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The Brewer–Dobson circulation (BDC), whose dynamic activity is enhanced from winter to spring, transports stratospheric ozone from the tropical source regions to higher latitudes. But it is the BDC's shallow branch which transfers lower stratospheric ozone (LSO) from the tropics to the subtropics. Hence the accumulation of ozone in the subtropics is at its maximum at the end of spring (October) in the Southern Hemisphere (SH). Here we use observation and observation constrained reanalysis data to investigate the extent to which the interannual variability of this end of spring accumulated LSO is able to impact on the maximum surface air temperature (SATmax) and precipitation of South Africa. This is achieved through contrasting years of high positive and negative October ozone anomalies for the extreme BDC activity, referred to as weak (wBDC) and strong (sBDC) respectively. It is found that the w(s)BDC event composites coincide with significant negative (positive) SATmax anomalies and positive (negative) rainfall over South Africa. We suggest that the wBDC's related LSO surpluses trap the UVB meant to heat the troposphere and surface. This induces the observed negative middle to upper tropospheric air temperatures and geopotential heights resulting in cyclonic circulation anomalies that enhances rainfall and suppresses SATmax. The opposite is true for the sBDC composites where ultimately the elevated geopotential heights result in middle to upper anticyclonic tropospheric anomalies that are accompanied by rainfall deficits and increased SATmax.
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INTRODUCTION

The ozone composition, especially in the upper troposphere lower stratosphere (UTLS) is influenced by tropical upwelling (Yulaeva et al., 1994; Randel et al., 2007; Konopka et al., 2010; Young et al., 2011) and subtropical/extratropical downwelling across the tropopause layer (Gettelman et al., 2011; Shepherd and McLandress, 2011) through the stratosphere troposphere exchange process (STE, Holton et al., 1995; Randel et al., 2009; Calvo et al., 2010). Both vertical and meridional stratospheric ozone transport are largely controlled by the wave driven Brewer Dobson Circulation (BDC) whose strength is mainly measured by Elliassen Palmer flux (EPf, Randel et al., 2002; Konopka et al., 2010). As such, a rough sketch of the BDC involves tropical upwelling of mass from the troposphere (source regions) to the stratosphere (Gerber, 2012), the mean meridional mass transport in the stratosphere that is accompanied by downwelling of mass in the subtropics and extratropics through distinct shallow and deep branches respectively (Birner and Bönisch, 2011; Ueyama et al., 2013; Konopka et al., 2015). The shallow branch mostly results from wave forcing in the subtropical UTLS (Abalos et al., 2014; Konopka et al., 2015), while the deep branch is predominantly influenced by high-latitude planetary waves (Ueyama et al., 2013; Abalos et al., 2014; Konopka et al., 2015). Of interest here is the shallow branch as it does not only present a dynamical forcing within the UTLS where the bulk of the stratospheric ozone resides (Brunner et al., 2006; Kirgis et al., 2013) but has relatively much faster transport times (Bönisch et al., 2011; Flury et al., 2013). However in the UTLS the lifetime of ozone is comparable to or longer than transfer time scales, making ozone concentration strongly influenced by transport (Kirgis et al., 2013). Hence the shallow branch of the BDC exerts a major influence on the distributions of UTLS ozone which is essential in modulating the penetration of ultraviolet radiation (UV) to the troposphere and surface (WMO Scientific Assessment of Ozone Depletion, 2014). This means that the composition of ozone in the tropics that is meridionally moved by the BDC should have an effect on the vertical ozone concentration over the tropics. As such the accompanying ozone-UV related variability has potential to significantly impact on South Africa's temperature, both in the troposphere and surface.

Nevertheless, stratospheric ozone is predominantly determined by in situ creation (production), destruction (loss) and transport into or out of the region (Kirgis et al., 2013). But unlike in the UTLS where ozone concentration is largely affected by transport (Bencherif et al., 2007, 2011; El Amraoui et al., 2010), photochemical formation and destruction dominate the upper stratosphere, the region of pronounced manmade ozone-depleting substances (ODS) effects (UNEP United Nations Environment Programme, 1999). These ODSs have also contributed to the changes in global ozone levels where the upper stratospheric ozone decline has been more apparent from 1979 (Kirgis et al., 2013). Hence, the discovery of a spectacular austral springtime chemical depletion of Antarctic ozone due to the ODS whose spatial extent of significant ozone loss has been popularly christened the “ozone hole” a few decades ago (Solomon et al., 1986; Molina and Molina, 1987). This phenomenon has since been the most topical environmental issue of the 20th century where the related UVB impact has been demonstrated to adversely affect human health, agriculture and natural ecosystems (Sharma, 2001). The heightened concern on the UVB impact led to the first environmental global treaty known as the Montreal Protocol (MP) whose aim is to regulate the ODS emissions. However, the resounding success of this global treaty is thought to have halted the accelerated global ozone depletion from the mid 1990s (Egorova et al., 2013). As a result, no significant upward trend has been observed in global ozone since 1997 (Steinbrecht et al., 2009; Eckert et al., 2014). But recent studies put more emphasis on atmospheric dynamics as the most likely cause of the observed alterations in the total ozone column (TOC) since the late 1990s, with contribution from the decline in the ODS only being insignificant (Wohltmann et al., 2007). Of late Ball et al. (2018) revealed tropical ozone loss that is primarily confined to the lower stratosphere from 1998, which interestingly, coincides with the global energy imbalance (Trenberth et al., 2014). Although a detailed attribution to specific causal mechanisms is not apparent, this observation may provide a clue on a possible link between the LSO depletion and the warming of the troposphere and surface.

The annual cycle of tropical ozone and temperature in the lower stratosphere is reasonably well understood and is known to result from the annual variation in tropical upwelling and the action of the BDC (Yulaeva et al., 1994; Randel et al., 2007; Konopka et al., 2010; Young et al., 2011). The associated deep tropical convection is capable of rapidly feeding ozone deficit tropospheric air into higher ozone abundances of the lower stratosphere through the STE process (Randel et al., 2009; Calvo et al., 2010) thereby diluting the ozone layer. Hence increased upwelling has been suggested as an explanation for LSO decreases (Weber et al., 2003; Eckert et al., 2014). In fact, significant negative trends in the tropical LSO, dominated by increased tropical upwelling, has been observed in the last two decades (Randel and Thompson, 2011; Abalos et al., 2013; Sioris et al., 2014) which has been related to the global warming induced acceleration in the BDC (Garcia and Randel, 2008; Shepherd and McLandress, 2011; Butchart, 2014). But the LSO has a simultaneous direct radiative effect that affects temperature not only in the lower stratosphere but is also inversely related to the air temperature and hence geopotential heights of the troposphere below (Randel et al., 2017). As such it is highly possible that the BDC-shallow branch's related dynamical perturbations at subtropcal latitudes can directly influence the variability of ozone and temperature (Nath and Sridharan, 2015) including the temperature induced air circulation over South Africa.

In this regard, we investigate the extent to which interannual variability in the LSO due to the shallow braches of the BDC is able to affect the maximum surface air temperature (SATmax) and rainfall over South Africa. We do this by contrasting years of high positive and negative October ozone anomalies when the winter-spring cumulative ozone totals from the BDC activity is at its maximum, hereafter referred to as weak (wBDC) and strong (sBDC) respectively. This comparison, however, is made possible by assuming that the anomalies caused by the external forcing resulting from the ozone extremes is significantly larger than the one attributed to internal processes. This is not farfetched as several recent studies which specified non-zonal ozone forcings were able to demonstrate significant surface response to LSO variability (e.g. Gillett et al., 2009; Waugh et al., 2009).

DATA AND METHODS

We predominantly employ observation and observation constrained reanalysis data through statistical means to provide evidence on the BDC link to the surface temperature and precipitation over South Africa for the month of October. The month of October is when ozone variability is at its maximum and hence so is the LSO-UV modulation over the region. Observations have the advantage that they are independent from the presumed underestimation of the calculated energy in the UV solar spectrum (Ward, 2016). The main atmospheric parameters analyzed were temperature and TOC. This is because temperature is associated with a unique ozone radiative property in which the lower stratospheric temperature (LST) is inversely related to the tropospheric air temperature directly below (Randel et al., 2017). However, its limitation is that it includes other processes that might have different influences on ozone-temperature response like water vapor (Kirk-Davidoff et al., 1999). For the surface temperature analysis, we used a station observation-based global land monthly mean surface air temperature dataset at 1°C latitude–longitude resolution comprising of both maximum and minimum from Berkeley Earth (Muller et al., 2013). The TOC is from a single coherent dataset of the Royal Netherlands Meteorological Institute, derived from the multi-sensor reanalysis version 2 (KNMI MSR2). This dataset provides global assimilated ozone fields spanning from 1979 to present based on 14 satellite datasets (van der et al., 2015). For verification purposes of the TOC, we used the Total Ozone Mapping Spectrometer (TOMS) dataset (McPeters et al., 1998). However, we did not exclusively use this dataset to verify all the analysis duration as the TOC data is provided freely to the public only up to 2007. In any case, the TOMS ozone data correlate very well with the KNMI MSR2 ozone, which leaves no doubt that the observed ozone variations in this work, were real.

The interpretation of the TOC vertical temperature response is drawn from the National Centers for Environmental Prediction (NCEP)–National Center for Atmospheric Research (NCAR) reanalysis (NCEP; Kalnay et al., 1996). Although compared to the more modern ERA-Interim, which has been found to perform better on daily time scales over Southern Africa (Moalafhi et al., 2017), the NCEP has been found to perform equally good on monthly time scales (Manatsa et al., 2013, 2015). Vertically, NCEP also provides a good agreement with radiosonde data after 1979, the period that corresponds to the introduction of satellite data into the reanalysis assimilation scheme (Marshall, 2003). In this regard, the readily available NCEP dataset, which predominantly uses observations and extend higher into the lower stratosphere, provides a more consistent vertical model based pattern relative to the surface. The lower stratosphere is considered as the vicinity of the tropopause (70–100-hPa layer) which is the location of the ozone layer, where not only the largest ozone fraction (~90%) of the TOC is found (Steinbrecht et al., 1998; Brunner et al., 2006; Kirgis et al., 2013) but the associated ozone changes are primarily driven by atmospheric dynamics (Abalos et al., 2014). In this regard, the TOC measurements predominantly reflect the LSO distribution (Kirgis et al., 2013) and as such are strongly correlated (Steinbrecht et al., 1998; Manatsa et al., 2013). Therefore, we represent the LSO with TOC which henceforth is referred to simply as “ozone.” The ozone hole index is created from ozone hole data that is downloaded from http://www.theozonehole.com/ozoneholehistory.htm.

The strength of the BDC is not an easily observable quantity and hence is rather a difficult parameter to measure (Gerber, 2012; Ball et al., 2016). Several studies have attempted to estimate empirically the variability of the BDC using the lower-stratospheric (~100 hPa) Eliassen–Palm (EP) flux (Hood and Soukharev, 2005; Konopka et al., 2015), temperature (Yulaeva et al., 1994; Ueyama and Wallace, 2010; Young et al., 2011) and geopotential height data (Chandra et al., 1996; Hood et al., 1997) and even the out of phase changes between the tropical and subtropical ozone (Randel et al., 2002) as effective proxies. But the subtropical interannual ozone variability in winter/spring can be attributed to wave-induced changes in the BDC (Hood and Soukharev, 2005). In fact Randel and Thompson (2011) noted that the tropical LSO is so closely tied to tropical upwelling that they considered it an “excellent” proxy for upwelling. Hence we expect the subtropical ozone buildup in winter and spring to be significantly influenced by interannual variations in the BDC. This entails that the related ozone variability over subtropical South Africa can be seen as a reasonable measure of the strength of the overall BDC. Since the BDC has a more pronounced signal in the month-to-month and interannual variability (Young et al., 2011), in this work we use the monthly ozone amounts over South Africa to infer the strength of the BDC. Because we are principally interested in determining the influence of the BDC induced LSO on the lower troposphere and surface temperature, the strength of the BDC is inferred from the area-averaged ozone values in the boxed region (21, 30° E and 27°S, 31°S) which is presented by a box in Figure 2A. It is also from this region that the ozone, tropospheric lower temperature (TLT) and SATmax time series were derived that are represented by SA_ozone, SA_TLT and SA_SATmax where the prefix SA stands for South Africa.

Pearson correlation method is applied to account for linear relationships. But to show the independent influence of each variable, a partial correlation technique is used as explained by (Behera et al., 2005). Basically this involves approximating the exclusive connection between two variables while linearly excluding the influence arising from another independent variable (Behera et al., 2005). The use of the composite analysis was principally to detect the most salient and dominant characteristics contained within the selected group of events. Correlations and the mean differences in the composites are considered to be statistically significant at the 95% and 90% confidence levels respectively, based on the standard two-tailed Student's t-test. Prior to doing any statistical operation, all the data are detrended so as to remove the presumed linear influence of greenhouse gas-induced global warming. All the indices consist of monthly (October) values per year, hence as expected, no robust autocorrelation on the time series is detected (e.g., Manatsa et al., 2013). In this regard, the impact of autocorrelation in significant hypothesis testing is rendered non-essential. The post satellite period from 1979 to 2017 was selected for analysis because that is the period when the data coverage improved significantly. The anomalies were computed by subtracting the current World Meteorological climatological mean of 1981–2010 from each of the time series considered.

In order to detect abrupt changes/shifts, we adopted a manually performed cumulative sum (CUSUM) technique (Wetherill and Brown, 1991), as it performs robustly and is relatively easy to execute (Breaker, 2007; Manatsa and Mukwada, 2017). The analysis of cumulative variables where the cumulative sum of a variable has to be preferred to the variable itself as a measure of performance in climate research has recently gained credibility (Heim et al., 2017; Partanen et al., 2017; Graf and Tomczyk, 2018). This emanates from the realization that certain climate driven variables do not only respond instantaneously but also to the accumulated effects over the period of time (Manatsa et al., 2015). In this regard, the CUSUM method enables the shift process to be considered holistically, being composed of sequenced and linked events rather than monthly events that are independent (Manatsa and Mukwada, 2017). We also used the Sequential Regime Shift Detector (SRSD, Rodionov and Overland, 2005) in order to confirm the derived shifts and ascertain their p-values.

The empirical orthogonal function (EOF) analysis, also known as the principal component (PC) analysis (Jolliffe, 2002) was the preferred technique to define the dominant modes of the October gridded SATmax variability. The EOF basically generates new variables by way of linear combinations of the original ones, which explain most of the variance in the observed data. This technique has the advantage that it is able to simultaneously extract the dominant temporal variability and the associated spatial homogeneity. The former mode of variability is normally referred to as the PC while the latter is termed the EOF. Its algorithm is provided by the Climate Explorer website (http://www.temis.nl/protocols/o3field/o3mean_msr.php). However, its limitation is that the spatial patterns of leading EOFs have a certain degree of dependence on the shape of the analysis domain whereby the mode either ceases to exist or changes when the domain is altered. Worse still, the technique assumes orthogonality which is a property rarely found in physical systems of the climate. In any case, despite these seemingly major shortcomings, the classical EOF analysis remains popular in climate research. Here we used the EOF analysis with the aim to underline the hypothesis that regional October South Africa's SATmax and TLT are essentially influenced by the BDC induced LSO variations.

RESULTS

Composites Representing the WBDC and SBDC and the 1997 Shift

While the BDC activity drives the ozone which in turn acts on temperature within the lower stratosphere, it is not an easily observed quantity (Gerber, 2012; Ball et al., 2016). In this regard we use the verified strong temperature response to ozone as a natural and simple way to identify the variability of the BDC (Yulaeva et al., 1994; Ueyama and Wallace, 2010; Young et al., 2011) and the related impact on the surface temperature below. Thus, in order to establish the coherency of the ozone–temperature relationship over South Africa, the ozone anomalies are arranged in descending order alongside their corresponding SA_SATmax anomalies as shown in Figure 1A. In this way we found it easy to identify extreme ozone anomaly event years together with their corresponding SA_SATmax anomalies. As such, there are 7 positive (negative) extreme ozone anomaly-years identified by blue (red) lines. These 7 year events for each composite are chosen because they have undergone the largest October ozone anomaly (broken line) related BDC amplitudes [greater than an arbitrarily chosen magnitude of 7.0 Dobson Units (DU)] with respect to the adopted current World Meteorological Organization (WMO)'s mean period (1981–2010). The accompanying inversely connected SA_SATmax anomalies are shown in blue and red bars that are designated as weak-BDC (wBDC) and strong-BDC (sBDC) composites comprising of the years (1981; 1991; 1989; 1979; 2017; 1984; 1988) and (2003; 2015; 2004; 1997; 2008; 2006; 1985) respectively. Interestingly, it can be noted that all, except 2017(1985) of the w(s)BDC events occurred before(from) 1997.
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FIGURE 1. (A) Temporal manifestation for the SA-ozone anomaly (DU) that is arranged in descending order (broken line with asterisks) with the corresponding SA_SATmax anomalies (°C). Blue (red) bars represent SA_SATmax anomalies matching the extreme ozone anomalies that are greater (less) than 7 DU while gray bars stand for those with smaller magnitudes. The light blue bar amongst the red bars is the year 1992 which we considered an outlier. (B) The CUSUM time series for October ozone (broken red line) alongside that of October TLT (solid blue line). The data are for October from 1979 to 2017.



From Figure 1A we also note that the year 1992 (light blue bar) can be considered an outlier within the sBDC composites. This suppressed SA_SATmax could be associated with the sulfate aerosol impacts following the eruption of Mt. Pinatubo that was found to be largely confined to the lower stratosphere (Randel et al., 2009; Young et al., 2011). Sulfurous gases emitted by volcanoes convert to sulfate aerosols in the stratosphere whose concentration is dramatically enhanced for longer periods following major volcanic eruptions. These have a huge impact on the Earth's radiative balance where they increase the reflection of incoming solar radiation and increase the infrared absorption which cools the Earth's surface and the troposphere, while warming the stratosphere (Solomon et al., 2016). In fact the Mt Pinatubo eruption impact years (1992, 1993, 1994, and 1995) including that from El Chichón years (1982, 1983, 1984) show a distinct mismatch (Polvani et al., 2017) between the expected ozone amount and the corresponding SA_SATmax response in Figure 1A. In this regard, the exclusion of these seven years appears to produce an increase in the strength of the anticorrelation between the SA_ozone and SA_SATmax from −0.727 to −0.877 though this was not statistically detectable from the p-values which essentially remained < 0.0001 for the 2 cases. As a result, it appears major volcanic eruptions degrade the relationship between the LSO and SATmax over South Africa.

Additionally, the importance of decadal variability in shaping the overall trends in SA_ozone and SA_TLT, especially in revealing a possible shift in the temporal manifestations both time series is necessary. As such we use the CUSUM technique to locate any discontinuity which could be hidden in the time series. The use of this method did not only reveal a common shift around 1997 but also further cements the proposed notion of the cause effect inverse relationship between the two parameters (Figure 1B). This shift point was confirmed using the SRSD (Rodionov and Overland, 2005) with a p < 0.0001 for SA_TLT but 0.0092 for SA_ozone. Interestingly the year 1997 has also become the standard shift point in most of the research involving the LSO long term trends and hence demarcates the two epochs often used to investigate the distinctly reversing ozone trends (e.g., Manatsa et al., 2013; Harris et al., 2015; Polvani et al., 2017). SA_SATmax, though not presented in the figure, also displays a shift around the same period. This should be expected as SA_SATmax and SA_TLT are strongly correlated at p < 0.0001 hence suggesting that both temperature indices could be responding to ozone variability.

The Connection of SATmax to Ozone Variability Over South Africa

In order to approximate the region of maximum SATmax variability together with its associated temporal manifestation over the subtropical South Africa (south of 23° S), we employ an EOF analysis on the gridded SATmax (Figure 2A). Table 1 shows the resulting modes of variability retained which have been truncated to 4 upon reaching the cumulative explained variance of 93.36%, using the screeplot method. It can be noted that the dominant mode of SATmax explained variance of EOF1 and EOF2 accounts for 63.86 and 22.08% respectively. But because of the relatively high values for these adjacent modes, we then used the North et al. (1982) criterion to show that they are independent at 95% confidence level. North et al. (1982) technique is usually used to determine significance of the separation of the neighboring EOFs. With such a dominating percentage of representation, we assume that the EOF1 and PC1 are able to represent reasonably well the spatiotemporal variability of SATmax over South Africa. However, we could not relate EOF2 and the other subsequent modes to any known physical processes and as such ignored discussing them further.
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FIGURE 2. The spatial pattern of (A) SATmax_EOF1 with the boxed region demarcating the location where the averaged values of the indices were derived from, (B) correlation between SA_ozone index and SATmax, (C) mean difference between SATmax of the 1997–2017 and 1979–1996 epochs and surface mean temperature composite for (D) wBDC and (E) sBDC. All the data are for October from 1979 to 2017 and the significance (colored shades) is for 90% confidence level using the 2 tailed t-test.




Table 1. Explained variance of SATmax (detrended) of southern Africa south of 23°S.
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On correlating the SA_SATmax index with ozone over the South African region, we note that the area demarcated with maximum correlation values in Figure 2B largely coincides with the central parts of South Africa that is predominantly occupied by the Free State Province. The mean difference SATmax map in Figure 2C, which essentially depicts the difference between the sBDC and wBDC composites, emphasizes the turnaround to warming that is confined to the subtropical region associated with the post shift ozone depletion period. Again the composites of the SATmax in Figures 2D,E confirm the subtropical restriction of the surface temperature where the s(w)BDC event composites are associated with positive (negative) anomalies. On the overall, it can be noted through visual inspection that the area of high EOF amplitudes has a strong resemblance with the spatial patterns presented in the w(s)BDC composites depicted in Figures 2D,E. This may indicate that the variability of the LSO may not only be involved in generating the observed spatial patterns but could also be directly linked to the dominant mode of SATmax variability over South Africa.

Impact of Ozone on Lower Tropospheric and Surface Temperature Over South Africa

It is because of the BDC's well-known seasonality that it becomes reasonable to demonstrate the temporal evolution of the BDC extreme events using the composite analysis. In this regard, we present in Figure 3A, the monthly sequence from January to December of the ozone related sBDC and wBDC respective events with the aim to differentiate the distinct temporal evolution of the two extreme composite events from the neutral BDC events. In this figure it can be appreciated that in general the ozone values start to increase from a summer (DJF) minimum through winter (JJA) to attain a spring (SON) maximum, but with a spike in October (Young et al., 2011). This monthly ozone variability is consistent with other studies (Thompson et al., 1996; Sivakumar and Ogunniyi (2017) who noted that over South Africa the monthly variation of ozone concentration show maximum and minimum concentrations during spring and autumn, respectively. That the LSO is lowest in autumn but highest during spring is itself most likely the consequence of the stronger tropical tropospheric upwelling in austral summer/autumn compared to austral winter/spring (Young et al., 2011). This mechanism brings more ozone poor air from the troposphere to dilute the lower stratosphere which in turn is transported to the subtropics by the shallow branch of the BDC. The reverse occurs during the cool season of limited convection. Consequently, this meridionally transported LSO accumulates in the subtropics to reach maximum amounts at the end of spring. Hence it can be implied that the most likely explanation for subtropical South Africa's monthly ozone amplitudes presented in Figure 3A, is the strength of the BDC activity which has a winter and spring hemispheric maximum (Hood and Soukharev, 2005; Young et al., 2011). Thus, in order to appreciate the BDC extreme activity influence on ozone concentration we also present in Figure 3A, the monthly ozone amplitudes for the composites of the wBDC and sBDC with the broken line representing the neutral BDC events. It can be noted that significant deviations from the mean start to manifest themselves from June with maximum differences being realized in October after which they abruptly fall to insignificance again a month later from November. In this regard, the observation that the LSO concentration is suppressed for sBDC but enhanced for wBDC is itself a predominant consequence of stronger tropical upwelling during the former composites compared to the latter. In this regard, the BDC displays both interannual and decadal significant variability especially the considerable strengthening during the recent two decades that was attributed to global warming (Garcia and Randel, 2008; Butchart, 2014). Hence this may explain the highly increased frequencies of the pre (post) 1997 shift w(s)BDC events which were revealed in Figure 1A.
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FIGURE 3. Monthly (A) SA_ozone anomalies related to the wBDC, sBDC, and neutral BDC composites and, (B) correlation values between SA_ozone and SA_SATmax (blue line), SA_ozone and SA_TLT (green line) that is superimposed on the monthly correlated values between the tropically and subtropically averaged ozone (red line with asterisks). In the background are the monthly ozone values for the wBDC composite (gray bars). (C) Temporal manifestation of SA_ozone anomalies alongside that of SA_SATmax with the corresponding regression lines superimposed. (D) October scatter plot for SA_TLT anomalies (° C) against SA_ozone anomalies (DU) for the wBDC (blue crosses) and sBDC (red crosses). The scatterplot for (E) SA_SATmax against SA_ozone and (F) stratospheric temperature anomalies against SA_SATmax. In the inserts of the figures are the regression line equations. The data is for the post satellite period of 1979 to 2017.



A strong radiative response due to LSO variability in the troposphere is a well-known phenomenon (Previdi and Polvani, 2014 and references therein). In this respect, we present in Figure 3B the monthly correlation of SA_ozone with SA_SATmax, and SA_TLT juxtaposed against the highest monthly amplitudes as exemplified by the wBDC composite. By exploiting the out of phase nature of the tropical—subtropical LSO as demonstrated in previous studies relating LST to the BDC (Young et al., 2011) we present the monthly evolution of the correlation coefficients between the tropically and subtropically averaged ozone (red line with asterisks in Figure 3B). Here it is realized that the tropical and subtropical averaged ozone are significantly negatively correlated (p < 0.1) during austral winter and spring, suggesting that variations in wave driving are a major factor controlling global-scale ozone variability in the lower stratosphere. This allowed us to infer the monthly strengths of the BDC at global scale. Since the SA_ozone has a cumulative buildup, it can be appreciated that as the ozone amplitudes increases, so does the strength of the correlation coefficients between SA_ozone with SA_TLT and SA_SATmax. As expected, the correlations reach maximum values in October when ozone accumulation is at its highest. Although the graph is not shown, the correlation with SATmin is considerably weaker with the its maximum strength being attained a month later in November. This implies that the strongest simultaneous temperature responds of ozone at monthly time scale is again achieved in October but with surface SA_SATmax and SA_TLT. That is why October has become the month of focus as it does not only display maximum ozone values but also the strongest simultaneous coupling with both the lower tropospheric and surface maximum temperatures. Since SA_SATmax and SA_TLT display a simultaneous correlation which is close to unity (0.892, p < < 0.0001) this suggests that these temperature variables either respond to the same stimuli or strongly influence one another. But the greatest values of SA_SATmax and SA_TLT are attained in the afternoon (Yang and Slingo, 2001) implying that the ozone connection with temperature could be a direct response to solar radiation. In fact, (Young et al., 2011) demonstrated that the seasonal cycle in the LST and LSO are strongly in sympathy with the annual march of insolation.

In this regard we display in Figure 3C, the temporal manifestation of monthly ozone values alongside the surface temperature response. Here we see that the two variables are significantly inversely related with a correlation of −0.727 (p < 0.0001). Figure 3C also indicates that the magnitudes of the monthly amplitudes are strongly inversely corresponding. This further suggests the simultaneous nature of the SA_SATmax and SA_TLT response to the ozone variability. In any case, it appears the SA_ozone (SA_SATmax) anomaly amplitudes are higher and positive (negative) before the 1997 shift than after where the inverse corresponding pattern of anomalies seem to have been suppressed. In fact the SA_ozone (SA_SATmax) pre-shift average has significantly shifted from 302.98 DU (18.01°C) to 294.726 DU (18.98°C) with a p-value of 0.048 (0.018). The inserted oppositely signed regression line trends suggest that the reduction in SA_ozone feeds into the increasing SA_SATmax. However, the declining trend in SA_ozone, though not significant is inconsistent with the Antarctic ozone which was found to have either stabilized or slightly increased thereby either reversing or arresting the ozone hole expansion in the recent decades as a result of the MP related reductions in the emissions of ODS (Solomon et al., 2016). Actually the expectation is that the global ozone mean should increase as the ODS continue to decline (Eckert et al., 2014). This inconsistency could be an indication that the cause of SA_ozone variability is largely detached from the chemical ozone depletion related to the ozone hole. In fact the signs of ozone recovery related to the decline in the stratospheric halogen loading were predominantly observed in the upper stratosphere where the effects of the ODSs are easily quantifiable (UNEP United Nations Environment Programme, 1999). But in the tropical lower stratosphere, statistically significant negative trends which were detected (Randel and Thompson, 2011; Ball et al., 2018) could be attributed to systematically increased tropical upwelling that is easily represented in simulations of several chemistry climate models (Eyring et al., 2007; Shepherd, 2007; Li et al., 2009; Waugh et al., 2009). Similarly in the subtropics, the dominant contribution to the TOC was found to be due to the larger influence from atmospheric dynamics related to the BDC on the LSO (Newchurch et al., 2003; Steinbrecht et al., 2009).

The distinct nature for the relationship between the SA_TLT and SA_ozone as imposed by the sBDC and wBDC composites is depicted in the scatter plot in Figure 3D. Here it is quite evident that the connection occupies the first and third quadrants, which is a good sign of the separation of the two composites as far as influencing temperature is concerned. Since a coinciding 1997 shift for both SA_TLT and SA_ozone has been revealed in Figure 1B, we demonstrated in the scatter plot (Figure 3E) that the relationship between the two time series shows less post shift SA_ozone corresponding to higher temperatures accompanied by a weaker coupling. This is supported by the correlation coefficient r between the SA_SATmax and SA_ozone for the two epochs which suggests significantly reduced correlation in the latter epoch (R2 = 0.670 compared to R2 = 0.426). The same conclusions also apply to Figure 3F where the significant pre-shift R2 of 0.346 drops to an insignificant value of 0.020. However, from this figure it can further be noted that the pre-shift mean LST has cooled significantly from −59.18°C to −61.69°C with a 2-tailed t-test p-value for the difference between the means of < < 0.0001. Though explaining the reasons is beyond the scope of this work, the same figure also reveals that 2011(1996) is the only post(pre)-shift event with positive(negative) LST anomalies but with corresponding SA_SATmax that is not anomalous. Since ozone is by far the dominant temperature forcing in the lower stratosphere (Forster and Shine, 1997), the anomalous LSO therefore connects to the temperature in the troposphere and surface. As such the connection weakens as the ozone becomes depleted. Hence over the subtropics, where South Africa is largely located, it is most likely that the enhanced action of the BDC has predominantly contributed to the ozone loss in the lower stratosphere (Newchurch et al., 2003; Steinbrecht et al., 2009) which coincide with higher surface temperatures.

Link of SATmax Variability to the BDC

Of late it has been confirmed that the LSO together with surface temperatures display a BDC induced near-perfect cancellation between tropical and extratropical latitudes on both annual and interannual time scales (Gettelman et al., 2010; Young et al., 2011; Abalos et al., 2012). In fact the inter-annual variations seen in the subtropics TOC anti-correlate with that in the tropics (Figure 3B red line with asterisks) as a result of the overturning BDC (Young et al., 2011; Abalos et al., 2012; Zhou et al., 2012). Hence in order to demonstrate the dynamical ozone variability associated with the lower branch of the BDC, it becomes prudent to establish the existence of this anticorrelation spatial pattern between these respective latitudinal bands. This is done through correlating PC1_SATmax and SA_ozone with the ozone and SATmax in the SH respectively. Hence, in Figures 4A,B, it can be realized that these indices generate inverse spatial bands of tropical and extratropical significant correlation values. In fact the 20°S−20°N and 40°S−50°S zonal bands of significant correlations in these two figures are within the BDC shallow branch's upwelling and downwelling regions respectively. These are indicative of the zones related to ozone exhaustion and accumulation respectively during the poleward meridional transport. As such this spatial pattern merely manifests the characteristic SH springtime LST response to BDC-ozone related forcing (Salby, 2008; Grise and Thompson, 2013). It is interesting to note that an October BDC index which we derived from the differences between the averaged TOC in the tropics and the subtropics (Randel et al., 2002) that we demonstrated in Figure 3B (red line with asterisks) has a unique impact on Africa's SATmax that is confined only to South Africa (Figure 4C). This demonstrates the regional confinement of the BDC's impact on the African continent which we are revealing in this work.
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FIGURE 4. Spatial manifestation of (A) correlation field between SAT_PC1 and the SATmax over the SH, and (B) SA_ozone and the ozone over the SH. (C) The spatial correlation between the tropics minus subtropics ozone averaged index and the SATmax over Africa. (D) correlation of ozone hole index with ozone over the SH. The data is from October from 1979 to 2017. Color shades depict regions of significance that is above the 90% confidence level using a 2 tailed t-test.



The chemical and BDC induced dynamical ozone modulating processes, though not fully independent of one another, are the two possible causal mechanisms for LSO trends and interannual variability in the subtropics (Hood and Soukharev, 2005). Chemical processes that may contribute to subtropical ozone decreases are related to the increase in ODSs that is known to be the main cause of ozone declines in the polar regions (Solomon et al., 1986, 2016; Molina and Molina, 1987). As such, the dynamically induced, in the absence of polar chemistry induced ozone anomalies however, may not entirely explain the ozone anomalies over South Africa. At times the ozone hole has been observed to be quite elliptical, with the axis running from the Antarctic Peninsula toward the southwest of South Africa (http://www.theozonehole.com/2016ozonehole.htm). This implies that the polar vortex can influence heterogeneous chemical ozone loss over this region. For example, the polar vortex itself has been found to affect mid-latitude ozone levels through the ozone dilution process, i.e., mixing of polar ozone-poor air with mid-latitude ozone-rich air (Hadjinicolaou and Pyle, 2004). In this respect, one would be tempted to believe that the variations of ozone over South Africa is predominantly a result of the encroachment of the ozone hole influence as the variability is also significantly linked to the Antarctic ozone hole data as shown in Figure 4D. Hence in order to discredit this notion as the possible explanation of dominant SA_ozone loss, we employ the partial correlation method as used in (Behera et al., 2005). In this technique the influence due to ozone hole can be linearly removed from the intended relationship and similarly that of SA_ozone can also be excluded. The results show that when the effects due to ozone hole are linearly removed, the correlation between SA_ozone and SA_SATmax is not significantly altered as it changes from −0.633 to −0.584 and retains the p < 0.001. But when that from SA_ozone is similarly removed, from the correlation between SA_SATmax and ozone hole index, the relationship drastically collapses, falling from a significant (p < 0.01) value of 0.418 to an insignificant (p = 0.329) correlation of 0.275. In this regard though it is not physically possible to entirely disentangle the dynamic from the chemical ozone loss mechanisms, we underplay the role of the latter in favor of the former as the predominant mechanism for the ozone depletion over South Africa. This can also be inferred from Figure 3C where the exhibited high ozone variability is most probably due to dynamics rather than halogen loading whose chemical ozone loss evolves more smoothly (Kirgis et al., 2013). As such chemical ozone loss is unlikely the main mechanism involved in the w(s)BDC ozone related changes.

Ozone Link to Vertical Air Temperature Patterns Using the wBDC and sBDC Composites

The signal of the shallow branch of the BDC in terms of ozone anomalies from the tropics to the sub-tropics can be inferred in the UTLS where the vertical movement of ozone predominates through the tropopause. GHGs can be discounted since they do not have an impact that is confined to the UTLS (Polvani et al., 2017). As such the UTLS is where the steepest relative vertical ozone gradients are found (Abalos et al., 2013), hence the corresponding large vertical gradients in the air temperature that we see in the plates of Figure 5. In these figures we observe almost simultaneous cooling (heating) of the lower stratosphere and heating (cooling) of the troposphere and surface. This concurrent inverse temperature response which is insignificantly related to surface temperature advection (figure not shown) is most likely a result of radiative forcing emanating from above that is related to ozone variability. Hence, it becomes prudent to analyze the related vertical air temperature stratification. In this regard, the vertical slices of the w(s)BDC air temperature composites are shown in Figures 5A–D. Figures 5A,C depict the meridional slice averaged between 21°E and 25°E which strands from 20°N southwards to 45°S so that the both tropical regions can be connected to South Africa. The meridional slice passes through the boxed region illustrated in Figure 2A but has been chosen to cut through the region of maximum tropospheric circulation response. However, the stronger temperature response in both the subtropical stratosphere and surface compared to the tropics for w(s)BDC composites should be the result of more accumulation (depletion) of the LSO richer (poorer) air due to the general impact of the slower (quicker) meridional transport from the tropics.
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FIGURE 5. Vertical air temperature pattern for the wBDC composites averaged over (A) 21°E to 25°E and extending from 40°S to 20°N, (B) 33°S to 30°S and covering 20°W to 45°E (C,D) same as in (A,B) respectively but for sBDC composites. Years for the composites are indicated in the insert and were derived from October data spanning from 1979 to 2017. The anomalies are with respect to the 1981-2010 climatology. Shaded regions are significant above the 90% confidence level.



The sun's output of UVB, at the analyzed timescale does not significantly change. Rather the more the ozone, the more the high energy absorption in the lower stratosphere and hence the less the UVB is available to heat the troposphere and the Earth's surface. In Figures 5B,D, the region of maximum temperature response in the lower stratosphere corresponds to that in the upper troposphere and surface directly below. Since tropospheric upwelling is directly related to air temperature, it is to be expected that weaker (stronger) subtropical upwelling should be found in the w(s)BDC composites. Hence, this necessitates anomalous accumulation (depletion) of ozone in the lower stratosphere as a result of relatively less (more) intrusion of tropospheric ozone deficit air in the w(s)BDC composites. Due to greater (reduced) UVB radiation allowed through the lower stratosphere, it follows that the s(w)BDC composites are associated with more(less) temperature response both in the troposphere and surface. However, more ozone in the lower stratosphere increases the temperature sensitivity as it traps increased UVB that is destined to filter through the tropopause. In this regard, the dipole atmospheric temperature patterns depicted in the plates of Figure 5 should most likely be predominantly the radiative effect of the LSO variability in the presence of UVB (Randel et al., 2009) rather than adiabatic processes as envisaged by Ball et al. (2016).

Interestingly, all plates in Figure 5 emphasize both the significant role of the subtropics and the restriction to the continental impact in modifying the vertical configuration of the wBDC and sBDC air temperature composites due to the differential absorption of UVB. The land surface skin is heated much faster to initiate a more anomalous convection and hence tropospheric upwelling than the ocean as the UVB penetrates deeper into the ocean to use the heat over a thicker layer. In this respect, the coinciding LST minimum (maximum) with the surface temperature maximum (minimum) over the subcontinent suggests a positive feedback mechanism between the boundary layer and the ozone (e.g., Olsen et al., 2007). Although this has to be confirmed through experiments, we propose that the BDC anomalies for strong (weak) phases during early spring generates land surface warming (cooling) which is accompanied by enhanced (suppressed) tropospheric upwelling. Hence this should result in the LSO being further depleted (accumulated) during the sBDC (wBDC) phases which then may increase(decrease) the UVB radiation allowed to anomalously warm (cool) both the troposphere and surface.

Significant tropospheric response is mainly confined to the continental surface of South Africa. The temperature response occurs with different magnitudes in the boundary layer and free lower troposphere as compared to the upper troposphere. In this regard, the boundary layer seem to respond more to the surface heating whist the upper troposphere appear to respond more to temperature changes in the lower stratosphere. This is confirmed by the high correlation between the SA_SATmax and the SA_TLT which is about 0.892 (p < < 0001) and hence implying that both troposphere and surface are heated from the same source which is probably the solar UVB. However, the surface has the lowest (highest) temperature values that are directly below the region of lowest (highest) lower stratospheric air temperature anomalies in Figures 5B,D. This is also an indication that the highest anomalous UVB has the strongest impact on the surface temperature below where the high energy is absorbed with some of it being reflected to heat the boundary layer immediately above. The higher temperature anomalies in the upper troposphere relative to the middle troposphere may signify ozone temperature response to the amount of UVB allowed to enter the troposphere, where ozone is in more abundance in the upper part (Brunner et al., 2006). In fact relative to these atmospheric layers, South African springtime ozone maximum has been found in both the lower stratosphere and upper troposphere (Thompson et al., 1996; Sivakumar and Ogunniyi, 2017). As such, the stratospheric cooling(warming) juxtaposed against tropospheric (cooling) observed in October is thus primarily a response to ozone extreme alterations (Randel et al., 2009). In any case, the LSO -induced cooling (warming) in the upper troposphere can be reproduced in the current generation of coupled atmosphere–ocean general circulation models (GCMs) and coupled chemistry–climate models (CCMs; Young et al., 2013).

Circulation Anomaly Patterns Associated With the wBDC and sBDC Composites

The assumption of a cause-and-effect relationship between the stratospheric ozone and tropospheric circulation is not novel. It is on record that anticyclonic related subsidence anomalies are characterized by deformations of the subtropical tropopause resulting in protrusions of ozone-poor, low potential vorticity air that extend from the subtropical upper troposphere into the lowermost stratosphere (Waugh and Polvani, 2000). The reverse process generates tongues of ozone-rich stratospheric air extending into the subtropical upper troposphere (Waugh and Polvani, 2000). In this way, once developed the upper tropospheric anomaly circulations are bound to enhance the inverse relationship in ozone anomalies that have been indicated in the troposphere and lower stratosphere. In fact Barodka et al. (2015) used a “top-down” approach to demonstrate the impact of the LSO on tropospheric circulation patterns and the associated weather and climate conditions. Figure 6A shows the warming of the LST juxtaposed against tropospheric cooling that has maximum response vertically aligned from the lower stratosphere, upper and then lower troposphere to the surface for the wBDC composites over South Africa. We also represent, for the same composites, in Figures 6B,C the truncated the geopotential and the corresponding zonal circulation respectively, that is restricted to the troposphere because the atmosphere is a lot denser with the controls of the surface climate easily noticeable there than in the stratosphere. These composites indicate that when the upper part of the troposphere is cooled coinciding with the LSO surplus related warming (also presented in Figures 5A,B), the geopotential height responses by falling with maximum values in the upper part as depicted in Figure 6B. This in turn creates a low pressure anomaly system in the upper troposphere where the wind anomaly becomes strongly cyclonic (Figure 6C). We illustrate in Figure 6D that the wBDC composite for the upper tropospheric air temperature anomalies depict a center that largely coincides with the region of maximum circulation anomaly pattern presented in Figure 6E. It then becomes easy to spatially link these air temperature anomaly systems to the cyclonic winds that are quite vivid in Figures 6C,E. Hence this cyclonic wind system should be responsible for the significant positive rainfall anomalies presented in Figure 6F as the associated ascending motion which should be more pronounced from the lower middle levels of the troposphere is conducive to cloud development of large vertical extent. It is however important to observe that the precipitation anomalies are enhanced more to the east of the low pressure system covering most of the central regions of South Africa (mostly Free State Province) which is predominantly in the northerly components of the winds circulating the low pressure anomaly. This could be an indication that the source of the moisture is of tropical origin. It can also be implied that this resulting enhanced rainfall further cools the near surface, through evaporation, which is evidenced in Figures 5B, 6A. In the same vein, it appears that the predominantly arid region to the south of the box demarcated in Figure 2A may benefit from the positive rainfall anomalies shown in Figure 6F.
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FIGURE 6. Vertical slice of the (A) air temperature (°C), (B) geopotential height (m) and (C) the meridional wind (m/s) pattern for the wBDC composite anomalies averaged over (A) 21°E to 25°E and extending from 40°S to 20°N, (B) 33°S to 30°S and covering 10°W to 45°E. Composites but for (D) air temperature anomalies (°C) for the 400 mb level, (E) same as for (D) but for the 500 mb wind (m/s) level and (F) land only rainfall anomalies (mm) with the region covered indicated in each panel. The anomalies are with respect to the 1981–2010 climatology. Shaded regions are significant above the 90% confidence level. Years for the composites are indicated in the insert.



Although we did not display corresponding figures for the sBDC, the effect is more or less the opposite. In fact the TOC is strongly correlated to the tropopause height (Steinbrecht et al., 1998) which is inversely related to the tropospheric geopotential height with w(s)BDC events corresponding to high (low) TOC. In this regard, the elevated tropospheric geopotential height has a maximum response at the upper part coinciding with the LSO deficit and tropospheric warming. This leads to an anomalous anticylonic circulation, a mechanism with considerable suppression of cloud development resulting in the observed significant negative rainfall anomalies. These, as opposed to the wBDC composites, are not largely restricted to the central region but spreads from most of central to eastern regions of South Africa. In the same vein, the compression of the tropospheric column in response to the LST cooling shown in Figures 5C,D favors the development of high pressure anomalies from the upper to middle troposphere which promotes blocking signatures over South Africa. It is most likely that this may limit the development of the late spring early summer diagonal cloudbands that normally form over southern Angola (Harrison, 1984; Hart et al., 2013) from extending to reach central and eastern South Africa hence resulting in the observed significant rainfall deficits over most of the subregion. However, as the LSO anomalies abruptly disappear in November, so does the anomalous circulation patterns together with the associated rainfall anomalies. Hence although the diagonal cloud bands are a summer phenomenon, their development is essentially impacted on by the LSO modulation during the month of October. But since October marks the beginning of the summer rainfall season, these rainfall anomalies, though significant for this month have magnitudes which appear not to have a strong bearing on the overall outcome of the rainfall season. In this way we have identified anomalous features in the tropospheric general circulation and climate over South Africa that can be traced back to anomalies in the October LSO field above.

DISCUSSIONS AND CONCLUSIONS

Our results are quite novel. While it is conventional knowledge that SATmax increases over South Africa has been extensively related to the increase in GHGs (e.g., James and Washington, 2013), that due to the LSO depletion has so far not been considered. Unlike GHG impacts which are expected to be rather unrestricted spatially (affecting all regions) and temporarily (all months and years), stratospheric ozone forcing, despite having seasonal dependence that is characterized by a shift, also has a strong geographical dependence related to the wBDC and sBDC impacts on surface temperature and precipitation. The wBDC composites are related to significantly negative and positive surface temperature and precipitation anomalies respectively, while the reverse is true for the sBDC events. Because of the global warming-induced strengthening of the BDC, the resulting increased frequency of sBDC may result in substantial ozone depletion over South Africa in the coming decades in particular winters and springs. In this context, the ozone over South Africa will steadily decrease with the projected global warming rather than increase due to the global ozone recovery that is attributed to the implementation of MP and its amendments. This should elevate SATmax whilst drying the region hence inducing alterations in the regional climate which is not necessarily directly linked to GHG induced climate change. As such we would then expect an improvement in the representativeness of tropospheric and surface temperature when observed ozone data is assimilated in the climatological forecast models for the spring period. On the other hand, the sBDC events, which are bound to increase in the warming climate should have implications for regional UVB radiation changes, notably enhancing the clear-sky UVB radiation levels over the South African continent during spring. This is because of the expected increased sBDC events which facilitate middle level anticyclonic circulation. These findings, especially that they are on populated regions of the SH, may not only have implications for weather and seasonal forecasting including future climate change, but may inform on spring UVB impacts on the health of society, agriculture and ecosystems.

In any case the statistical methods applied in this work may not conclusively prove the cause-effect behavior between the LSO and SATmax/rainfall but provides a basic way of connecting the BDC forced lower stratospheric spring ozone variability to South Africa's climate. As such it can be considered an initial step toward identifying the physical mechanism that underlies the causal link. The proposed feedback mechanisms between LSO and surface temperature warrants further investigation beyond this publication, as our analysis clearly shows changes of ozone in the lower stratosphere down to the troposphere and surface temperatures being related to what appears to be radiative forcing-like response. However, it has to be noted that our observational results are consistent with most modeling studies which were able to successfully link the LSO variability with surface response (e.g., Gillett et al., 2009; Waugh et al., 2009). This was achieved through specifying non-zonal ozone forcing using ozone anomaly amplitudes within the observed range of the last three decades.
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