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Abstract

:

This research report investigated the impacts of the COVID-19 lockdown restrictions on CO, SO2, and NO2 trends in Durban from 2019 to 2021. The COVID-19 lockdown restrictions proved to decrease greenhouse gas (GHG) emissions globally; however, the decrease in GHG emissions was for a short period only. Space-borne technology has been used by researchers to understand the spatial and temporal trends of GHGs. This study used Sentinel-5P to map the spatial distribution of CO, SO2, and NO2. Use was also made of the Atmospheric Infrared Sounder (AIRS), Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2), and the Ozone Monitoring Instrument (OMI) to understand the temporal trends of CO, SO2, and NO2, respectively. To validate the results of this study, we used the Sequential Mann–Kendall (SQMK) test. This study indicated that there were no significant changes in all the investigated gases. Therefore, this study failed to reject the null hypothesis of the SQMK test that there was no significant trend for all investigated gasses. Increasing trends were observed for CO, SO2, and NO2 trends during winter months throughout the study period, whereas a decreasing trend was observed in all investigated gases during the spring months. This shows that meteorological factors play a significant role in the accumulation of air pollutants in the atmosphere. Most importantly, this study has noted that there was an inverse relationship between the trends of all investigated gases and the COVID-19 lockdown restrictions.
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1. Introduction


Cities are the greatest emitters of anthropogenic emissions; they consequently result in increased air temperatures in many urban areas [1,2]. Air pollution accounts for over six million deaths per annum globally [3,4]. Further, increased rates of pollution drive ecosystem deterioration and health risks [5]. As a result, people and animals are affected. For example, people may become susceptible to respiratory, heart, and lung diseases [5,6,7], whereas animals may experience death, physiological tension, and disease [8]. In 2021, Western Europe and North America experienced flood and extreme heat events, respectively, which were ascribed to human-induced climate change effects [9]. Even when measures are placed to regulate emissions, the emissions persistently increase. Global carbon dioxide (CO2) emissions increased to 36.64 GtCO2 in 2019, and then a sudden decrease of 1.98 GtCO2 occurred in 2020 in response to the coronavirus disease (COVID-19) pandemic [9]. However, the UNEP [9] has noted that the global decrease in emissions from COVID-19 was only short-term. The pandemic affected the cost and demand for global oil [10], mainly because most industrial activities were curtailed and there was limited fossil fuel combustion. Consequently, there was a global 30% reduction in NO2 [9]. Emissions from transport, manufacturing factories, and mines were affected as COVID-19 emerged in South Africa and the rest of the world. Consequently, countries implemented lockdown measures to control and reduce the COVID-19 infection rate, which resulted in people’s movements being restricted. Simultaneously, mining, transport, and numerous industries were halted [1,6,11]. Owing to lockdowns, there was a 17% daily decrease in CO2 in 69 countries [12]. Additionally, NO2 was also reduced by 60% in 34 country regions. The decrease in NO2 is mostly attributed to the restrictions imposed on transport since it is responsible for most NO2 abnormalities in the 34 countries mentioned in [4]. Bashir et al. [13] noted that COVID-19 provided the environment with time for healing. In other words, this shows that COVID-19 had a significant positive impact on GHG emissions across the world. However, the implementation of measures to control COVID-19 infections exacerbated the decline in the global economy to an even greater extent than occurred due to World War 2 [12]. Given that countries are bound to recover from the economic ramifications of COVID-19, the UNEP [9] suggests that while countries are recovering economically, they should incorporate decarbonisation strategies.



Durban is one of South Africa’s industrial cities. It has numerous economic activities including chemical industries, shipping, car manufacturing, and logistics. Furthermore, it provides a home to the two largest petroleum refineries in the country: namely SAPREF and Engen [2,14,15]. Consequently, Durban is responsible for supplying over 58% of South Africa’s petroleum [2,14,16]. Additionally, it is also home to Africa’s busiest port [2,14]. Manqele [15] showed that Durban is responsible for over 60% of South Africa’s exports and imports conducted from the Durban Port. In a similar vein, the South Durban Industrial Basin (SDIB) is understood to be the economic hub of Kwa-Zulu Natal [15]. Petroleum refineries, sugar refineries, paper manufacturing factories, and agricultural combustion in Durban account for over 980 000 million tonnes per year of trace gases [17]. Emissions from light vehicles in Durban contribute 43% of road transport emissions, which is 12% greater than the national level, as argued by Jagarnath and Thambiran [2]. With the global COVID-19 outbreak (in March 2020 in South Africa), according to Potgieter et al. [18], industries including manufacturing and transport were curtailed to control the spread of the virus. Consequently, there was a significant reduction in emissions globally [5]. The implemented lockdowns curtailed most economic activities, which resulted in energy consumption reduction [12]. Owing to the abysmal regulations of emissions, anthropogenic-induced climate change continues to exacerbate [19]. Therefore, proper management of emissions is needed to abate the ramifications of climate change. This study’s focus is on CO, SO2, and NO2 emissions because these gases pose threats to human health, environment, and climate [20,21]. This paper aims to understand the Impacts of COVID-19 lockdown restrictions on SO2, NO2, and CO column densities in Durban. We will use AIRS, MERRA-2, and OMI data for temporal column densities for CO, SO2, and NO2, respectively. Sentinel-5p will be used to map the spatial distribution of the investigated gases.




2. Materials and Methods


2.1. Study Site


Durban is a city in the province of Kwa-Zulu Natal (KZN) in South Africa (see Figure 1). It occupies a 2297 km2 area of land and has a population of approximately 3.7 million [2,14]. Durban is the third-largest city in Africa [14]. The city is situated on the eastern side of South Africa and is, therefore, adjacent to the Indian Ocean. Furthermore, it is a wet area that experiences over 1000 mm of precipitation annually, and it is usually wet in summer and dry in winter [15]. Manqele [15] notes that the wind speed in Durban is at its minimum in the winter months compared to the summer months. Durban is known for industrial activities, including manufacturing and shipping. As a result, it has the busiest port in Africa and the two largest petroleum refineries in South Africa [2,15,16]. The South Durban Industrial Basin (SDIB), situated to the south of the city, has the largest number of petroleum refineries in the entire country; thus, it is considered an economic hub of KZN [15]. Additionally, Durban is the largest producer of vehicles in South Africa [2]. As noted in [14], the busy port is the conduit for high transportation volumes. Consequently, road traffic can be expected to be significant as a result of the transportation of goods from the Durban Port to the market. The prevailing southwesterly winds in the city of Durban [22] are likely to affect the dispersion of air pollutants across Durban.




2.2. SENTINEL-5P/TROPOMI


Sentinel-5 precursor (5P) is a satellite developed by the European Space Agency, which comprises Italy, the United Kingdom, Spain, Germany, and 19 other European countries [23]. Sentinel-5P was launched into space on 13 October 2017 with a dedicated mission to carry out monitoring of UV radiation, air quality, ozone, and climate [23,24]. This space-borne technology has TROPOMI, which permits measurements of various atmospheric gases including CO, SO2, NO2, ozone (O3), formaldehyde (CH4O), and methane (CH4). TROPOMI/Sentinel-5 has a spatial resolution of 3.5 × 7 km2, making it 13 times more advanced than the OMI [23,24]. Furthermore, TROPOMI was developed with advanced retrieval algorithms; as a result, TROPOMI is recommended for improved detection of micro SO2 plumes compared to the OMI [23]. Furthermore, this sensor is made up of seven spectral bands: ultraviolet and visible 1 (UV-1) (270–300 nm), UV-2 (300–370 nm), visible (VIS) (370–500 nm), near-infrared 1 (NIR-1) (685–710 nm), NIR-2 (745–773 nm), shortwave infrared 1 (SWIR-1) (1590–1675 nm), and SWIR-3 (2305–2385 nm). Sentinel-5P has a swath width of 2 600 km, permitting the sensor to provide global coverage [11,23]. Moreover, the sensor has a superb temporal resolution with less than a day’s revisit time [23]. This means that TROPOMI can pass by a certain area twice a day. This research report utilised TROPOMI for CO, SO2, and NO2 spatial data based on the sensor’s excellent spatial resolution. Sentinel-5P data were obtained from https://code.earthengine.google.com/ (accessed on 15 August 2023), the Google Earth Engine site. These data were in the form of Level 2 data, which means that they were atmospherically corrected using various retrieval and analysis algorithms. Lastly, Sentinel-5P data were further manipulated using ArcGIS 10.2 to create maps to show the spatial distribution of NO2, SO2, and CO.




2.3. OMI


An instrument in the Earth Observing System (EOS), the OMI was launched in July 2004 by the Netherlands Agency for Aerospace (NIVR) in partnership with the Finnish Meteorological Institute (FMI). This sensor was developed to continue the duties of the Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) and the Global Ozone Monitoring Experiment [25]. Furthermore, it has continued to record the total column ozone and recording trace gases [26]. This sensor has three spectral bands: UV-1; 269–309 nm, UV-2; 310–367 nm, and visible; 269–500 nm, which enables the sensor to record products such as O3, SO2, NO2, formaldehyde (HCHO), bromine oxide (BrO), and aerosols [27]. These gases are displayed at a decent spatial resolution of 13 × 25 km2. Moreover, the OMI has a swath width of 2600 km and a one-day temporal resolution (that is, it enables global coverage in one day) [26,27,28]. According to Levelt et al. [25], the OMI has advanced NO2 retrieval algorithms, which is why we used the OMI for NO2 time series data in Durban. These data were obtained from Giovanni’s website (https://giovanni.gsfc.nasa.gov/giovanni/), (accessed on 15 August 2023), which is evaluated and maintained by the National Aeronautics and Space Administration (NASA).




2.4. AIRS


AIRS is one of the satellites of the EOS that was launched in May 2002. This sensor was developed by the British Aerospace System (BAE). The purpose of this sensor is to address surface temperature, water cycle, climate change, and GHGs [24,29,30]. AIRS has three spectral bands: 3.75–4.61 µm, 6.20–8.22 µm, and 8.8–15.44 µm, and over 2000 channels [30]. Further, this sensor is made of a 45 km horizontal spatial resolution at the nadir and a 2 km vertical spatial resolution [29]. AIRS has a swath width of 1 600 km and a one-day frequency temporal resolution, which allows for near global coverage per day [24]. This sensor offers various products including 03, CO, methane (CH4), air temperature, surface temperature, and aerosols. Additionally, AIRS has advanced measurement precision and accuracy [30]. For that reason, we will use this sensor to assess the CO time series trends in Durban. AIRS data were obtained from Giovanni (https://giovanni.gsfc.nasa.gov/giovanni/, (accessed on 15 August 2023). The data came in Level 2B, which means that the data were extracted from Level 1B, therefore, atmospheric and radiometric corrections were already performed.




2.5. MERRA-2


MERRA-2 is a reanalysis data that integrates EOS satellites and Goddard EOS, version 5 (GEOS-5). MERRA reanalysis was succeeded by MERRA-2 with advanced GEOS-5 [31]. This reanalysis data measured wind speed, surface temperature, air temperature, and GHGs from the early 1980s [32]. MERRA-2 uses a cubed sphere grid with a 0.5⁰ × 0.625⁰ latitude by longitude spectral resolution [33,34]. These data came in Level 2B. GEOS-5 has introduced improved retrieval algorithms and analysis algorithms into the MERRA family [33]. This is evident as the (now MERRA-2) reanalysis can assimilate aerosols as opposed to the MERRA reanalysis, which could not [34]. Based on these technological advancements, the current study used these reanalysis data to determine SO2 time series trends in Durban. MERRA-2 reanalysis data were obtained from Giovanni (https://giovanni.gsfc.nasa.gov/giovanni/, (accessed on 15 August 2023).




2.6. SQMK


The Sequential Mann–Kendall (SQMK) test was initially introduced by Sneyers [24]. The test was proposed to validate time series trends. It is used to detect sudden changes in the time series [24,35,36,37]. The SQMK test is made up of two series, named progressive and retrograde, which are also known as forward series u(t) and backward series u′(t), respectively. When the u(t) series and u′(t) series cross and proceed to diverge to surpass the threshold, it is an indication of a significant statistical trend [24,35,36]. The null hypothesis of this test states that there is no significant trend, whereas the alternative hypothesis states that there is a significant trend. The threshold value of this study was set to ±1.96 (p = 0.05). The crossing point of the two series depicts the year in which the trend started [36]. This test is set out in the following manner.



For every comparison, the number of cases xa > xb is included and denoted by na, where xa (1, 2, 3…n) and xb (1, 2, 3…n−1) are considered the sequential values in a series, respectively.



The test statistic ti is calculated by:


    t   a   =   ∑  b   a      n   b      



(1)







The mean E(t) and the variance var(ti) of the test statistic are calculated by:


  E   t   =   n ( n − 1 )   4    



(2)






  v a r (   t   a   ) =   a ( a − 1 ) ( 2 a + 5 )   72    



(3)







The sequential progressive value can be calculated as:


  u ( t ) =     t   a   − E ( t )    v a r (   t   a   )     



(4)









3. Results


3.1. Spatial Distribution Analysis


3.1.1. CO


COVID-19 transitioned the global paradigms by curtailing industries, transport, and other major economic activities. Ref. [13] argue that COVID-19 awarded the environment a period of recuperation. This comes from the sense of curbing transport and industries resulted in a reduction in GHGs emissions, as stated by Bashir et al. [13]. Sentinel-5p was used to show the spatial distribution of all investigated gases. Figure 2, Figure 3 and Figure 4 show seasonal CO column density measurements in Durban from 2019 to 2021. Summer is represented by December–January–February (DJF), autumn by March–April–May (MAM), winter by June–July–August (JJA), and lastly, spring is represented by September–October–November (SON). Figure 2 shows that 2019 had significant CO hotspots compared to 2020 (see Figure 3). Additionally, the areas to the north of Durban (north Durban) had insignificant CO column density compared to the areas to the south of Durban (south Durban). This is mainly because south Durban is recognised as the economic hub of KZN as it hosts numerous industries, whereas north Durban has relatively little industry and is primarily residential [38]. The summer, autumn, and spring of 2019 showed high CO column density compared to the winter of 2019 (see Figure 2). The observed decrease in CO column density in the winter of 2019 could have been due to better air pollution control and a substantial increase in CO sink availability. In contrast, a major decrease in CO column density was observed in the summer of 2020 compared to the summer of 2019 (see Figure 3a and Figure 2a, respectively). Relative to the autumn of 2019, the comparatively big decrease continued in the autumn of 2020 (see Figure 2b and Figure 3b). This decrease can be attributed to the Level 5 lockdown, which occurred from 26 March 2020 to 30 April 2020 (see Table 1). Level 5 was known as the “hardest lockdown”, meaning that the majority of the economic activities were not operational. Therefore, as the levels eased from Level 5 to lower levels, some economic activities were allowed to operate based on their significance to the society and economy [18].



Industrial, manufacturing, and transport activities were severely curtailed; therefore, there were few operational sources of CO. The winter of 2020 showed a significant CO hotspot in south Durban (see Figure 3c). This coincided with Level 5 lockdown measures being eased to Level 4. Therefore, some economic activities were permitted to recommence operation (see Table 1). Oil refineries and petroleum refineries were considered essential, and, therefore, they were relieved of the Level 5 lockdown measures [40]. It can be argued that oil and petroleum refineries may have contributed to the CO hotspot observed in the winter of 2020 (see Figure 3c). The hotspot is observed at the location of numerous refineries (see Figure 1). Additionally, low wind speed and low temperature may have played a role in influencing CO to be trapped in the atmosphere. A further increase in CO continued in the spring of 2020 (see Figure 3d). This can be attributed to the further easing of lockdown restrictions from Level 4 to Level 3, at which point more sectors were permitted to operate and road transport was less restricted (see Table 1). Figure 4a shows that the summer of 2021 had a slight increase in CO column density in north Durban but a notable increase in the far south of Durban.



Additionally, a slight increase in CO column density occurred near the harbour, which can be attributed to the operation of heavy-duty vehicles. Industries, mills, and factories near the harbour, such as Illovo Sugar Africa and Tata Chemical Industry, may have contributed to the increase in CO column density observed in Figure 4a. The transportation of goods may also account for the increase in CO column density in the summer of 2021 since transportation of goods was regarded as an essential service. An increase was observed in the autumn of 2021 in the SDIB, as it showed a more pronounced CO hotspot spreading to the northeast (see Figure 4b). This can be attributed to the easing of lockdown levels from Level 3 to Level 1. By that stage, most economic activities were allowed to operate (see Table 1). South Africa was under Level 3 and Level 2 lockdown restrictions for most of the winter of 2021, and a significant increase in CO column density is observed in Figure 4c. This could have been due to low temperatures in winter, which are characterised by low solar insolation, which reduces the photochemical reaction of CO gas, and the dominance of anticyclone circulation of air in Durban, which causes air to sink [17,22].



Consequently, this traps CO pollutants in the atmosphere. Furthermore, natural sources mentioned in Chapter 2 may have played a role in the increase in CO accumulation. A slight hotspot occurred near the harbour in winter 2021 (see Figure 4c). This may have been due to transport emissions since all modes of transport were by then permitted, including water transport. This also means exports and imports were permitted; therefore, heavy-duty vehicles were actively operating near the harbour. The spring of 2021 had a more pronounced CO hotspot in the SDIB compared to the winter of 2021 (see Figure 4d,c). However, CO column density was not as widespread in the spring of 2021 as in the winter of 2021 (see Figure 4d,c, respectively). Air pollutants settle near their sources in winter and the conditions, therefore, allow them to accumulate. In contrast, the high intensity of winds in spring allows air pollutants to travel away from their sources relatively fast; as a result, there is less air pollutant accumulation compared to winter [22].




3.1.2. SO2


SDIB has significant industrial capacity Diab et al. [7]. This includes oil refineries, sugar mills, petroleum refineries, paper manufacturers, and chemical industries. With that being noted, it can be expected that trace gases will reach higher concentrations in south Durban than north Durban. However, Figure 5a shows that the summer of 2019 had significant SO2 hotspots in north Durban. The increase in SO2 column density in north Durban could have been due to road transportation, the operation of light industries, and various sources of domestic fuel combustion. Additionally, relatively less gusty winds that dominate the north of Durban may have contributed to the higher accumulation of SO2 column density. Ref. [41] argued that south Durban has relatively high wind velocity and temperature compared to north Durban. Therefore, the dispersion of air pollutants and photochemical reactions in north Durban is lower than in south Durban. Hotspots of high SO2 concentrations are observed at the Port of Durban during the autumn of 2019, as shown in Figure 5b. This could mean that the port was highly active, including heavy-duty vehicles operating. In addition, factories may have also contributed to the observed high SO2 column density, as [17] argued that there are factories surrounding the Port of Durban. Winter meteorological factors, such as low wind speed and low temperatures, may have played a role by trapping SO2 pollutants within the atmosphere in the winter of 2019, hence the increased SO2 column density (see Figure 5c). The spring of 2019 shows a major SO2 column density increase in north Durban compared to south Durban (see Figure 5d). This increase could be the result of increased humidity during the spring months. This is mainly because there would have been more water vapour in the air, which would limit air circulation [22].



As a result, air circulation becomes much slower, and, therefore, air particles are forced to settle. Consequently, air pollutants accumulate in the atmosphere. Additionally, the observed high SO2 column density in north Durban in spring could have been due to road traffic since north Durban, as argued by [38], is primarily residential. Figure 6a shows a decrease in SO2 hotspots compared to Figure 5a. However, SO2 levels remained high. On the other hand, Figure 6b shows an increase in SO2 column density despite the Level 5 lockdown, which was initiated from 26 March 2020 to 30 April 2020 (see Table 1). The observed SO2 hotspots in the autumn of 2020 could have been the results of essential services that were operational during the Level 5 lockdown (see Table 1). An imbalance in the atmospheric chemistry may have also contributed to the increase in SO2 along with the natural sources of SO2 [42]. Most of south Durban experienced a decrease in SO2 column density in the autumn of 2020 compared to the autumn of 2019 (see Figure 6b and Figure 5b, respectively). This can be attributed to the Level 5 lockdown, as only essential industries were operational. Additionally, the movements of vehicles were highly restricted (see Table 1). The winter of 2020 shows a decrease in SO2 hotspots (see Figure 6c). However, SO2 levels remained slightly elevated. In comparison to the JJA of 2019 (see Figure 5c), the JJA of 2020 had decreased SO2 levels (see Figure 6c). The decrease in SO2 levels in the winter of 2020 could have been due to the Level 3 lockdown, as most economic activities were not operational (see Table 1). An increase in SO2 was observed in the spring of 2020 in both the far south and the far northern areas of Durban (see Figure 6d). This increase could have been due to the easing of lockdown restrictions from Level 3 to Level 1 (see Table 1), by which time almost all industries were operational. However, some parts of north and south Durban showed a decrease in SO2 column density in the spring of 2020 compared to the spring of 2019 (see Figure 6d and Figure 5d, respectively). This could mean that even though lockdown measures were on Level 1, the lockdown measures still had an impact on SO2 levels since the Level l that was implemented in 2020 had some economic activities curtailed [18,39]. Additionally, the prevailing high-intensity winds in spring may have played a role in the reduction in SO2 column density. Comparing the summer of 2020 to the summer of 2021 (see Figure 7a and Figure 6a, respectively), the summer of 2021 did not have a plethora of SO2 hotspots; however, SO2 emissions remained high (see Figure 7a). This could have been the result of the increase in lockdown measures from Level 1 to Level 3 in the summer of 2021 (see Table 1). An increase in SO2 column density is observed in south Durban in the autumn of 2021 compared to the autumn of 2020 (see Figure 7b and Figure 6b, respectively). This could have been due to the easing of lockdown measures from Level 3 to Level 1 during the autumn of 2021. In contrast, the winter of 2021 showed a decrease in SO2 hotspots; however, SO2 remained high (see Figure 7c). The decrease in SO2 hotspots in the winter of 2021 could have been due to the increase in lockdown measures from Level 2 to Level 4. By comparing the winter of 2021 and autumn of 2021, an increase in SO2 can be observed in winter in north Durban (see Figure 7c,b, respectively). This increase in SO2 column density in north Durban could be attributed to low temperatures and low wind velocity prevailing in winter. The lockdown restrictions were on Level 3, which means that numerous economic activities were operational; therefore, an increase in SO2 would be expected. Additionally, domestic combustion may have also contributed. The spring of 2021 shows a slight decrease in SO2 levels in south Durban and a major increase in north Durban, as shown in Figure 7d. These increases could have been due to the transport and light industry occurring in north Durban since lockdown measures were eased to Level 1, meaning that every economic operation was then returned to normal. A slight increase is observed at the Port of Durban during the spring of 2021 (see Figure 7d). This could have been due to the easing of lockdown measures to Level 1 where water transport was then permitted to be operational along with aircraft. Therefore, the port was back to its normal operational basis. Only a few parts of south Durban showed a decrease in SO2 column density, which could have been due to meteorological conditions, such as high-velocity winds and high temperatures, which reduce the accumulation of air pollutants.




3.1.3. NO2


Nitrogen dioxide (NO2) is a reddish-brown gas that is formed during the high-temperature combustion of fossil fuels [2,43]. This gas is usually emitted from vehicles and industries [43]. The Durban Climate Change Society [44] argues that NO2 from vehicles is prevalent in Durban. This argument by the Durban Climate Change Society [44] agrees with Matandirotya and Burger [22] that NO2 is prevalent in urban areas. In 2019, Durban had a total GHG emission contribution of 41%, 31%, and 13% from road transport, industry, and residences, respectively [44]. This shows the significant contribution of road transport to the GHG emissions in Durban. Figure 8 shows NO2 column density in Durban during 2019 on a seasonal basis. The NO2 column density of 2019 seems to have had a similar pattern throughout the year. Conversely, only in the spring of 2019 was there a notable change compared to other seasons since the NO2 hotspot appeared to abate (see Figure 8d). This could have been due to the prevailing strong winds and high temperatures during the spring season.



As a result, solar radiation causes photochemical reactions to occur at a higher rate, thereby reducing atmospheric NO2. The process occurs when solar radiation detaches NO2 after which O3 is eventually formed [22,45]. The observed pattern of NO2 column density was the highest in the Durban Central Business District (CBD), which could have been due to road traffic since CBDs usually have significant movement of road traffic [22]. The summer of 2020 showed an increase in NO2 column density in north Durban (see Figure 9a). Ref. [46] argue that people visit Durban frequently during the summer months. Therefore, it is reasonable to argue that Durban road traffic volume becomes prominent during summer, and thus, a high NO2 column density occurs. The NO2 hotspot was reduced in the autumn of 2020 compared to the summer of 2020 (see Figure 9b,a, respectively). Furthermore, the autumn of 2020 showed a less pronounced NO2 hotspot compared to the autumn of 2019 (see Figure 9b and Figure 8b, respectively). This decrease in NO2 column density in the autumn of 2020 can be attributed to the Level 5 lockdown measures, which halted almost all economic activity, including all modes of transport (see Table 1). Subsequent to the easing of lockdown measures from Level 5 to Level 4, an increase in NO2 column density was observed in the winter of 2020 (see Figure 9c). Additionally, the increase in NO2 column density observed in Figure 9c could be attributed to cloudy conditions and low temperatures during the winter months. Ref. [38] argue that cloudy skies and low temperatures reduce photochemical reactions because of limited solar radiation. Ref. [46] further argue that the inversion layer is preponderant during winter months in Durban. As a result, the inversion layer traps air pollutants near the ground surface; thus, there is increased NO2 column density. During the spring of 2020, NO2 column density slightly decreased compared to the winter of 2020 (see Figure 9d,c, respectively). Conversely, lockdown measures were eased to Level 1 during the spring of 2020 where we would anticipate the NO2 column density to increase. This slight decrease in NO2 column density in the spring of 2020 could be accounted for by the high prevailing wind velocities and high temperatures, which at the local level dilute air pollutants in the atmosphere. Regardless of the prevailing high temperatures, the summer of 2021 showed an increase in NO2 column density, as seen in Figure 10a. Thus, one can argue that high humidity in summer plays a role in increasing NO2 column density.



This is because high humidity means more water vapour in the air; consequently, it makes the air heavy, thus causing air pollutants to settle down [47]. Figure 10b shows that the autumn of 2021 had a decrease in NO2 column density compared to the autumn of 2019. Although it was during Level 1 lockdown measures, the impacts of lockdown measures can be noticed since only a few economic activities were allowed to operate. The winter of 2021 experienced most of the Level 3 and Level 4 lockdown measures. Despite stricter lockdown measures, an increase in NO2 column density was observed during the winter of 2021 (see Figure 10c). This could be attributed to the prevalence of inversion layers during winter, as argued by [46]. Additionally, low wind speed, cloudy weather conditions, and low temperatures may have also contributed to the accumulation of NO2 in the atmosphere. This is because the low wind speed decreases the rate of air pollutants’ dispersion, whereas cloudy conditions and low temperatures reduce the rate of photochemical reaction [38,46]. Consequently, NO2 accumulates in the atmosphere. On the contrary, during the spring of 2021 when high wind speed and high temperatures are prominent, a decrease in NO2 column density was observed (see Figure 10d). High wind speed and high temperatures may have played a role in reducing the accumulation of NO2 in the atmosphere. Ref. [38] argue that wind direction also plays a vital role in influencing the accumulation of air pollutants in the atmosphere. In addition, Ref. [22] argue that southwesterly winds are prominent in Durban. This could mean that NO2 dominating in north Durban was influenced by the southwesterly winds.





3.2. Sequential Mann–Kendall


3.2.1. CO


The SQMK trends are presented below in Figure 11, Figure 12 and Figure 13, with the red line representing the progressive/forward series, whereas the retrograde/backward series is represented by the light blue line. The confidence interval for this test is set at α = 0.05 (±1.96). The upper bound (+1.96) is represented by the solid black line, whereas the lower bound (−1.96) is represented by the square dotted black line. The point at which the red line and the light blue line intersect indicates an abrupt change and the month in which the change occurred. A significant trend is observed when the progressive series cross the lower or upper bounds, whereas an insignificant trend is observed when the progressive series is within both the upper and lower bounds. Figure 11a represents CO column density in 2019. An insignificant decrease in CO column density is portrayed by a turning point that occurred from December 2018 to January 2019 (see Figure 11a). Additionally, an insignificant increase in CO column density in February 2019 was observed; this increase became significant in April 2019 (see Figure 11a). The increase in CO column density could have been due to road traffic and poor air pollution control. The progressive series continued the significant increase in CO column density from April 2019 to August 2019, when there was a significant decrease in CO column density until November 2019 (see Figure 11a).



The significant increase in CO during the winter months could have been due to increased domestic burning of fossil fuels. Moreover, low wind speed, cloudy skies, and low temperatures could have contributed to the increased accumulation of air pollutants in the atmosphere [22,38]. In contrast, an insignificant increase in CO column density occurred from December 2019 to March 2020 and was followed by an abrupt increase in January 2020 (see Figure 11b). This increase in CO column density is relatively common in the summer months and can be accounted for by the influx of vehicles travelling to Durban for the summer holidays. Furthermore, a turning point is observed from March 2020 to April 2020, which shows there was a decrease in CO column density (see Figure 11b). This decrease can be attributed to the Level 5 lockdown (see Table 1). An increase in CO column density is observed from April 2020, but this only became significant in May 2020; the significant CO column density lasted until July 2020 (see Figure 11b). This increase can be accounted for by the easing of lockdown restrictions at that time (see Table 1). A significant decrease in CO column density followed from July 2020 to October 2020 (see Figure 12b). This decrease can be accounted for by the high wind speeds, clear skies, and high temperatures during spring, which can reduce the accumulation of air pollutants in the atmosphere. Figure 11c shows a decrease in NO2 column density from December 2020 to February 2021. This decrease could have been due to the increase in lockdown measures that took place from Level 1 to Level 3 (see Table 1). However, the decrease was insignificant as it falls within the set threshold (α = 0.05). An insignificant increase is observed in February 2021 (see Figure 11c). This increase in CO column density can be attributed to the easing of lockdown measures from Level 3 to Level 1 (see Table 1). The increase in CO column density in February 2021 continued until it became significant in June 2021 and lasted until August 2021 (see Figure 11c).



The significant increase in CO column density in June can be attributed to winter weather conditions, such as cloudy skies and low temperatures, which influence the accumulation of air pollutants. A significant decrease in CO column density followed from August 2021 to October 2021, when the decrease in CO column density started being insignificant until November 2021 (see Figure 11c). This decrease in CO column density can be attributed to the prevalence of gusty winds and high temperatures in spring, which help to reduce the accumulation of air pollutants in the atmosphere.




3.2.2. SO2


Figure 12 represents SO2 column density from 2019 to 2021. Figure 12a shows SO2 column density in 2019; it shows that there was an insignificant decrease in SO2 column density in December 2018, followed by a turning point extending the insignificant decrease in SO2 column density until February 2019. This decrease may have been due to the precipitation and gusty winds prevailing in the summer seasons. As a result, these meteorological conditions reduce the accumulation of air pollutants in the atmosphere [22]. February 2019 shows an insignificant increase in SO2 column density, which is followed by an abrupt increase in April 2019 that extended the increase (see Figure 12a). This insignificant increase in SO2 column density continued until July 2019 (see Figure 12a). Consequently, the increase in SO2 column density until July 2019 could have been due to the high domestic combustion of fossil fuels for interior heating. Additionally, cloudy skies and low temperatures dominating at that time may have played a role in increasing SO2 column density in the atmosphere. An insignificant decrease in SO2 column density followed from August 2019 to November 2019 (see Figure 12a). As a result, this spring decrease in SO2 column density could have been due to the high wind speeds prevailing, which in turn reduced the accumulation of air pollutants in the atmosphere.



Briefly stated, both the increase and decrease in SO2 column density observed in Figure 12a were insignificant. A further insignificant decrease in SO2 column density was observed until December 2019, and then an insignificant increase in SO2 column density occurred again in January 2020 (see Figure 12b). This can potentially be accounted for by the prominence of high rates of people travelling to Durban for the summer holidays (with an associated increase in road traffic). Additionally, a lack of SO2 sinks may have also played a role in the increase in SO2 column density. An abrupt change occurred in March 2020, followed by a turning point, which showed a decrease in SO2 column density (see Figure 12b). This decrease can be attributed to Level 5 lockdown measures (see Table 1). However, this insignificant decrease lasted until April 2020 and was followed by an abrupt increase in SO2 column density until July 2020 (see Figure 12b). Harper et al. [48] argue that accelerated levels of SO2 were observed in Durban after the easing of lockdown restrictions to Level 4. Surprisingly, despite the further easing of lockdown measures to Levels 3 and 2, where we would expect an increase in air pollution, a decrease in SO2 column density was observed from July 2020 to November 2020 (see Figure 12b). However, the decrease in SO2 column density was not significant. The decrease in SO2 column density during the spring of 2020 could have been due to better air pollution control and an increase in the availability of SO2 sinks. A further decrease in SO2 column density was observed in December 2020, and it was followed by a turning point, which furthered the decrease in SO2 column density (see Figure 12c). This summer decrease in SO2 column density could have been due to the increase in lockdown measures from Level 1 to Level 3 (see Table 1), assisted by gusty winds and high temperatures that might have reduced SO2 column density.



An abrupt increase was observed in March 2021, followed by an increase in SO2 column density, as observed in Figure 12c. This may have been due to the easing of lockdown restrictions from Level 3 to Level 1 (see Table 1). This increase in SO2 column density was insignificant, although this was followed by a short-duration significant increase in SO2 column density for June–July 2021 (see Figure 12c). This significant increase in SO2 column density in winter may be attributed to increased domestic combustion of fossil fuels, the prevalence of cloudy skies, and less intense winds, which increase the accumulation of air pollutants. A decreasing significant trend was observed from August 2021 to September 2021, and an insignificant decreasing trend followed from October 2021 to November 2021 (see Figure 12c). This decrease could have been due to the prevailing gusty winds, which could have reduced the accumulation of air pollutants during the spring months.




3.2.3. NO2


Figure 13 shows the NO2 column density in Durban from 2019 to 2021. Figure 13a shows that NO2 column density had an insignificant increase from January 2019 to February 2019. An increase in NO2 column density could have been due to the prominence of vehicles that travel to Durban for summer holidays, which exacerbated existing high road traffic emissions. An insignificant decrease begins from February 2019 to April 2019, and then a long insignificant increasing trend is observed until July 2019 (see Figure 13a). This is then followed by an insignificant decrease from July 2019 to December 2019, as seen in Figure 13a. This decrease in NO2 column density is likely to be due to high temperatures and high precipitation rates in spring months, which increase the photochemical reaction of NO2. The photochemical reaction of sunlight + NO2 ends up forming O3, and the reaction of H2O + NO2 in the atmosphere forms acid rain as far as the research stretches [22,49]. As a result, the accumulation of NO2 in the atmosphere reduces. In contrast, Figure 13b shows an increase in NO2 column density from January 2020 to March 2020. This could have been due to the free movement of road traffic and fully functional industries prior to the first lockdown measures.



A decrease in NO2 column density was observed from March 2020 to April 2020 when COVID-19 struck South Africa (see Figure 13b and Table 1). This observed decrease in NO2 column density may have been due to the restrictions on economic activities, including free movement of road traffic (see Table 1). An insignificant increase in NO2 column density was observed from April 2020 until it became significant in June 2020 (see Figure 13b). This significant increase in NO2 column density in winter could have been due to low temperatures and less precipitation, which influence the accumulation of NO2 in the atmosphere. Additionally, the easing of lockdown restrictions from Level 4 to Level 3 may have contributed to the increase in NO2 column density in the winter of 2020 (see Table 1). A significant decrease in NO2 column density occurred from July 2020 to August 2020 (see Figure 13b). This decrease in column density was followed by an insignificant decrease, which continued until December 2020 (see Figure 13b). The subsequent decrease in NO2 column density can be ascribed to high wind speeds and increased solar radiation, which in turn decrease NO2 in the atmosphere by influencing photochemical reactions and increasing the dispersion of NO2 [22,43].



Additionally, Level 1 lockdown measures that were implemented from September 2020 to October 2020 allowed less activity compared to Level 1 lockdown measures that were implemented in 2021 [18]. Thus, some of the economic activities were inactive from September 2020 to October 2020 but thereafter, recommenced activity may have contributed to the decrease in NO2 column density in the spring and early summer of 2021. Figure 13c below shows a further decrease in NO2 column density from January 2021 to February 2021. This decrease in NO2 column density could have been due to the increase in lockdown measures from Level 1 to Level 3, as seen in Table 1. In this case, the road traffic influx that usually occurs during the summer months in Durban was limited. An insignificant increase in NO2 column density is observed from February 2021 to June 2021, when it became significant for a short period (see Figure 13c). This increase in NO2 column density could have been due to the easing of lockdown measures (see Table 1).



A slight significant decrease in NO2 column density is observed in July 2021 (see Figure 13c). This is followed by an insignificant decrease in NO2 column density from August 2021 to October 2021, and then a turning point was formed, furthering the decrease in NO2 column density, which was also not significant. The short significant decreasing trend of NO2 column density in July 2021, as seen in Figure 13c, can be attributed to the increase in lockdown measures to Level 4, as the measures were implemented for a short time only (see Table 1). Despite Level 1 lockdown measures being implemented in October 2021, a decreasing trend in NO2 column density is observed (see Figure 13c). This can be attributed to the prevalence of high temperatures and high-intensity winds, which reduce the accumulation of air pollutants. Therefore, there was a balance between NO2 sources and sinks.






4. Discussion


Durban was chosen as a study area because as a city, it contributes significantly to the country’s GHG emissions [2]. Furthermore, cities host industries, including manufacturing, and experience significant traffic movement. Durban, furthermore, hosts the two largest petroleum refineries in South Africa, the busiest port in Africa, and is the country’s major vehicle manufacturing centre. Additionally, it has large-scale chemical industries [2,44]. In response to the COVID-19 pandemic, and to reduce and manage the COVID-19 infection rates, the South African government implemented lockdown measures. The COVID-19 lockdown measures disrupted the economic activities of the country, including the city of Durban. In a study conducted by Bashir et al. [13], the decrease in economic activities associated with COVID-19 significantly reduced air pollution. Similarly, a study conducted by Filonchyk [10] in East China showed that the COVID-19-associated decrease in economic activities led to a decrease in air pollution. This paper has discussed the sources and sinks of CO, SO2, and NO2; however, it did not incorporate sources and sinks in the results. Sources and sinks were discussed in detail to acknowledge that there may have been other factors that affected air pollution that were beyond the control of the COVID-19 lockdown restrictions.



This study shows that the SDIB is the most polluted area of Durban, which could be attributed to the high industrialisation in the SDIB. Additionally, this study shows that CO column density in south Durban is higher than north Durban. Conversely, this study further shows that SO2 and NO2 column densities for north Durban are higher than south Durban. The high NO2 and SO2 in north Durban could be the result of pollution from road transportation, and domestic combustion since north Durban is largely a residential area. Furthermore, the broader area of north Durban is subject to the effects of agricultural burning. Additionally, north Durban is the home of the CBD; therefore, road traffic is expected to be high. However, a short-period decrease was observed in all investigated pollutants during Level 5 lockdown measures. Furthermore, an abrupt increase was observed in all investigated pollutants when the lockdown measures were eased to Level 4. Similarly, a study conducted in Gauteng (South Africa) by Shikwambana and Kganyago [11] shows that there was a reduction in air pollution during Level 5 lockdown. However, an abrupt increase was observed immediately after Level 5 lockdown measures were eased to Level 4 lockdown measures. Perhaps, if Level 5 lockdown measures had been extended, then a significant decreasing trend would have been observed in this study. However, extended Level 5 lockdown measures are not possible, as they would have caused an economic catastrophe. With that being noted, as shown by Shikwambana and Kganyago [11] and as argued by Filonchyk [10], economic activities have a direct connection with air pollution. The investigated pollutants in this study all showed an increase in the winter and a decrease in the spring. The increase in the winter could have been due to the meteorological conditions that generally prevail at that time of the year (June, July, and August), such as the presence of the inversion layer, low temperatures, and low wind speed, which in turn influence air pollutant accumulation in the atmosphere. In contrast, the decrease in spring observed in this study could have been due to the prevalence of high wind speed, high temperatures, and clear skies that generally occur at that time of year (spring until autumn). In other words, these meteorological conditions in spring, summer, and autumn allow the dispersion of air pollutants and high rates of photochemical reactions. Thus, there is usually a reduced accumulation of air pollutants in the atmosphere during those seasons.



The SQMK test was used in this study to detect if there were any significant changes caused by the COVID-19 lockdown measures in the trends of the investigated air pollutants. In this regard, the SQMK results showed that COVID-19 lockdown measures did not cause any significant changes in CO, NO2, and SO2 trends. Therefore, based on the SQMK test, this study failed to reject the null hypothesis. Nevertheless, the results indicated that if strict regulations could be implemented on human activities, air pollution could be reduced. However, it is not feasible to reduce air pollution by simply halting economic activity, as the quality of life of the population depends on many economic activities occurring. Further, if the world moved swiftly from coal-fired power stations to green energy, the communities reliant on work in coal mines will be affected. Therefore, in terms of meeting the Sustainable Development Goals, governments and states need to consider both the environmental and societal aspects. Air pollution is a conundrum in South Africa. Over 2 000 deaths occur in South Africa annually due to air pollution [47]. This indicates that the air pollution laws and regulations in South Africa are not being followed, and people’s lives, including the environment, are susceptible to harm. As South Africa is part of the UNFCCC, it seems that the existing laws that control air pollution are not sufficient to ensure a reduction in GHG emissions.




5. Conclusions


This research report has used various satellite sensors including Sentinel-5P, OMI, AIRS, and MERRA 2 reanalysis data to study the spatial and temporal variations of CO, SO2, and NO2 in Durban. The data on the investigated pollutants were collected before, during, and after high COVID-19 lockdown measures. The analysis was performed to show the impacts of COVID-19 lockdown measures on CO, NO2, and SO2 trends in Durban. The SQMK showed no significant trends for all investigated gases. Level 5 lockdown measures showed notable changes in the CO, NO2, and SO2 trends; however, the observed reductions during Level 5 lockdown measures were not significant. Additionally, an abrupt increase was observed in all investigated air pollutants when COVID-19 lockdown measures were eased to Level 4 lockdown measures. All the investigated gases showed an increase in winter, which could be ascribed to meteorological conditions such as low temperatures, low wind speed, and less precipitation, which influence the accumulation of air pollutants in the atmosphere. In contrast, a decrease was observed in all investigated gases during spring months, which was ascribed to gusty winds, high temperatures, and high precipitation, which assist in reducing the accumulation of air pollutants in the atmosphere. Outside of the meteorological factors, this study showed that a firm control of human activities could assist to abate air pollution. The lack of meteorological data and data from direct emission sources limited this study; we recommend that future studies could reinforce them.
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Figure 1. Durban, KZN, and South Africa, along with the respective oil, gas, and petroleum refineries. 






Figure 1. Durban, KZN, and South Africa, along with the respective oil, gas, and petroleum refineries.



[image: Atmosphere 14 01304 g001]







[image: Atmosphere 14 01304 g002] 





Figure 2. Carbon monoxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (c) JJA (June–July–August), and (d) SON (September–October–November) for 2019. 
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Figure 3. Carbon monoxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (c) JJA (June–July–August), and (d) SON (September–October–November) for 2020. 
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Figure 4. Carbon monoxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (c) JJA (June–July–August), and (d) SON (September–October–November) for 2021. 
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Figure 5. Sulphur dioxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (c) JJA (June–July–August), and (d) SON (September–October–November) for 2019. 
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Figure 6. Sulphur dioxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (c) JJA (June–July–August), and (d) SON (September–October–November) for 2020. 
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Figure 7. Sulphur dioxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (c) JJA (June–July–August), and (d) SON (September–October–November) for 2021. 
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Figure 8. Nitrogen dioxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (c) JJA (June–July–August), and (d) SON (September–October–November) for 2019. 
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Figure 9. Nitrogen dioxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (a) JJA (June–July–August), and (d) SON (September–October–November) for 2020. 
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Figure 10. Nitrogen dioxide column density during (a) DJF (December–January–February), (b) MAM (March–April–May), (c) JJA (June–July–August), and (d) SON (September–October–November) for 2021. 
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Figure 11. SQMK trends showing carbon monoxide column density in Durban: (a) CO column density during 2019, (b) CO column density during 2020, and (c) CO column density during 2021. 
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Figure 12. SQMK trends showing sulphur dioxide column density in Durban: (a) SO2 column density during 2019, (b) SO2 column density during 2020, and (c) SO2 column density during 2021. 
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Figure 13. SQMK trends showing nitrogen dioxide column density in Durban: (a) NO2 column density during 2019, (b) NO2 column density during 2020, and (c) NO2 column density during 2021. 
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Table 1. South African lockdown levels, dates, and restrictions [18,39].
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	Lockdown Levels
	Dates
	Restrictions





	Level 5
	26 March 2020 to 30 April 2020
	Only essential services were permitted to operate; transport was restricted, and only the transportation of goods was allowed; mining, manufacturing factories, industries, and other economic activities were at a halt.



	Level 4
	1 May 2020 to 31 May 2020; 16 June 2021; 28 June 2021 to 25 July 2021
	Some sectors were allowed to operate with limitations; mining, tourism, and flights remained inactive; all borders were not operating; however, designated ports were operating; cargo, fuel, and goods transportation was allowed; public transportation was allowed to operate with fewer restrictions.



	Level 3
	1 June 2020 to 17 August 2020; 29 December 2020 to 28 February 2021; 16 June 2021 to 27 June 2021; 26 July 2021 to 12 September 2021
	More sectors were allowed to operate; global business services and tourism started functioning; inter-provincial movement was at a halt; international flights were not allowed.



	Level 2
	18 August 2020; 31 May 2021 to 15 June 2021; 13 September 2021 to 30 September 2021
	Local air travel was unbanned; inter-provincial travel was allowed; significant economic activities started operating, including mines and manufacturing industries; all modes of transportation were permitted.



	Level 1
	21 September 2020 to 28 December 2020; 1 March 2021 to 30 May 2021; 1 October 2021 to Present
	Economic activities were allowed to operate on a normal basis; travelling of all types was permitted (except in 2020, travelling was still limited, and many economic activities were still at a halt).
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