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Abstract

:

In order to address the behaviour of nitrogen dioxide (NO2) and sulphur dioxide (SO2) in the context of a changing climate, linear and non-linear trends for the concentrations of these two trace gases were estimated over their seasonal standardised variables in the Southern Hemisphere—between the Equator and 60° S—using data retrieved by the Ozone Monitoring Instrument, for the period 2004–2016. A rescaling was applied to the calculated linear trends so that they are expressed in Dobson units (DU) per decade. Separately, the existence of monotonic—not necessarily linear—trends was addressed by means of the Mann-Kendall test. Results indicate that the SO2 exhibits significant linear trends in the planetary boundary layer only; they are present in all the analysed seasons but just in a small number of grid cells that are generally located over the landmasses or close to them. The SO2 concentrations in the quarterly time series exhibit, on average, a linear trend that is just below 0.08 DU decade−1 when significant and not significant values are considered altogether, but this figure increases to 0.80 DU decade−1 when only the significant trends are included. On the other hand, an important number of pixels in the lower troposphere, the middle troposphere, and the lower stratosphere have significant monotonic upward or downward trends. As for the NO2, no significant linear trends were found either in the troposphere or in the stratosphere, yet monotonic upward and downward trends were observed in the former and latter layers, respectively. Unlike the linear trends, semi-linear and non-linear trends were seen over the continents and in remote regions over the oceans. This suggests that pollutants are transported away from their sources by large-scale circulation and redistributed hemispherically. The combination of regional meteorological phenomena with atmospheric chemistry was raised as a possible explanation for the observed trends. If extrapolated, these trends are in an overall contradiction with the projected emissions of both gases for the current century.
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1. Introduction


There is now widespread consensus that changes in the composition of the Earth’s atmosphere caused by human activities play a relevant role in the Earth’s climate system. Unlike the greenhouse gases that induce a positive radiative forcing, aerosol particles influence the global radiation budget causing a net negative radiative forcing associated with a cooling effect on the atmosphere ([1] and references therein). Broadly speaking, the radiative contribution of the aerosols can be centred in three main categories depending on what they interact with: aerosols-surface, aerosols-radiation and aerosols-clouds, or considering the aerosols’ influence on the atmosphere as a direct, indirect, or semi-direct effect [2,3,4,5]. In addition to the radiative influence, aerosols are significant contributors to air pollution and they have a direct linkage with the biogeochemical cycles of the atmosphere, the oceans and the surfaces, acting as micronutrients for the marine and terrestrial biosphere. Aerosol deposition can also have detrimental environmental effects (e.g., the acidification of precipitation by sulphurs [6]) with impacts on the aquatic and terrestrial ecosystems [7,8,9], yet the benefits or the detrimental effects on ecological processes depend upon both the amount and composition of deposition and the underlying ecosystem conditions.



Amidst the aerosols with greater relevance, nitrogen dioxide (NO2) and sulphur dioxide (SO2) must be considered since they are reactive short-lived atmospheric trace gases, with both anthropogenic and natural sources that strongly impact on human health and the environmental degradation either directly or through the formation of secondary aerosols [10,11]. The main sources of nitrogen oxide compounds, nitric oxide (NO) and NO2—collectively referred to as NOx—include fuel combustion, biomass burning, soil emissions and lightning, and they can impact on climate in a number of interconnected ways [12]. Tropospheric NO2 is a highly reactive and toxic gas which, in the presence of sunlight, water vapour (H2O) and carbon monoxide (CO) or volatile organic compounds, drives the production of ozone (O3) and hydroxyl radicals (OH), the principal tropospheric oxidants [12,13]. In the stratosphere, NOx contributes to the ozone-loss cycles [14] and may indicate long-term changes in the tropospheric emissions of the long-lived nitrous oxide (N2O) [13]. On the other hand, SO2 is a colourless, non-flammable, non-explosive gas, toxic at high concentrations, and its principal contribution to air pollution is related to the acidification of precipitation and subsequent impacts on the receiving ecosystems [6].



SO2 dissolves in cloud droplets and oxidises to form sulphuric acid (H2SO4) [15], which can fall to the Earth as acid rain or snow, or form sulphate aerosol particles in the atmosphere through oxidation [11]. The main contributions of SO2 are related to anthropogenic emissions (including the combustion of sulphur-containing fuels [15]) and natural phenomena (including biomass burning [16]) and the oxidation of dimethyl sulphide (CH3SCH3), emitted from phytoplankton [15], and from the degassing and eruptions of volcanoes [16]. During long-term persistent volcanic eruptions SO2 can be injected into the stratosphere and converted to sulphate aerosols, reflecting the sunlight and therefore inducing a cooling effect on the Earth’s climate. They also have a role in ozone depletion. Volcanic SO2 is often injected into the atmosphere at altitudes above the planetary boundary layer (PBL), while anthropogenic SO2 emissions are predominantly in or just above the PBL [11]. Additionally, SO2 in the atmosphere is associated with adverse health effects, including respiratory and cardiovascular diseases. The United States Environmental Protection Agency (EPA) has estimated that two thirds of SO2 and a fourth of NOx found in the atmosphere come from the burning of fossil fuels to generate electricity [17]. World Health Organization guidelines recommended daily SO2 exposure levels not to exceed 125 μg m−3 on average over a 24 h period [18]. NO2, SO2, and their oxidised products O3 and PM2.5 (particulate matter with aerodynamic diameter less than 2.5 μm) are designated as “criteria pollutants” by both the European Commission and the EPA (see e.g., [11] and references therein). PM2.5 have serious health effects, and it also causes acidification of water and the biosphere, with adverse consequences on plants, soils, and weather and climate through direct radiative forcing and indirect modification of cloud formation and optical properties ([11] and references therein).



The preceding lines highlighted the importance of assessing the role of aerosols and their impacts on the Earth’s climate system, for which a global understanding of their spatial and temporal behaviour is required. Reliable, up-to-date inventories of emissions and concentrations are the first step when attempting to evaluate these impacts and to address the effects on the climate system over different timescales. Although in situ measurements provide valuable information, they are insufficient to these particular aims for they are scarce spatially, temporally, or both and they must be at least complemented by remotely-sensed data. Following this, the Ozone Monitoring Instrument (OMI) provides the scientific community with a valuable source of information since it is the first space-borne hyperspectral ultraviolet/visible spectrometer that enables a continuous mapping of several trace gases and ozone, including SO2 and NO2, globally and on a daily basis [19]. There have been an increasing number of studies related to NOx and SOx emissions in the last decade [10,13,20,21,22,23,24,25]. However, few of them were devoted to analysing linear and non-linear trends in the Southern Hemisphere (SH), and those papers dealing with this particular topic only studied specific locations [26]. In order to fill this gap and to complement the existing studies, this paper presents a comprehensive analysis of NO2 and SO2 linear and non-linear trends in the entire SH within the 2004–2016 period using OMI data.




2. Materials and Methods


The NO2 and SO2 data used in this research were retrieved by the OMI aboard the Aura spacecraft, which was launched in July 2004 [27,28]. The OMI is a nadir solar backscatter spectrometer that operates in the 270–500 nm spectral range [19]. It began collecting data in August 2004 [27], and data production commenced in October the same year [28]. OMI has the highest spatial resolution, the least degradation, and the longest record among all satellite ultraviolet-visible instruments, which permits an improved space-borne estimation of NO2 and SO2 emissions and the study of their temporal behaviours ([11] and references therein).



The datasets for the two gas species were obtained from the Goddard Earth Sciences Data and Information Services Center (GES DISC) through the National Aeronautics and Space Administration’s (NASA) Mirador search engine (https://mirador.gsfc.nasa.gov/). The NO2 daily product corresponds to the OMNO2G version 3 dataset, whose coverage has a resolution of 0.25° × 0.25° on a global basis [29]. NO2 measurements made by the OMI are performed in the visible spectrum within the 402–465 nm range [30]. Each OMNO2G daily file includes pixel information regarding the column concentrations of this gas in the troposphere (Trop) and the stratosphere (Strat), as well as the total column. All these quantities are expressed in molecules cm−2. A single quality flag (QF) for these three concentrations and a number of ancillary variables are included too. Only those records with a value of “0” for this QF should be used [29]. In a first processing of each daily file only those registries fulfilling this condition were selected. Under these circumstances, negative concentrations, should there be any, were flagged as missing data. Simultaneously, the concentrations were converted to Dobson Units (DU) (1 DU = 2.69 × 1016 molecules cm−2 [31]). This was done for the sake of homogeneity since the SO2 concentrations are given in DU (see below), and also because it is a much more familiar unit that has been traditionally used in research efforts mainly related to ozone [32,33,34], but also dealing with other atmospheric constituents [35].



On the other hand, the SO2 daily product used here was the OMSO2G version 3 dataset. It has a resolution of 0.125° × 0.125° [36]. The OMSO2G daily files include the following concentration estimates for this gas: PBL, lower troposphere (TRL), middle troposphere (TRM), and upper troposphere and lower stratosphere (STL), the former two associated with anthropogenic activity and the latter two associated with volcanic activity [27]. SO2 PBL concentrations are estimated using the Band Residual Difference Algorithm [37], whereas concentrations in the rest of the layers are estimated using the Linear Fit Algorithm [16]. Unlike the NO2 dataset, all these quantities are directly expressed in DU. Another difference with the NO2 dataset is that there is an individual QF for each concentration. As with the NO2, a first processing was carried out for SO2 but considering each individual QF. In cases where negative concentrations fulfilled the QF condition the values were flagged as missing.



Apart from the fact that both datasets have a different spatial resolution the concentrations for these two species are provided in an irregular grid that varies from day to day. A regridding was therefore carried out in order to overcome these drawbacks. Data was mapped into a common grid having a resolution of 1° and 1.25° in latitude and longitude, respectively, for both constituents. This was done in order to match a standard grid of 180 × 288 pixels in which different Total Ozone Mapping Spectrometer (TOMS) products—ozone, reflectivity, etc.—were given (e.g., [38,39]). More specifically, the regridding process assigned a daily mean value to the centre of each of the 51,840 possible boxes. This mean value was calculated over all the daily non-missing available data that fell within    − 89.5 +  (  i − 1  )  ± 0.5    for    i = 1 ,   2 , … , 180    and    − 179.375 + 1.25  (  j − 1  )  ± 0.625    for    j = 1 ,   2 , … ,   288    (latitude and longitude, respectively, both expressed in degrees). The outcome of this regridding is the mapping of daily irregular NO2 and SO2 global fields into a common regular grid. They constitute the starting point of this research. The period of analysis is the 2004–2016 period.



Long-term seasonal means and standard deviations (SDs) were calculated at each of the pixels of the TOMS-like grid for southern summer, autumn, winter, and spring, including data from December, January and February (DJF), March, April and May (MAM), June, July and August (JJA), and September, October and November (SON), respectively. A minimum number of three values were required in order not to consider the seasonal mean at any pixel as missing. All the seasons were brought together in order to represent the quarterly (Q) cycle. The long-term means and SDs for this case were calculated too. The seasonal means and SDs show prominent, yet spurious, loci of maximum values for the SO2 concentrations—but not for the NO2 concentrations—in southern Brazil (BRA). As an example, Figure 1 shows the Q mean concentrations for both gases. The high prominent SO2 concentrations in the specified region are attributed to the so-called South Atlantic Anomaly (SAA), a region centred in central South America (SA) where the intensity of the Earth’s magnetic field has a minimum, enabling the entrance of high-energy particles from space [40]. Given that satellites are exposed to high levels of radiation when they fly over this region [41], the SAA increases the noise in OMI-retrieved data in a significant fashion [24]. The remarkable difference in Figure 1 can be attributed to the photon energy being proportional to its frequency, which is greater by two orders of magnitude for the ultraviolet wavelengths with respect to the visible ones.



Standardised anomalies for each of the seasons and for the Q time series were built in order to homogenise the entire study region and to remove (or at least attenuate) the distortion created in the SAA region. Standardised anomalies are a useful tool to make sets of different data comparable to each other. They have been used across a number of applications [42,43,44]. Figure S1 shows a loop for the DJF SO2 standardised anomalies in the PBL. This is an example that shows how the simple procedure of using standardised anomalies removed the SAA signal, for it is not discernible in each of the figures of this loop. A trend analysis was carried out on the standardised anomalies for each of the seasons individually and for the Q time series. The trends for the standardised anomalies were calculated and statistically tested using a level of significance of 95%. These trends were rescaled by multiplying them by the corresponding SD in order to get a linear trend for the original seasonal concentrations. A rescaling was also applied to the statistic used to test the rescaled trends in order to assess the significance of the trends for the original variables. As pointed out in the Intergovernmental Panel on Climate Change’s (IPCC) Fifth Assessment Report there is no physical reason for the time series to have a linear behaviour in time [45]. Apart from the linear trend analysis, the Mann-Kendall (MK) test [46], which evaluates the existence of monotonic upward or downward trends, were implemented on the standardised anomalies. According to [46] the test relies upon the calculation of the following quantity:


   S =   ∑  j = 1   n − 1      ∑  i = k + 1  n   sgn  (   x i  −  x j   )      ,   



(1)







In (1)   n   represents the number of points in each of the time series of standardised anomalies, and


   sgn  (   x i  −  x j   )  =  {    − 1    i f    x i  <  x j      0    i f    x i  =  x j      1    i f    x i  >  x j        



(2)







For    n ≥ 10    (which is the case here) the normal approximation test is used, for which the value of the statistic   Z   is defined as


   Z =  {      S − 1     V A R  ( S )        i f   S > 0     0       i f   S = 0         S + 1     V A R  ( S )        i f   S < 0       



(3)







In     ( 3 )        V A R  ( S )     stands for the variance of   S  , defined as    V A R  ( S )  =  [  n  (  n − 1  )   (  2 n + 5  )  −   ∑  p = 1  q    t p   (   t p  − 1  )   (  2 n + 5  )     ]  / 18    with   q   and     t p     being the number of tied groups and the number of values in the    p − th    group, respectively [46]. Positive and negative values of   Z   indicate upward and downward trends, respectively. The value of     ( 3 )     is compared against the critical value     Z c     of a normal distribution, which depends upon the choice of the level of significance (e.g.,     Z c  = 1.96    for a level of significance of 95%). The results of the trend analyses are presented in the next section.




3. Results


3.1. SO2 Trends


3.1.1. PBL


Seasonal SO2 linear trends in the PBL are shown in Figure 2. Pixels with a significant trend are cross-hatched. Trend calculations were not carried out for grid cells that had at least one missing value. This is particularly relevant at the higher latitudes of the study region where the number of missing values is remarkable. Skipping the trend calculation in these cases avoids the estimation of potential spurious trends that may arise from time series with missing values at the beginning or the end of the study period. This is the reason why some panels of the figure show a lowermost blank latitudinal band, most notably in the JJA one (and consequently in the Q one) owing to polar night effects. Each of the panels was built using the same scale. Trends in the PBL range from −1.375 to 2.825 DU decade−1, disregarding the season. Trends in the Q time series are smoother, ranging from −0.50 to 1.50 DU decade−1 (Figure 1a). Only 42 pixels (out of 10,686 analysed) have a significant linear trend. Significant positive trends occur in central SA, to the east of the Democratic Republic of the Congo (COD), and over Vanuatu (VUT), and significant negative trends were seen in north-eastern Papua New Guinea (PNG). The significant positive trends in eastern COD and over VUT, approximately of 1 DU decade−1 and 0.30 DU decade−1, respectively, are in line with an increase in annual SO2 emissions in the 2012–2014 period when compared with the 2005–2007 biennium [24]. Eastern COD has the largest concentration of significant adjoining points. Nyiamuragira and Nyiragongo are the two active volcanoes in the region that contribute to the emissions [47], the latter ranking among Africa’s most active volcanoes [48] and classified as a “Decade” volcano [49]—i.e., a volcano that was particularly selected for studies due to its proneness to cause natural disasters. The significant negative trends in PNG are also in agreement with the existing literature, with several volcanoes contributing to these figures [50]. Overall, the hemispheric average trend (HAT) is just below 0.08 DU decade−1 if all 10,686 analysed points are considered, but it experiences a tenfold increase—to 0.80 DU decade−1—if only the 42 pixels with a significant trend are included. In both cases these figures are in contradiction with the IPCC’s predicted decrease in SO2 concentrations within the century [51].



Linear trends for the DJF quarter are shown in Figure 2b; they range from −0.80 to 2.60 DU decade−1. The number of analysed pixels is 13,982 with only 62 of them showing a significant linear trend. Like in the Q case, the HAT including only these points is much stronger (0.57 DU decade−1) than that obtained by averaging the entire set of grid cells (0.07 DU decade−1). As in Figure 2a, eastern COD shows a significant positive trend (of the order of 0.60 DU decade−1 in this case), whereas northern PNG shows a significant negative trend (approximately −0.60 DU decade−1). Two new regions with a significant linear trend that were not present in Figure 2a appear over the eastern Indian Ocean, yet they are negligible when compared with the trends found over the continents. Overall, the region that has the largest increase in significant values occurs in SA, particularly over north-western Argentina (ARG) where the trends are in the order of 0.30 DU decade−1. Trends in MAM (Figure 2c) range from −0.60 and 1.50 DU decade−1. The number of points with a significant trend reduces to 40 (out of 13,030 analysed pixels) with the location of them restricted to eastern COD and SA. Linear trends in the former region are in the order of 1 DU decade−1 on average. As to SA, positive and negative significant values occur: the most positive trends were over the south-eastern Brazilian coast (around 1.30 DU decade−1) while the most negative values (of the order of −0.30 DU decade−1) were located approximately over the southernmost portion of the Province of Buenos Aires (ARG). Once again, the HAT estimated only using the pixels that have a significant value (0.90 DU decade−1) is ten times greater than that using the entire set.



The season that has the maximum number of grid cells with a significant trend is JJA, accounting for 75 of them (out of 11,802 points) (Figure 2d). The HAT calculated using the significant points only is −0.14 DU decade−1 but it reverses the sign and is approximately seven times weaker when the entire domain is used to estimate it. The two regions with significant values are the same that were present in MAM, but with the one in SA including a largest portion of their pixels with a significant trend in the South Atlantic coasts. Regarding eastern COD, the trend is again positive and in the order of 2 DU decade−1, the strongest one for the season. However, the most dramatic effect occurs in the eastern coasts of SA, where pixels having negative trends account for the majority of the significant points, with an average trend of −0.60 DU decade−1. The number of pixels with a significant trend in SON accounts for 55 (out of 12,130) (Figure 2e). They consist of a single pixel in northern PNG (−0.70 DU decade−1) and the rest of them in central SA, spanning the 20°S–40°S latitudinal band, with negative trends off the coast (approximately −0.60 DU decade−1 on average) and positive ones over the landmass. Significance in eastern COD vanishes in this season. The strongest positive values in central SA are in the order of 1 DU decade−1; they take place in central Chile (CHL), where Santiago (SCL), one of Latin America’s most polluted cities [52,53] is located. The dispersion of pollutants in central CHL is hindered by the presence of inversion layers associated with anticyclonic conditions, the effect of which can be seen in the trends across all the seasons and even in the Q case. However, if these subsidence-related inversions are a cause of the strongest SON trends there they are not the only cause since these inversions are not more frequent during SON but span the entire year [52,53]. The HAT—considering the significant trends only—is almost 0.60 DU decade−1; this value is more than eleven times greater than that estimated using all the points.




3.1.2. TRL, TRM and STL


Unlike the SO2 concentrations in the PBL, the linear trend analysis revealed significance at none of the pixels for the SO2 seasonal concentrations in the TRL, TRM and the STL. Figure 3, Figure 4 and Figure 5 show these non-significant linear trends in the SO2 seasonal concentrations in the TRL, the TRM and the STL, respectively. These trends are expressed in DU century−1 in view of their weakness. They range from −3.60 to 8.90, −1.51 to 8.24, and −1.35 and 5.15 DU century−1 in the TRL, the TRM and the STL, respectively.



The most extreme linear trends in the TRL occur in JJA both for the positive and the negative values (Figure 3). The former ones occur in eastern COD (around 8 DU century−1 on average) and the latter ones take place in the South Atlantic Ocean (SAO) off the Brazilian coasts (in the order of −3 DU century−1 on average). In the case of the Q time series (Figure 3a) the number of pixels with a significant monotonic trend is 619 (out of 10,325) split into 555 and 64 for upward and downward trends, respectively (Table 1). These points do not extend beyond 42.5°S, and they are distributed as follows: 388 between 0°S and 20°S (i.e., the tropical band), 227 for the 20°S–40°S band (i.e., the subtropical band), and just 4 in the 40°S–60°S band (i.e., the high-latitude band). Furthermore, there are regions with a relatively small amount of these pixels, most notably northern Amazonia (NAM), the eastern Tropical Pacific off the coasts of Ecuador and Peru (PER), and the SAO. By contrast, there are regions that have a large concentration of such points, most notably the eastern Pacific off the coasts of northern CHL and southern PER, all of them with an upward trend, and northern PNG, with grid cells exhibiting a downward trend.



The number of grid cells with a monotonic trend for the DJF time series increases to 1119 (out of 13,490) with 387, 573 and 159 of them filling the tropical, the subtropical and the high-latitude bands, respectively (Table 1). Furthermore, 921 (198) of these points are associated to an upward (downward) trend. The south Pacific and the south Atlantic oceans between 45°S and 60°S are the two most notable regions that are empty of these pixels (Figure 3b). On the other hand, the region with a greater number of contiguous points showing a monotonic downward trend is northern PNG; in contrast, the points with an upward trend seem to be evenly distributed across the Atlantic and the Pacific basins. Regarding the MAM time series, the number of pixels that have a trend is 783 (out of 12,706); 298, 387 and 98 occur in the tropical, the subtropical and the high-latitude bands, respectively (Table 1). The number of pixels with an upward (downward) trend is 480 (303). The most notable feature of this season is the dipole that is present in SA, with pixels showing a positive trend occurring in central SA and pixels with a negative trend located off the coasts of ARG. On the other hand, points with a significant monotonic trend at high latitudes are almost void in the south Pacific and the south Atlantic oceans (Figure 3c); these regions coincide with the void areas present in the DJF case.



The JJA time series record 889 pixels (out of 11,551) with a significant monotonic trend, with the most number of them lying in the subtropical belt (454), followed by the tropical and the high-latitude bands with 379 and 56, respectively (Table 1). There are no pixels in such condition beyond 46.5°S. Even though north of this latitude all regions seem to be fairly populated, these points are particularly dense in the eastern coast of SA and over the Atlantic, where there is a large region with pixels having a downward trend (Figure 3d). Actually, JJA is the only season that is dominated by points with such a characteristic and, in general, the subtropical (tropical) band seems to include the majority of the points with a downward (upward) trend. As for the SON quarter, the number of grid cells with a significant trend is 803 (out of 11,693), with the tropical and the subtropical bands including almost the same number (359 and 382, respectively), and the high-latitude band including the remainder with a count of just 62 (Table 1). In addition, three quarters of these pixels have an upward trend. The largest concentration of points with a monotonic trend takes place over central SA where the trends are upwards (Figure 3e).



The non-significant linear trends for the seasonal SO2 concentrations in the TRM (Figure 4) are weaker than those in the TRL. The strongest negative values (in the order −1.50 DU century−1) occur in DJF in north-eastern PNG, while the strongest positive ones (approximately 8 DU century−1) take place in SON in central BRA. Even though these trends are not significant, the latter result should be taken with caution as the effect of the SAA might not have been completely removed by the normalisation that was carried out on the variables, yet other effects cannot be ruled out. Notwithstanding, biomass burning in Amazonia traditionally peaks in September [54,55], and hotter fires can create their own convective systems so that the trace gases can be transported well into the higher troposphere ([55] and references therein).



The number of pixels with a significant monotonic trend in the Q time series is 736 (out of 10,359) with 666 representing an upward trend and the rest of them exhibiting the opposite trend (Table 2). The count of grid cells with a trend is greater in the tropical band with more than half of them located there, followed by the subtropical and the high-latitude bands. For the rest of the seasons the latitudinal band that has the greatest population of pixels with a significant trend is the subtropical one, followed by the tropical and the high-latitude bands.



The largest density of pixels with a trend occurs in SA, from the northern coasts of CHL to southern BRA, extending along northern ARG (Figure 4a). They are associated with upward trends with the contribution of at least two volcanoes (Isluga in CHL and Sabancaya in PER) [24]. The 70 points that have a downward trend mainly locate over the Atlantic east of BRA, in eastern South Africa, and in northern PNG. In the last case, the contribution of several volcanoes with decaying activity in the recent years is documented [50]. On the other hand, NAM is another region with no pixels showing any trend at all, apart from those in the high latitudes.



The number of points with a significant trend in DJF is 1139 (out of 13,521) with 956 (183) having an upward (downward) trend. Most of them are distributed across the tropical and the subtropical latitudes. Apart from the high latitudes, NAM is again the region that has the least concentration of pixels in that condition, followed by the SAO (Figure 4b). By contrast, the regions that show the higher density of such pixels coincide with those present in the Q case, i.e., the region between northern CHL and southern BRA for upward trends and northern PNG for downward trends. Regarding MAM, the points that have a significant monotonic trend are 813 (out of 12,725) with 555 (258) of them having an upward (downward) trend. The largest concentration of grid cells showing an upward trend occurs in the same region than in the Q and the DJF cases, i.e., from central CHL to southern BRA across northern ARG. By contrast, the least concentration of points with a trend occurs over the southern oceans. Unlike the Q and the DJF cases NAM does show points with a significant monotonic trend in this season, and their trend is upwards (Figure 4c). As to the JJA quarter, 868 pixels (out of 11,567) show a significant monotonic trend. They are split between 362 (506) points with an upward (downward) trend. As in the TRL case (cf. Table 1), this makes JJA the only season with the number of pixels having a downward trend exceeding their upward counterpart. Downward trends dominate the subtropical latitudes whereas upward trends abound in the tropical latitudes. The region that has the higher density of points with downward trends is the SAO and these pixels are in conjunction with negative linear trends that are the season’s strongest negative ones (Figure 4d). In the case of SON, 794 pixels (out of 11,732) have a significant trend, 592 (202) of them exhibiting upward (downward) trends. Most of these points are scattered across the tropical and the subtropical latitudes. The region that has a relative larger concentration of pixels with a significant monotonic trend is the same as in the Q case, i.e., the region that extends from the northern coasts of CHL to southern BRA across northern ARG, conjoined with positive linear trends (Figure 4e).



The non-significant linear trends for the SO2 seasonal concentrations in the STL are shown in Figure 5. These linear trends are also expressed in DU century−1. They range from −1.35 to 5.15 DU century−1 considering individual points. The regions that have the average strongest positive and negative linear trends are Amazonia (approximately 4.40 DU century−1) and northern PNG (around −1.30 DU century−1), respectively, both in the SON quarter.



The count of pixels with a significant monotonic trend in the Q time series is 619 (out of 10,379), split between 495 and 124 for the upward and the downward trends, respectively (Table 3). Most of these points are distributed across the tropical latitudes, followed by the subtropical and the high-latitude bands. As with the previous layers, the higher number of points with a significant trend shifts from the tropical to the subtropical band for the rest of the seasons. The location of the most concentration of points with upward and downward trends in the Q case is similar to that of the TRM’s counterpart (Figure 5a, cf. Figure 4a).



Regarding the DJF time series, the number of grid cells with a significant trend is 987 (out of 13,554), with 768 (219) of them exhibiting an upward (downward) trend. The highest density of points with an upward monotonic trend occurs over central ARG and CHL; this region is associated with upward linear trends. On the other hand, the location of the highest concentration of pixels with a downward trend is once again northern PNG and they are conjoined to negative linear trends (Figure 5b). As to MAM, the count of points with an upward (downward) trend is 487 (294), out of a total of 12,734. The location that has the most concentration of pixels with an upward trend in this season seems to replicate the DJF’s one, yet with a thin zonal line of disruption across approximately 30°S; the higher density of points with a significant downward trend occurs in the SAO east of the Argentine coasts. In both cases these pixels are in compliance with their corresponding linear trends (Figure 5c). The matter concerning the downward trends is more exaggerated in JJA where these pixels span a much larger region than in the MAM’s case (Figure 5d). As before (cf. Table 1 and Table 2), JJA is the only season with the number of points having a downward trend exceeding that with an upward trend (Table 3). Concerning the SON quarter, the count of points with a significant trend stands at 715 (out of 11,747), split into 450 (265) with an upward (downward) trend. The regions that have the largest concentration of pixels with and upward and downward trends coincide with the ones in the Q counterpart and they are in correspondence with their linear trends (Figure 5e).





3.2. NO2 Trends


The linear trends for the seasonal time series of Trop and Strat NO2 concentrations and the pixels that show a monotonic upward or downward trend for the standardised anomalies of the same variables are shown in Figure 6 and Figure 7, respectively. As with the SO2 seasonal concentrations in most of the layers of the atmosphere all these linear trends are not significant across the analysed seasons both in the Trop and the Strat. In the former layer the linear trends range from −3.25 to 2.50 DU century−1 (Figure 6) and they are weaker in the latter layer, ranging from −1.184 to 0.363 DU century−1 (Figure 7).



Unlike the SO2 case the number of pixels with a monotonic upward trend in the Trop is the dominant characteristic in all the seasons (Figure 6), with the maximum number of them (7954 out of 8095) taking place in the Q time series (Table 4)—they are largely concentrated in the subtropical and high-latitude bands over the oceans. On the other hand, MAM is the season that shows the largest number of pixels exhibiting a monotonic downward trend, with these points being mainly distributed across the tropical latitudes but with a large concentration of them also taking place in southern SA (Figure 6c). Despite this, grid cells with an upward trend are by far the most dominant in all the seasons. These results are quite in agreement with an overall increase in the global tropospheric NO2 concentrations in the recent years [56]. The regions exhibiting positive and negative monotonic trends in all the seasons are in correspondence with the linear trends shown at these locations. According to [57] the months of maximum NO2 concentrations over central SA/Amazonia, southern Africa and northern Australia (AUS) take place in the SON quarter. There are pixels with a significant monotonic trend in these regions within the specified season, with southern Africa and large portions of central SA/Amazonia exhibiting upward trends and northern AUS exhibiting downward trends; the presence of downward trends in western Amazonia is noteworthy as well (Figure 6e). The upward trends are evidence that the emissions in the corresponding regions increased in the analysed period, and the converse situation occurs for the downward trends, most notably in northern AUS. Unfortunately, no further links of this kind can be established for the rest of the seasons as much of the maximum NO2 concentrations in the SH take place during SON.



The lack of previous research covering the topics dealt with in our paper does not permit direct comparison at a hemispheric scale. However, trends for tropospheric NO2 concentrations were presented at major urban agglomerations in the SH [26]. According to Figure 6a the monotonic upward trends in Lima and SCL are in qualitative match with the results presented in [33] as they are in Jakarta and Sydney for a downward trend, whereas they do not match in Buenos Aires, Johannesburg, San Pablo and Rio de Janeiro, as the monotonic trends at these cities are not significant. The case of Sydney is interesting since Figure 6a shows that the only pixel with a significant downward trend in the region is located at this city.



The fact that the standardised seasonal NO2 Strat concentrations time series have no pixels with a monotonic upward trend for any of the analysed seasons is the most striking feature of this paper. The Q time series have the least number of points exhibiting a downward trend with a count of just 70 (Table 5) that are located in the subtropical latitudes (Figure 7a). This number increases to 6042 for DJF with most of these pixels distributed across the subtropical and the high-latitude bands but with blanks in several zones, most notably in the southern SAO (Figure 7b). MAM is the season that has the largest number of pixels with a monotonic trend with a count of 10,292, most of them beyond 20°S with a noticeable blank region at high latitudes south of AUS (Figure 7c). A feature of the Q, the DJF and the MAM time series is that there are virtually no points with upward linear trends. This is not the case for JJA and SON (Figure 7d,e, respectively) whose count of pixels with a monotonic trend reduces dramatically to 1168 and 372, respectively.





4. Discussion


The prevailing meteorological conditions were briefly mentioned as a cause of SCL being a pollution-prone city. These conditions, along with other factors (such as topography) may conspire to make other regions of the world as polluted as, or even more polluted than, SCL, either seasonally or on an annual basis. Notwithstanding, the degree of relationship between concentrations and emissions is in general not as straightforward as this example suggests. This can be figured out from the trends observed in remote areas over open waters of the SH where there are no sources and the pollutants owe their existence to atmospheric transport. The number of research efforts devoted to identifying different linkages between the concentration of pollutants and the meteorological conditions is on the rise in both hemispheres, but they are more numerous in the Northern Hemisphere due to a number of factors that include this hemisphere having a large number of megacities, and therefore the highest concentration of regions with strong industrial activity. Even though the areas closer to the sources of pollutants (natural or anthropogenic) are expected to be the most affected by the emissions, the local and regional meteorology, the general circulation [58,59] and the chemistry should be considered altogether in order to establish the spatial extent of the influence and the actual concentrations. Recently, a study carried out for China found that the discrepancy in the relative values of the emissions and the SO2 concentrations in the lower troposphere owing to a change in local meteorological conditions can represent up to 20–30%. Under the same scenario, the deviations from a linear relationship linking the emissions and the columnar concentrations can be up to 50% [60]. A similar study for the NOx regarding trends showed that meteorology may account for up to a 30% difference in emission/concentration differences [61]. More generally, the characteristics of the emissions—e.g., increase or decrease over time, seasonality—combined with a global warming scenario that leads to the alteration of the meteorological conditions may have an impact on the evolution of the concentrations and hence on the observed trends. The expansion of the tropical belt, the intensification of the Hadley Cell (HC) and the strengthening of upper tropospheric jets (UTJs) are part of the meteorological aspects of the global warming scenario that may play a role in the distribution of these pollutants, thereby modulating their concentrations across both hemispheres.



This work focused on the SH. The count of analysed pixels across all the seasons covered the entire study region for the NO2 concentrations both in the troposphere and in the stratosphere. This was not the case for the SO2 concentrations in the different analysed atmospheric layers owing to missing data. Our results show that there is a marked seasonality in the characteristics of the linear and non-linear trends over the SAO for the SO2 concentrations, and in the sub-tropics and the mid-latitudes for the NO2 concentrations. In particular, both the linear and the non-linear trends in the SO2 concentrations—and to a lesser extent in the NO2 concentrations—over the SAO exhibit a general reversion in their condition in JJA with respect to the rest of the seasons (including the Q case), from upward to downward.



As mentioned above, the overall features in the global distribution of the seasonal SO2 concentration trends can be at least partly interpreted by recalling some components of the large-scale circulation and their evolution in the recent years. A noteworthy distinction of these trends is the absence of significance in the linear trends in NAM in Figure 2 and in the monotonic non-linear trends in the same region in Figure 3, Figure 4 and Figure 5, for the Q case as well as for the DJF and the SON seasons in all these sets of figures. This can be due to the effects of the HC’s ascending branch, whose vigorous vertical currents remove the specie from the equatorial latitudes and deposits it in the descending regions, located around 30°S on average, where the concentration of significant trends is considerable. Taking into account the described mechanism, the upward trends found in the sub-tropical latitudes of SA can be attributed to two distinct effects: (a) increasing emissions and (b) intensification of the HC. The intensification of the HC has been proven in [62] and it is present in different reanalysis datasets from 1979 through 2009. It is a plausible explanation for what is observed, provided the intensification of the HC is also valid within our study period. Although not statistically different from zero, the background linear trends in NAM shown in Figure 3, Figure 4 and Figure 5 are worth mentioning as they are consistent with a removal of this specific pollutant there. Grid cells with a significant positive non-linear trend in SA reach their southernmost position in DJF in concordance with the descending branch of the HC occupying its most poleward position during the summer months [62]. This agreement reinforces the intensification of the HC as a plausible mechanism for the latitudinal distribution of the observed trends. The poleward extent of the HC depends upon a number of land-sea contrast parameters—most notably the meridional temperature gradient—and moisture content [63] and so does the southernmost position of the significant trends. The relationship is complex, however, since the expansion of the tropical belt seems to have a dependence on the state of some modes of variability of the coupled atmosphere/ocean system, which in turn seems to depend on the concentration of anthropogenic aerosols [64]. The study of SO2 concentrations in the SH is particularly important to this topic considering the effects SO2 has on ozone depletion and the role played by the polar stratospheric ozone depletion in driving the widening of the tropical belt [65,66].



The importance of the UTJs to synoptic processes is that they drive the location of the storm tracks through baroclinic instability, but they also play a role acting as waveguides or inhibiting the poleward transport of wave activity [67], therefore interfering with the meridional circulation described above. The latitudinal distribution of the trends can be partly ascribed to the semi-horizontal transport of the pollutants away from their sources aided by the UTJs and redistributed by the eddy perturbations they contribute to create. UTJs are stronger in the winter hemisphere [68] thus creating more favourable conditions for baroclinic perturbations to develop. Generally speaking, the widening of the tropical belt implies an intensification (weakening) of the polar (subtropical) UTJ in DJF, and the converse situation takes place for JJA, i.e., the subtropical (polar) UTJ experiences a strengthening (weakening), yet the regions exhibiting significance are much more reduced [68]. Particularly over SA, the subtropical UTJ shows upward linear trends in both seasons [68] and this feature can be used to easily interpret the linear trends in PBL SO2 concentrations for JJA (Figure 2d). Indeed, a strengthened UTJ has the potential to create more intense storm tracks, and the region in the SAO concentrating the downward trends is located in one of the most cyclogenetic regions of the SH, particularly during JJA [67].



The clockwise rotation of these low pressure systems removes the pollutants from the oceanic regions and accumulates them east of the Andes so that the positive trends there are also in agreement with this mechanism. Regarding the non-linear downward trends, the highest concentration of them in the SAO during JJA (Figure 3d, Figure 4d and Figure 5d) may respond to a chemical process combined with the aforementioned changing atmospheric conditions. The oxidation of SO2 in the troposphere is at its maximum in the winter months [69]. Furthermore, due to its high aqueous solubility [70], the production of sulphates via in-cloud oxidation of SO2 has been reported to be important [71,72]. The intensification of the subtropical UTJ in the SAO region from central SA to southern Africa during JJA impact on both the frequency and the strength of the storm tracks there, with both characteristics expected to increase, leading to more cloudiness and hence more proneness to in-cloud oxidation of the SO2. Upward trends in the column of integrated water vapour content over the oceans in most of the regions of interest [45] are in concordance with the proposed mechanisms. The strengthening of the subtropical UTJ is also seen in the southern Indian Ocean from southern Africa to AUS [68], and the neighbouring regions exhibit non-linear downward trends in SO2 concentrations as well. A similar situation is also observed over New Zealand. There are no reasons for not to consider the same meteorological mechanisms for the NO2 trends. Concerning this particular pollutant, significant downward trends are generally closer to the landmasses—i.e., closer to the emission sources when compared with their SO2 counterparts. This may respond either to an actual reduction in the emissions or to the fact that NO2 has a lifetime of a few minutes against photolysis, leading to the generation of O3 [73], another tropospheric pollutant. In general, both NO2 and SO2 react with OH in polluted atmospheres, leading to the production of acids—it actually constitutes the dominant loss mechanism for NOx and the removal is much more efficient for the NOx species than it is for the SO2 [70]. The benefits of having a downward trend in both SO2 and NO2 concentrations at certain regions may be only apparent, as their reduction may imply these two compounds are oxidising and leading to the potential formation of acid rain.




5. Conclusions


The seasonal standardised anomalies of sulphur dioxide (SO2) and nitrogen dioxide (NO2) concentrations in different layers of the atmosphere were analysed for linear and non-linear trends in order to address the behaviour of these two pollutants in the context of a changing climate. The studied region was the Southern Hemisphere (SH) between the Equator and 60°S, the analysed period was 2004–2016, and Ozone Monitoring Instrument (OMI) data was used for both gases. To the best of our knowledge this is the first time the characterisation of non-linear trends was carried out in the entire SH. Standardisation was carried out as a twofold purpose: to remove (or at least attenuate) the known influence of the South Atlantic Anomaly in OMI data and to homogenise the datasets in the entire domain. On the one hand, linear trends were estimated and statistically tested. This procedure was carried out on the standardised anomalies of seasonal SO2 concentrations in the planetary boundary layer (PBL), the lower troposphere (TRL), the middle troposphere (TRM) and the upper troposphere and the lower stratosphere (STL), and NO2 concentrations in the troposphere (Trop) and the stratosphere (Strat), for the austral summer (DJF), autumn (MAM), winter (JJA) and spring (SON) time series, as well as for the quarterly (Q) time series. The obtained linear trends for the standardised anomalies were converted so that the trends for the original time series could be informed. On the other hand, non-linear trends were estimated for the series of standardised anomalies by means of the Mann-Kendall test and it was assessed whether the grid cells had a significant monotonic upward or downward trend.



The main findings of this paper can be summarised as follows. The SO2 concentrations show significant linear trends in the PBL only, but just a few pixels located mainly over the landmasses display such behaviour. The location of such pixels and their trends are in general in agreement with the existing literature. Even though an important number of grid cells in the TRL, the TRM, and the STL do not have significant linear trends, they exhibit significant monotonic upward or downward trends depending upon the region and the seasons considered, both over the landmasses and in remote regions over the oceans. A noteworthy feature is that JJA shows a large number of points with a downward trend in all the layers, while the opposite holds for the rest of the seasons. Concerning the NO2 concentrations, no significant linear trends were found either in the troposphere or in the stratosphere, but the former (latter) layer shows monotonic upward (downward) trends. Results are in agreement with a general increase in NO2 and SO2 emissions in the recent years [74,75] but they are not in accordance with the predicted emissions for these two gases within the different scenarios of climate change for the current century. The presence of trends in remote areas of the hemisphere away from the sources (which are mostly located in the landmasses) suggests that the general circulation combined with local processes—both subject to climate change—and chemistry play an important role in the transport and the spatial distribution of these pollutants. The statistic used to test the significance of the monotonic upward or downward trends revealed different degrees of non-linearities but the exact types of these non-linear evolutions were not addressed. The determination of the most suitable function to fit will likely help in further understanding the way the concentrations of these two gases will behave in the future. This is a matter for future investigation.
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Figure 1. Mean concentrations for the quarterly (Q) time series over the study period for (a) NO2 in the stratospheric (Strat) and (b) SO2 in the planetary boundary layer (PBL). Values expressed in DU. The prominent mean concentrations in southern Brazil (BRA) in (b) are related to the South Atlantic Anomaly (SAA). 
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Figure 2. Linear trends (background colours) for the SO2 seasonal concentrations in the planetary boundary layer (PBL) (in DU decade−1) for (a) Q, (b) December, January, February (DJF), (c) March, April, May (MAM), (d) June, July, August (JJA), and (e) September, October, November (SON). Significant trends are cross-hatched. The level of significance is 95%. Pixels that had at least a seasonal missing value were not included in the analysis. 
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Figure 3. Linear trends (background colours) for the SO2 seasonal concentrations in the lower troposphere (TRL) (in DU century−1) for (a) Q, (b) DJF, (c) MAM, (d) JJA, and (e) SON. Red and blue arrows mark the pixels that have a significant monotonic upward and downward trend (not necessarily linear), respectively. A level of significance of 95% was set. As in Figure 2, pixels whose time series had at least a seasonal missing value were not included in the analysis. 
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Figure 4. As in Figure 3 but for the SO2 seasonal concentrations in the middle troposphere (TRM). Q, DJF, MAM, JJA and SON figures are shown in panels (a–e), respectively. 
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Figure 5. As in Figure 3 but for the SO2 seasonal concentrations in the upper troposphere and the lower stratosphere (STL). Q, DJF, MAM, JJA and SON figures are shown in panels (a–e), respectively. 
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Figure 6. As in Figure 3 but for the seasonal concentrations of NO2 in the troposphere (Trop). Q, DJF, MAM, JJA and SON figures are shown in panels (a–e), respectively. 
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Figure 7. As in Figure 3 but for the seasonal concentrations of NO2 in the stratosphere (Strat). Q, DJF, MAM, JJA and SON figures are shown in panels (a–e), respectively. 
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Table 1. Number of pixels with a significant monotonic trend (not necessarily linear) for the SO2 seasonal concentrations in the lower troposphere (TRL).
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	Latitudinal Band
	Q
	DJF
	MAM
	JJA
	SON





	0°S–20°S
	388
	387
	298
	379
	359



	20°S–40°S
	227
	573
	387
	454
	382



	40°S–60°S
	4
	159
	98
	56
	62



	Total upward
	555
	921
	480
	314
	602



	Total downward
	64
	198
	303
	575
	201



	Total analysed pixels
	10,325
	13,490
	12,706
	11,551
	11,693
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Table 2. As in Table 1 but for the SO2 concentrations in the TRM.
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	Latitudinal Band
	Q
	DJF
	MAM
	JJA
	SON





	0°S–20°S
	439
	399
	324
	394
	333



	20°S–40°S
	292
	592
	396
	412
	395



	40°S–60°S
	5
	148
	93
	62
	66



	Total upward
	666
	956
	555
	362
	592



	Total downward
	70
	183
	258
	506
	202



	Total analysed pixels
	10,359
	13,521
	12,725
	11,567
	11,732
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Table 3. As in Table 1 but for the SO2 concentrations in the STL.
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	Latitudinal Band
	Q
	DJF
	MAM
	JJA
	SON





	0°S–20°S
	339
	345
	304
	368
	280



	20°S–40°S
	270
	502
	393
	417
	367



	40°S–60°S
	10
	140
	84
	65
	68



	Total upward
	495
	768
	487
	300
	450



	Total downward
	124
	219
	294
	550
	265



	Total analysed pixels
	10,379
	13,554
	12,734
	11,590
	11,747
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Table 4. As in Table 1 but for the NO2 concentrations in the Trop.
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	Latitudinal Band
	Q
	DJF
	MAM
	JJA
	SON





	0°S–20°S
	1455
	792
	650
	938
	1630



	20°S–40°S
	3382
	1883
	1575
	1031
	3144



	40°S–60°S
	3258
	1641
	1715
	1838
	2459



	Total upward
	7954
	4108
	3472
	3461
	7054



	Total downward
	141
	208
	468
	346
	179



	Total analysed pixels
	17,280
	17,280
	17,280
	17,280
	17,280
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Table 5. As in Table 1 but for the NO2 concentrations in the Strat.
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	Latitudinal Band
	Q
	DJF
	MAM
	JJA
	SON





	0°S–20°S
	0
	47
	1338
	0
	0



	20°S–40°S
	70
	3179
	5172
	48
	8



	40°S–60°S
	0
	2816
	3782
	1120
	364



	Total upward
	0
	0
	0
	0
	0



	Total downward
	70
	6042
	10292
	1168
	372



	Total analysed pixels
	17,280
	17,280
	17,280
	17,280
	17,280
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