [45,48]. During JJA, CO2 decreased with altitude from above the 3400 m altitude stable layer all the way up to the top of the troposphere (Figure 4). During SON, due to the peak incidence of biomass fires [45], the biomass combustion emissions are strong and surface emissions from various sources during JJA are also strong [48], as a result, the long-range free troposphere transported CO2 could have been relatively dilute in comparison to the surface, hence the decrease with the altitude of CO2 above the 3400 m stable layer during JJA and the 5500 m stable layer during SON (Figure 4).



Unlike the other areas during MAM, CO2 in the KZN area slightly decreased with altitude within the layer from 3400 to 5500 m and moderately increased with altitude above the 5500 m altitude stable layer all the way up to the top of the troposphere (Figure 4). The moderate increase above the 5500 m layer could be the result of the transportation of biomass emissions burdened air from above countries north of South Africa (Figure 8). Like with the case in the EC area, during JJA, CO2 in KZN decreased with altitude from above the 3400 m altitude stable layer all the way up to the top of the troposphere (Figure 4). Similar to the EC area, during SON, the peak biomass fires emissions [45], and surface emissions from various sources during JJA are also strong [48]. As a result, CO2 from the long-range free troposphere transport (Figure 8) could have been relatively dilute in comparison to the surface, hence the decrease with altitude of CO2 above the 3400 m stable layer during JJA (Figure 4) and lower CO2 mixing ratio levels above 5500 m during SON (Figure 4).



Figure 4 shows that in the IHV and L areas in all seasons, CO2 decreased with altitude from just above the 3400 m altitude stable layer all the way up to the top of the troposphere. This is due to the fact that both areas have a high concentration of industrial CO2 sources including coal-based power generation stations [42,43], some having slight seasonal emission strength cycle [47]. The seasonal biomass and domestic fossil fuel burning emissions are also important contributors to CO2 emissions in these areas [11,45,48]. Consequently, the free troposphere transported CO2 (Figure 9) is relatively dilute in comparison to the surface CO2, hence the decrease with altitude of CO2 just above the 3400 m stable layer in all seasons (Figure 4).




5. Conclusions


This study demonstrated that the relative atmospheric loading of CO2 at various regions in South Africa is intimately linked with emission sources within each region. However, meteorology and air transport also play an important role in influencing the atmospheric mixing ratio distribution of CO2 in South Africa at different atmospheric levels. The subtropical semi-permanent stable layers over South Africa separate the tropospheric CO2 into layers of different loading. Meteorology and air transport lead to the accumulation or dilution of atmospheric levels of CO2 at various sites in South Africa where this change is dependent on the transport source region and type of air flow. The long-range air transport from different source regions at the upper air level between the 700 and 500 hPa stable layers and the layer above 500 hPa strengthens the inhomogeneity in the vertical distribution of CO2, which is caused by the decoupling effect of the upper air stable layers. At some areas in South Africa, this free troposphere long-range air transport can result in higher free troposphere CO2 mixing ratios than the CO2 mixing ratios at the surface. The middle and upper troposphere westerly long-range air transport also involves intercontinental air transport, which is more frequent during winter and spring.
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Table A1. Summer (DJF) horizontally averaged CO2 data and the associated standard deviations at different altitudes used for vertical profiles at different study areas.






Table A1. Summer (DJF) horizontally averaged CO2 data and the associated standard deviations at different altitudes used for vertical profiles at different study areas.





	
Altitude (m)

	
CT

	
CT

	
NC

	
EC

	
KZN

	
IHV

	
L




	

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)






	
0.02

	

	
382.22 ± 6

	

	
382.97 ± 6

	
381.91 ± 6

	

	




	
230.64

	

	
382.53 ± 6

	

	
382.30 ± 6

	
382.60 ± 6

	

	




	
592.67

	

	

	

	

	

	

	
385.77 ± 12




	
942.04

	

	
382.49 ± 6

	
383.21 ± 10

	
382.16 ± 5

	
382.67 ± 7

	

	
385.71 ± 10




	
1440.94

	
380.88 ± 7

	

	

	

	

	
384.60 ± 9

	




	
1756.64

	
380.73 ± 7

	
382.23 ± 6

	
383.08 ± 11

	
381.85 ± 6

	
382.42 ± 7

	
384.62 ± 9

	
385.55 ± 10




	
2569.40

	
380.46 ± 8

	
381.97 ± 7

	
382.91 ± 11

	
381.56 ± 6

	
382.18 ± 8

	
384.65 ± 10

	
385.41 ± 11




	
3370.16

	
380.19 ± 9

	
381.72 ± 7

	
382.74 ± 12

	
381.27 ± 6

	
381.94 ± 9

	
384.68 ± 10

	
385.27 ± 11




	
4156.60

	
380.16 ± 8

	
381.64 ± 7

	
382.64 ± 11

	
381.14 ± 6

	
381.81 ± 9

	
384.43 ± 10

	
384.87 ± 10




	
4929.14

	
380.14 ± 8

	
381.57 ± 7

	
382.53 ± 10

	
381.01 ± 6

	
381.69 ± 9

	
384.19 ± 9

	
384.47 ± 9




	
5688.85

	
380.12 ± 8

	
381.50 ± 7

	
382.43 ± 9

	
380.89 ± 6

	
381.56 ± 8

	
383.94 ± 9

	
384.08 ± 8




	
6435.90

	
380.25 ± 7

	
381.64 ± 7

	
382.47 ± 8

	
381.01 ± 6

	
381.65 ± 8

	
383.77 ± 8

	
383.88 ± 8




	
7169.57

	
380.39 ± 7

	
381.77 ± 6

	
382.52 ± 8

	
381.13 ± 5

	
381.75 ± 8

	
383.61 ± 8

	
383.67 ± 7




	
7889.28

	
380.53 ± 6

	
381.91 ± 6

	
382.57 ± 7

	
381.26 ± 5

	
381.84 ± 7

	
383.45 ± 7

	
383.47 ± 6




	
8594.71

	
380.68 ± 6

	
382.06 ± 6

	
382.63 ± 6

	
381.41 ± 5

	
381.95 ± 7

	
383.34 ± 6

	
383.36 ± 6




	
9286.01

	
380.83 ± 5

	
382.22 ± 5

	
382.70 ± 6

	
381.56 ± 4

	
382.06 ± 6

	
383.24 ± 6

	
383.25 ± 5




	
10627.13

	
381.12 ± 4

	
382.50 ± 4

	
382.84 ± 5

	
381.85 ± 4

	
382.27 ± 5

	
383.07 ± 5

	
383.08 ± 4




	
13151.47

	
381.58 ± 3

	
382.93 ± 4

	
383.08 ± 4

	
382.33 ± 3

	
382.58 ± 4

	
382.86 ± 4

	
382.90 ± 3




	
14343.87

	
381.75 ± 3

	
383.09 ± 3

	
383.17 ± 3

	
382.51 ± 3

	
382.70 ± 4

	
382.80 ± 4

	
382.86 ± 3




	
15502.97

	
381.89 ± 3

	
383.21 ± 3

	
383.25 ± 3

	
382.65 ± 3

	
382.79 ± 3

	
382.76 ± 4

	
382.83 ± 3




	
17761.56

	
382.09 ± 3

	
383.39 ± 3

	
383.39 ± 3

	
382.84 ± 3

	
382.95 ± 3

	
382.80 ± 3

	
382.88 ± 3




	
18325.96

	
382.12 ± 3

	
383.41 ± 3

	
383.41 ± 3

	
382.87 ± 3

	
382.97 ± 3

	
382.81 ± 3

	
382.89 ± 3
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Table A2. Autumn (MAM) horizontally averaged CO2 data and the associated standard deviations at different altitudes used for vertical profiles at the different study areas.






Table A2. Autumn (MAM) horizontally averaged CO2 data and the associated standard deviations at different altitudes used for vertical profiles at the different study areas.





	
Altitude (m)

	
FS

	
CT

	
NC

	
EC

	
KZN

	
IHV

	
L




	

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)






	
4.07

	

	
381.84 ± 7

	

	
382.20 ± 7

	
381.36 ± 6

	

	




	
345.94

	

	
382.32 ± 7

	

	
382.44 ± 7

	
383.94 ± 7

	

	




	
686.11

	

	

	

	

	

	

	
384.48 ± 9




	
1054.03

	

	
382.70 ± 7.1

	
383.72 ± 6

	
382.42 ± 7

	
384.34 ± 8

	

	
385.19 ± 10




	
1440.94

	
381.10 ± 7

	

	

	

	

	
385.24 ± 6

	




	
1766.61

	
381.04 ± 7

	
382.60 ± 7

	
383.81 ± 6

	
382.38 ± 7

	
384.31 ± 8

	
385.90 ± 7

	
385.16 ± 10




	
2566.75

	
381.00 ± 7

	
382.52 ± 8

	
383.93 ± 6

	
382.40 ± 8

	
384.28 ± 8

	
386.44 ± 8

	
385.15 ± 10




	
3353.82

	
380.97 ± 7

	
382.44 ± 8

	
384.05 ± 7

	
382.42 ± 8

	
384.25 ± 9

	
386.98 ± 8

	
385.13 ± 10




	
4126.94

	
381.12 ± 7

	
382.48 ± 8

	
384.10 ± 6

	
382.50 ± 8

	
384.16 ± 8

	
386.92 ± 8

	
384.85 ± 10




	
4886.25

	
381.26 ± 6

	
382.52 ± 8

	
384.15 ± 6

	
382.58 ± 8

	
384.08 ± 8

	
386.86 ± 8

	
384.58 ± 9




	
5631.52

	
381.41 ± 6

	
382.57 ± 7

	
384.19 ± 6

	
382.66 ± 7

	
383.99 ± 8

	
386.80 ± 8

	
384.31 ± 8




	
6362.36

	
381.59 ± 6

	
382.69 ± 7

	
384.21 ± 6

	
382.78 ± 7

	
383.99 ± 7

	
386.57 ± 7

	
384.14 ± 8




	
7078.55

	
381.77 ± 5

	
382.80 ± 6

	
384.24 ± 5

	
382.90 ± 6

	
383.99 ± 6

	
386.35 ± 7

	
383.98 ± 7




	
7780.00

	
381.95 ± 5

	
382.92 ± 6

	
384.26 ± 5

	
383.03 ± 6

	
384.00 ± 6

	
386.13 ± 6

	
383.81 ± 6




	
8466.52

	
382.09 ± 5

	
383.02 ± 5

	
384.26 ± 5

	
383.12 ± 5

	
384.02 ± 5

	
385.90 ± 6

	
383.73 ± 6




	
9138.38

	
382.24 ± 4

	
383.13 ± 5

	
384.26 ± 4

	
383.22 ± 5

	
384.04 ± 5

	
385.68 ± 5

	
383.65 ± 5




	
10440.52

	
382.49 ± 4

	
383.31 ± 4

	
384.26 ± 4

	
383.38 ± 4

	
384.10 ± 4

	
385.29 ± 5

	
383.54 ± 4




	
12915.24

	
382.89 ± 3

	
383.58 ± 3

	
384.27 ± 3

	
383.62 ± 3

	
384.24 ± 3

	
384.76 ± 4

	
383.52 ± 3




	
14115.41

	
383.02 ± 3

	
383.68 ± 3

	
384.29 ± 3

	
383.70 ± 3

	
384.30 ± 3

	
384.60 ± 3

	
383.54 ± 3




	
16470.88

	
383.16 ± 3

	
383.78 ± 3

	
384.26 ± 3

	
383.78 ± 3

	
384.34 ± 3

	
384.36 ± 3

	
383.53 ± 3




	
17636.66

	
383.17 ± 3

	
383.79 ± 3

	
384.23 ± 3

	
383.79 ± 3

	
384.33 ± 3

	
384.28 ± 3

	
383.51 ± 3
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Table A3. Winter (JJA) horizontally averaged CO2 data and the associated standard deviations at different altitudes used for vertical profiles at the different study areas.






Table A3. Winter (JJA) horizontally averaged CO2 data and the associated standard deviations at different altitudes used for vertical profiles at the different study areas.





	
Altitude (m)

	
FS

	
CT

	
NC

	
EC

	
KZN

	
IHV

	
L




	

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)






	
6.05

	

	
382.02 ± 6

	

	
386.92 ± 7

	
384.21 ± 8

	

	




	
363.48

	

	
382.06 ± 6

	

	
385.42 ± 6

	
385.77 ± 8

	

	




	
718.73

	

	

	

	

	

	

	
385.75 ± 8




	
1047.34

	

	
382.56 ± 7

	
384.39 ± 5

	
385.06 ± 7

	
386.00 ± 8

	

	
387.09 ± 10




	
1466.64

	
381.63 ± 6

	

	

	

	

	
386.94 ± 10

	




	
1769.49

	
381.79 ± 7

	
382.50 ± 7

	
384.50 ± 5

	
385.07 ± 7

	
386.07 ± 9

	
386.82 ± 10

	
387.17 ± 10




	
2558.37

	
381.63 ± 7

	
382.45 ± 7

	
384.67 ± 5

	
385.10 ± 7

	
386.16 ± 9

	
387.07 ± 11

	
387.27 ± 10




	
3334.02

	
381.47 ± 7

	
382.40 ± 8

	
384.85 ± 5

	
385.13 ± 7

	
386.24 ± 9

	
387.32 ± 12

	
387.38 ± 11




	
4096.52

	
381.61 ± 7

	
382.47 ± 7

	
384.98 ± 5

	
385.04 ± 7

	
386.12 ± 9

	
387.16 ± 11

	
387.04 ± 10




	
4845.48

	
381.76 ± 7

	
382.55 ± 7

	
385.11 ± 5

	
384.94 ± 6

	
385.99 ± 8

	
387.00 ± 10

	
386.69 ± 9




	
5580.40

	
381.90 ± 6

	
382.63 ± 7

	
385.24 ± 5

	
384.85 ± 6

	
385.87 ± 8

	
386.85 ± 10

	
386.35 ± 9




	
6300.86

	
382.09 ± 6

	
382.76 ± 6

	
385.29 ± 5

	
384.74 ± 6

	
385.75 ± 7

	
386.64 ± 9

	
386.04 ± 8




	
7006.59

	
382.28 ± 5

	
382.88 ± 6

	
385.34 ± 4

	
384.64 ± 5

	
385.64 ± 7

	
386.44 ± 8

	
385.73 ± 7




	
7697.68

	
382.47 ± 5

	
383.01 ± 6

	
385.39 ± 4

	
384.53 ± 5

	
385.52 ± 6

	
386.24 ± 8

	
385.42 ± 6




	
8374.24

	
382.62 ± 5

	
383.14 ± 5

	
385.37 ± 4

	
384.45 ± 4

	
385.42 ± 6

	
386.06 ± 7

	
385.19 ± 6




	
9037.19

	
382.77 ± 4

	
383.27 ± 5

	
385.36 ± 4

	
384.37 ± 4

	
385.33 ± 5

	
385.88 ± 6

	
384.95 ± 5




	
9687.95

	
382.92 ± 4

	
383.40 ± 5

	
385.35 ± 4

	
384.29 ± 4

	
385.23 ± 5

	
385.70 ± 6

	
384.72 ± 5




	
10959.93

	
383.14 ± 4

	
383.60 ± 4

	
385.29 ± 3

	
384.19 ± 3

	
385.09 ± 4

	
385.44 ± 5

	
384.42 ± 4




	
13431.73

	
383.48 ± 3

	
383.88 ± 4

	
385.18 ± 3

	
384.03 ± 3

	
384.89 ± 3

	
385.07 ± 4

	
384.00 ± 3




	
14642.96

	
383.56 ± 3

	
383.95 ± 3

	
385.13 ± 3

	
383.98 ± 3

	
384.83 ± 3

	
384.95 ± 4

	
383.88 ± 3




	
17021.94

	
383.61 ± 3

	
384.04 ± 3

	
385.00 ± 3

	
383.89 ± 3

	
384.70 ± 3

	
384.74 ± 3

	
383.66 ± 3




	
18203.22

	
383.59 ± 3

	
384.04 ± 3

	
384.96 ± 3

	
383.86 ± 3

	
384.66 ± 3

	
384.69 ± 3

	
383.61 ± 3
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Table A4. Spring (SON) horizontally averaged CO2 data and the associated standard deviations at different altitudes used for vertical profiles at the different study areas.






Table A4. Spring (SON) horizontally averaged CO2 data and the associated standard deviations at different altitudes used for vertical profiles at the different study areas.





	
Altitude (m)

	
FS

	
CT

	
NC

	
ET

	
KZN

	
IHV

	
L




	

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)

	
CO2 ± STD (ppm)






	
0.00

	

	
385.07 ± 7

	

	
383.83 ± 7

	
382.39 ± 7

	

	




	
390.75

	

	
384.81 ± 7

	

	
384.16 ± 6

	
384.31 ± 7

	

	




	
659.73

	

	

	

	

	

	

	
385.54 ± 8




	
1034.78

	

	
385.08 ± 7

	
383.52 ± 6

	
384.05 ± 6

	
384.40 ± 8

	

	
387.07 ± 9




	
1461.77

	
384.97 ± 7

	

	

	

	

	
385.23 ± 7

	




	
1751.32

	
384.97 ± 7

	
385.14 ± 7

	
383.62 ± 6

	
384.06 ± 6

	
384.21 ± 8

	
385.61 ± 7

	
386.99 ± 10




	
2545.65

	
385.24 ± 7

	
385.21 ± 7

	
383.74 ± 6

	
384.12 ± 6

	
384.03 ± 9

	
385.70 ± 7

	
386.92 ± 10




	
3327.95

	
385.49 ± 7

	
385.28 ± 7

	
383.88 ± 7

	
384.17 ± 7

	
383.85 ± 10

	
385.81 ± 8

	
386.84 ± 10




	
4097.57

	
385.41 ± 7

	
385.29 ± 7

	
384.04 ± 6

	
384.18 ± 6

	
383.67 ± 10

	
385.73 ± 8

	
386.43 ± 10




	
4853.96

	
385.33 ± 7

	
385.30 ± 7

	
384.21 ± 6

	
384.19 ± 6

	
383.50 ± 11

	
385.65 ± 8

	
386.02 ± 9




	
5596.94

	
385.26 ± 7

	
385.31 ± 7

	
384.37 ± 6

	
384.21 ± 6

	
383.33 ± 11

	
385.56 ± 7

	
385.61 ± 9




	
6326.20

	
385.08 ± 6

	
385.21 ± 6

	
384.43 ± 5

	
384.11 ± 6

	
383.30 ± 10

	
385.43 ± 7

	
385.29 ± 8




	
7041.49

	
384.91 ± 6

	
385.11 ± 6

	
384.50 ± 5

	
384.01 ± 5

	
383.26 ± 10

	
385.29 ± 7

	
384.96 ± 7




	
7742.91

	
384.74 ± 6

	
385.01 ± 6

	
384.56 ± 5

	
383.92 ± 5

	
383.23 ± 9

	
385.16 ± 6

	
384.64 ± 7




	
8430.33

	
384.55 ± 5

	
384.91 ± 5

	
384.55 ± 4

	
383.83 ± 5

	
383.25 ± 8

	
385.00 ± 6

	
384.40 ± 6




	
9104.01

	
384.35 ± 5

	
384.81 ± 5

	
384.55 ± 4

	
383.74 ± 4

	
383.28 ± 8

	
384.84 ± 5

	
384.16 ± 6




	
9764.40

	
384.15 ± 5

	
384.72 ± 4

	
384.55 ± 4

	
383.66 ± 4

	
383.30 ± 7

	
384.69 ± 5

	
383.92 ± 5




	
11049.05

	
383.79 ± 4

	
384.54 ± 4

	
384.48 ± 3

	
383.50 ± 4

	
383.34 ± 6

	
384.39 ± 4

	
383.57 ± 4




	
13510.78

	
383.12 ± 4

	
384.18 ± 3

	
384.25 ± 3

	
383.17 ± 3

	
383.31 ± 4

	
383.84 ± 3

	
382.94 ± 3




	
14707.10

	
382.92 ± 3

	
384.08 ± 3

	
384.18 ± 3

	
383.07 ± 3

	
383.31 ± 4

	
383.68 ± 3

	
382.77 ± 3




	
17060.89

	
382.84 ± 3

	
384.09 ± 3

	
384.28 ± 3

	
383.10 ± 3

	
383.50 ± 3

	
383.66 ± 3

	
382.74 ± 3




	
18235.79

	
382.86 ± 3

	
384.12 ± 3

	
384.33 ± 3

	
383.12 ± 3

	
383.56 ± 3

	
383.69 ± 3

	
382.77 ± 3
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Figure 1. Map of South Africa showing the position of the areas of interest that were analyzed in this study. 
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Figure 2. Map of South Africa showing the trajectory starting point positions and demarcations of study areas used for trajectory analysis. 
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Figure 3. Comparison of the Tropospheric Emission Spectrometer (TES) surface and ground-based monitored Global Atmosphere Watch (GAW) Cape Point station CO2 data. (a) Comparison of the TES surface and ground-based station CO2 data. (b) The difference between the two datasets. (c) Scatter plot between the TES and ground-based observations at Cape Point; the black line represents the regression line between the two observations. 
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Figure 4. Seasonal CO2 vertical profiles at selected areas in South Africa. 
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Figure 5. Composite mean seasonal geopotential height (m) over Southern Africa, South Atlantic, and Indian Ocean at the 1000, 700, and 5500 hPa pressure levels during the 2004–2009 period, constructed using National Centers for Environmental Prediction and National Center for Atmospheric ResearchNCEP and NCAR reanalysis data. From the (top) to the (bottom) row is the seasonal change from DJF to SON, while the (left), (middle), and (right) columns represent the pressure levels at 1000, 700 and 500 hPa, respectively. 
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Figure 6. Seasonal 5-day backward trajectories illustrating air transport with its frequency impacting on CO2 mixing ratios at the surface, above 3400, and 5500 m stable layers in the Cape Town area. From the (top) to the (bottom) row is the seasonal change from DJF to SON, while the (left), (middle), and (right) columns represent the atmospheric layers at the surface, above 3400, and 5500 m stable layers, respectively. 
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Figure 7. Seasonal 5-day backward trajectories illustrating air transport with its frequency impacting on CO2 mixing ratios at the surface, above 3400, and 5500 m stable layers at Central Interior of South Africa area. From (top) to (bottom) row is the seasonal change from DJF to SON, while the (left), (middle), and (right) columns represent atmospheric layers at the surface, above 3400, and 5500 m stable layers, respectively. 
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Figure 8. Seasonal 5-day backward trajectories illustrating air transport with its frequency impacting on CO2 mixing ratios at the surface, above 3400 and 5500 m stable layers at East Coast of South Africa area. From the top to the bottom row is the seasonal change from DJF to SON, while the left, middle and right columns represent atmospheric layers at the surface, above 3400 and 5500 m stable layers, respectively. 
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Figure 9. Seasonal 5-day backward trajectories illustrating air transport with its frequency impacting the CO2 mixing ratios at the surface, above 3400, and 5500 m stable layers at the North East of South Africa area. From the (top) to the (bottom) row is the seasonal change from DJF to SON, while the (left), (middle), and (right) columns represent the atmospheric layers at the surface, above 3400 m, and 5500 m stable layers, respectively. 






Figure 9. Seasonal 5-day backward trajectories illustrating air transport with its frequency impacting the CO2 mixing ratios at the surface, above 3400, and 5500 m stable layers at the North East of South Africa area. From the (top) to the (bottom) row is the seasonal change from DJF to SON, while the (left), (middle), and (right) columns represent the atmospheric layers at the surface, above 3400 m, and 5500 m stable layers, respectively.
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Table 1. Vertically profiled areas and their geographic demarcations.






Table 1. Vertically profiled areas and their geographic demarcations.





	Area
	Latitude Range (° S)
	Longitude Range (° E)





	Cape Town (CT)
	32.5° to 35.0°
	17.5° to 20.5°



	Central Freestate (FS)
	27.5° to 29.5°
	25.5° to 29.0°



	Central Northern Cape (NC)
	28.0° to 31.0°
	21.0° to 25.0°



	Eastern Cape (EC)
	32.0° to 34.5°
	32.0° to 34.5°



	KwaZulu-Natal (KZN)
	28.0° to 31.0°
	30.0° to 32.7°



	Industrial Highveld (IHV)
	24.8° to 27.2°
	26.8° to 30.2°



	Industrial Highveld (IHV) Limpopo (L)
	22.0° to 25.0°
	27.0° to 32.0°
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Table 2. The study areas and their geographic positions.






Table 2. The study areas and their geographic positions.





	
Area

	
Starting

Location

	
Starting Location

Altitude (m)

	
Starting Location

Height (magl)






	
Cape Town (CT)

	
18.42° E, 33.93° S

	
0.0

	
50.0




	
3600.0




	
6000.0




	
Central Interior of South Africa (CISA)

	
27.1° E, 28.5° S

	
1400.0

	
50.0




	
2200.0




	
4500.0




	
East Coast of South Africa (ECSA)

	
31.35° E, 29.5° S

	
0.0

	
50.0




	
3600.0




	
6000.0




	
North East of South Africa (NESA)

	
28.35° E, 25.8° S

	
1400.0

	
50.0




	
2200.0




	
4500.0
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