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The Brewer—-Dobson circulation (BDC), whose dynamic acttyiis enhanced from winter
to spring, transports stratospheric ozone from the tropich source regions to higher
latitudes. But it is the BDC's shallow branch which transfes lower stratospheric ozone
(LSO) from the tropics to the subtropics. Hence the accumulgon of ozone in the
subtropics is at its maximum at the end of spring (October) ithe Southern Hemisphere
(SH). Here we use observation and observation constraine@analysis data to investigate
the extent to which the interannual variability of this endfaespring accumulated LSO is
able to impact on the maximum surface air temperature (SATm@ and precipitation of
South Africa. This is achieved through contrasting years diigh positive and negative
October ozone anomalies for the extreme BDC activity, refezd to as weak (wBDC)
and strong (sBDC) respectively. It is found that the w(s)BDE&vent composites coincide
with signi cant negative (positive) SATmax anomalies andgsitive (negative) rainfall over
South Africa. We suggest that the wBDC's related LSO surpluss trap the UVB meant to
heat the troposphere and surface. This induces the observedegative middle to upper
tropospheric air temperatures and geopotential heights rgulting in cyclonic circulation
anomalies that enhances rainfall and suppresses SATmax. €opposite is true for the
sBDC composites where ultimately the elevated geopotentlaheights result in middle
to upper anticyclonic tropospheric anomalies that are accmpanied by rainfall de cits
and increased SATmax.

Keywords: Brewer Dobson Circulation, tropical and subtrop
maximum surface temperature and rainfall, South Africa

ical lower stratosphere, ultra violet radiation,

INTRODUCTION

The ozone composition, especially in the upper troposphere lowetosphere (UTLS) is
in uenced by tropical upwelling Yulaeva et al., 1994; Randel et al., 2007; Konopka et al.,
2010; Young et al.,, 20)Jand subtropical/extratropical downwelling across the trppose
layer Gettelman et al., 2011; Shepherd and MclLandress, )2thirbugh the stratosphere
troposphere exchange process (ST&jon et al., 1995; Randel et al., 2009; Calvo et al.,)2B0dth
vertical and meridional stratospheric ozone transport argédy controlled by the wave driven
Brewer Dobson Circulation (BDC) whose strength is mainlyasiered by Elliassen Palmer ux
(EPf,Randel etal., 2002; Konopka et al., 20A8 such, a rough sketch of the BDC involves tropical
upwelling of mass from the troposphere (source regions) to thetasphere Gerber, 201y, the
mean meridional mass transport in the stratosphere that isaganied by downwelling of mass
in the subtropics and extratropics through distinct shallowdaleep branches respectiveBirher
and Bonisch, 2011; Ueyama et al., 2013; Konopka et al.).Zl1é& shallow branch mostly results
from wave forcing in the subtropical UTLS\palos et al., 2014; Konopka et al., 2)Mghile the
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deep branch is predominantly inuenced by high-latitude The annual cycle of tropical ozone and temperature in the
planetary waveslUeyama et al., 2013; Abalos et al., 2014lower stratosphere is reasonably well understood and is known
Konopka et al., 20)50f interest here is the shallow branch as itto result from the annual variation in tropical upwelling and
does not only present a dynamical forcing within the UTLS véher the action of the BDC Yulaeva et al., 1994; Randel et al.,
the bulk of the stratospheric ozone resid@siu(nner et al., 2006; 2007; Konopka et al., 2010; Young et al., 30The associated
Kirgis et al., 201Bbut has relatively much faster transport times deep tropical convection is capable of rapidly feeding ozone
(Bonisch et al., 2011; Flury et al., 2D1However in the UTLS de cit tropospheric air into higher ozone abundances of the
the lifetime of ozone is comparable to or longer than transfefower stratosphere through the STE proce3sifdel et al., 2009;
time scales, making ozone concentration strongly in uehce Calvo et al., 200)0thereby diluting the ozone layer. Hence
by transport Kirgis et al., 2013 Hence the shallow branch increased upwelling has been suggested as an explanation for
of the BDC exerts a major in uence on the distributions of LSO decrease$\feber et al., 2003; Eckert et al., 2p1A fact,
UTLS ozone which is essential in modulating the penetratibn osigni cant negative trends in the tropical LSO, dominated by
ultraviolet radiation (UV) to the troposphere and surfa¢&@/O  increased tropical upwelling, has been observed in the last tw
Scienti c Assessment of Ozone Depletion, 2D1%his means decadesRandel and Thompson, 2011; Abalos et al., 2013; Sioris
that the composition of ozone in the tropics that is meridiogal et al., 201} which has been related to the global warming
moved by the BDC should have an e ect on the vertical ozonénduced acceleration in the BDCG@rcia and Randel, 2008;
concentration over the tropics. As such the accompanying ezon Shepherd and McLandress, 2011; Butchart, p.0Bdt the LSO
UV related variability has potential to signi cantly impact on has a simultaneous direct radiative e ect that a ects tempearat
South Africa's temperature, both in the troposphere and swfac not only in the lower stratosphere but is also inversely relate
Nevertheless, stratospheric ozone is predominantlyo the air temperature and hence geopotential heights of
determined by in situ creation (production), destruction the troposphere belowRandel et al., 20)7 As such it is
(loss) and transport into or out of the regiorK{rgis et al., highly possible that the BDC-shallow branch's related dyrani
2013. But unlike in the UTLS where ozone concentration isperturbations at subtropcal latitudes can directly in uentte
largely aected by transportBencherif et al., 2007, 2011; Elvariability of ozone and temperatureNéth and Sridharan,
Amraoui et al., 201)) photochemical formation and destruction 2015 including the temperature induced air circulation over
dominate the upper stratosphere, the region of pronouncedouth Africa.
manmade ozone-depleting substances (ODS) e etisIEP In this regard, we investigate the extent to which interaahu
United Nations Environment Programme, 1999hese ODSs variability in the LSO due to the shallow braches of the BDC is
have also contributed to the changes in global ozone leve#ble to a ect the maximum surface air temperature (SATmax)
where the upper stratospheric ozone decline has been moend rainfall over South Africa. We do this by contrasting rgea
apparent from 1979Kirgis et al., 2013 Hence, the discovery of of high positive and negative October ozone anomalies when th
a spectacular austral springtime chemical depletion of Atitarc winter-spring cumulative ozone totals from the BDC activgyt
ozone due to the ODS whose spatial extent of signi cant ozoniés maximum, hereafter referred to as weak (wBDC) and strong
loss has been popularly christened the “ozone hole” a few @scadsBDC) respectively. This comparison, however, is made possible
ago (olomon et al., 1986; Molina and Molina, 198This by assuming that the anomalies caused by the external fprcin
phenomenon has since been the most topical environmentaesulting from the ozone extremes is signi cantly largearithe
issue of the 20th century where the related UVB impact has beeane attributed to internal processes. This is not farfetclasd
demonstrated to adversely a ect human health, agriculturd a several recent studies which speci ed non-zonal ozone figsi
natural ecosystemsSfHarma, 2001 The heightened concern were able to demonstrate signi cant surface response to LSO
on the UVB impact led to the rst environmental global treaty variability (e.gGillett et al., 2009; Waugh et al., 2009
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 acceleratedajlooDATA AND METHODS
ozone depletion from the mid 19908¢orova et al., 20)3As a
result, no signi cant upward trend has been observed in globawe predominantly employ observation and observation
ozone since 1995(einbrecht etal., 2009; Eckertetal., J0Ba4t  constrained reanalysis data through statistical means toigeov
recent studies put more emphasis on atmospheric dynamics avidence on the BDC link to the surface temperature and
the most likely cause of the observed alterations in thd tiane  precipitation over South Africa for the month of October. The
column (TOC) since the late 1990s, with contribution frometh month of October is when ozone variability is at its maximum
decline in the ODS only being insigni cant/{ohltmann et al., and hence so is the LSO-UV modulation over the region.
2007. Of late Ball et al. (2018yevealed tropical ozone loss Observations have the advantage that they are independent
that is primarily con ned to the lower stratosphere from 1998, from the presumed underestimation of the calculated enengy i
which interestingly, coincides with the global energy inaslb@e the UV solar spectrum\{/ard, 201§. The main atmospheric
(Trenberth et al., 2004 Although a detailed attribution to parameters analyzed were temperature and TOC. This is
speci ¢ causal mechanisms is not apparent, this observation mdecause temperature is associated with a unique ozone irediat
provide a clue on a possible link between the LSO depletion angtoperty in which the lower stratospheric temperature (LST)
the warming of the troposphere and surface. is inversely related to the tropospheric air temperature diyect
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below Randel et al., 20)7However, its limitation is that it the subtropical interannual ozone variability in winter/spgican
includes other processes that might have di erent in uences o be attributed to wave-induced changes in the BD@¢d and
ozone-temperature response like water vapgirk-Davido Soukharev, 2005In fact Randel and Thompson (201 hpoted
et al., 1999 For the surface temperature analysis, we used that the tropical LSO is so closely tied to tropical upwelling that
station observation-based global land monthly mean serfacthey considered it an “excellent” proxy for upwelling. Hence we
air temperature dataset at @ latitude—longitude resolution expect the subtropical ozone buildup in winter and spring to be
comprising of both maximum and minimum from Berkeley signi cantly in uenced by interannual variations in the BD.
Earth (Muller et al., 2013 The TOC is from a single coherent This entails that the related ozone variability over supteal
dataset of the Royal Netherlands Meteorological InstituteSouth Africa can be seen as a reasonable measure of thetktreng
derived from the multi-sensor reanalysis version 2 (KNMlof the overall BDC. Since the BDC has a more pronounced
MSRZ2). This dataset provides global assimilated ozone eldsgnalinthe month-to-month and interannual variability bung
spanning from 1979 to present based on 14 satellite datasetsal., 201}, in this work we use the monthly ozone amounts
(van der et al., 20)5For veri cation purposes of the TOC, we over South Africa to infer the strength of the BDC. Because
used the Total Ozone Mapping Spectrometer (TOMS) datasete are principally interested in determining the in uence of
(McPeters et al., 1998However, we did not exclusively use thisthe BDC induced LSO on the lower troposphere and surface
dataset to verify all the analysis duration as the TOC data iemperature, the strength of the BDC is inferred from the area
provided freely to the public only up to 2007. In any case, theveraged ozone values in the boxed region (21,Band 27S,
TOMS ozone data correlate very well with the KNMI MSR231 S) which is presented by a box Figure 2A. It is also from
ozone, which leaves no doubt that the observed ozone vamnsti this region that the ozone, tropospheric lower temperature (TLT
in this work, were real. and SATmax time series were derived that are represented by
The interpretation of the TOC vertical temperature responseSA_ozone, SA_TLT and SA_SATmax where the pre x SA stands
is drawn from the National Centers for Environmental Pre@ia ~ for South Africa.
(NCEP)—National Center for Atmospheric Research (NCAR) Pearson correlation method is applied to account for linear
reanalysis (NCERsalnay et al., 1996Although compared to the relationships. But to show the independent in uence of each
more modern ERA-Interim, which has been found to performvariable, a partial correlation technique is used as explained
better on daily time scales over Southern Africéo@lathi et al., by (Behera et al., 2005Basically this involves approximating
2017, the NCEP has been found to perform equally good orthe exclusive connection between two variables while ligear
monthly time scalesManatsa et al., 2013, 2015/ertically, excluding the inuence arising from another independent
NCEP also provides a good agreement with radiosonde datariable Behera et al., 2005 The use of the composite
after 1979, the period that corresponds to the introduction ofanalysis was principally to detect the most salient and dominant
satellite data into the reanalysis assimilation scheiier¢hall, characteristics contained within the selected group ofnexe
2003. In this regard, the readily available NCEP dataset, whiclCorrelations and the mean di erences in the composites are
predominantly uses observations and extend higher into theonsidered to be statistically signi cant at the 95% and 90%
lower stratosphere, provides a more consistent vertical modeon dence levels respectively, based on the standard tiledta
based pattern relative to the surface. The lower stratospisere Student'st-test. Prior to doing any statistical operation, all the
considered as the vicinity of the tropopause (70-100-hPa)layedata are detrended so as to remove the presumed linear in @enc
which is the location of the ozone layer, where not only thhgést ~ of greenhouse gas-induced global warming. All the indices
ozone fraction ( 90%) of the TOC is foundteinbrecht et al., consist of monthly (October) values per year, hence as exghecte
1998; Brunner et al., 2006; Kirgis et al., 208Gt the associated no robust autocorrelation on the time series is detected.(e.g
ozone changes are primarily driven by atmospheric dynamicklanatsa et al., 20).3n this regard, the impact of autocorrelation
(Abalos et al., 2034 In this regard, the TOC measurementsin signi cant hypothesis testing is rendered non-essenfidle
predominantly re ect the LSO distributionKirgis et al., 2018 post satellite period from 1979 to 2017 was selected for asalysi
and as such are strongly correlatefit€inbrecht et al., 1998; because that is the period when the data coverage improved
Manatsa et al., 20).3Therefore, we represent the LSO with TOCsigni cantly. The anomalies were computed by subtracting the
which henceforth is referred to simply as “ozone.” The ozooleh current World Meteorological climatological mean of 1981120
index is created from ozone hole data that is downloaded fronfrom each of the time series considered.
http://www.theozonehole.com/ozoneholehistory.htm. In order to detect abrupt changes/shifts, we adopted a
The strength of the BDC is not an easily observable quantitjnanually performed cumulative sum (CUSUM) technique
and hence is rather a di cult parameter to measur&drber, (Wetherill and Brown, 1991 as it performs robustly and is
2012; Ball et al., 20).6 Several studies have attempted torelatively easy to executdrgaker, 2007; Manatsa and Mukwada,
estimate empirically the variability of the BDC using the &@w 2017. The analysis of cumulative variables where the cumulative
stratospheric ( 100 hPa) Eliassen—Palm (EP) uxl¢od and sum of a variable has to be preferred to the variable itself as a
Soukharev, 2005; Konopka et al., 2)itemperature Yulaeva measure of performance in climate research has recently gaine
et al., 1994; Ueyama and Wallace, 2010; Young et al.) 20811 credibility (Heim et al., 2017; Partanen et al., 2017; Graf and
geopotential height dataChandra et al., 1996; Hood et al., 1997 Tomczyk, 2018 This emanates from the realization that certain
and even the out of phase changes between the tropical awmtimate driven variables do not only respond instantaneously
subtropical ozoneRandel et al., 200zs e ective proxies. But but also to the accumulated e ects over the period of time
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(Manatsaetal., 20)3n this regard, the CUSUM method enables anomalies are shown in blue and red bars that are designated
the shift process to be considered holistically, being cormgos as weak-BDC (wBDC) and strong-BDC (sBDC) composites
of sequenced and linked events rather than monthly eventsomprising of the years (1981; 1991; 1989; 1979; 2017; 1984;
that are independentManatsa and Mukwada, 20)LAWe also 1988) and (2003; 2015; 2004; 1997; 2008; 2006; 1985) reslyecti
used the Sequential Regime Shift Detector (SRS@Jjionov Interestingly, it can be noted that all, except 2017(1985hef
and Overland, 2005in order to con rm the derived shifts and w(s)BDC events occurred before(from) 1997.
ascertain theip-values. From Figure 1A we also note that the year 1992 (light blue
The empirical orthogonal function (EOF) analysis, alsobar) can be considered an outlier within the sBDC composites.
known as the principal component (PC) analysisl(i e, 2009  This suppressed SA_SATmax could be associated with the sulfate
was the preferred technique to de ne the dominant modes oferosol impacts following the eruption of Mt. Pinatubo that
the October gridded SATmax variability. The EOF basicallyvas found to be largely con ned to the lower stratosphere
generates new variables by way of linear combinations d¢Randel et al., 2009; Young et al., 20Bulfurous gases emitted
the original ones, which explain most of the variance in theby volcanoes convert to sulfate aerosols in the stratosphere
observed data. This technique has the advantage that ites@ab whose concentration is dramatically enhanced for longeigaksr
simultaneously extract the dominant temporal variabilibdahe  following major volcanic eruptions. These have a huge impact on
associated spatial homogeneity. The former mode of vaitialsl  the Earth's radiative balance where they increase the tierc
normally referred to as the PC while the latter is termed tiiFE  of incoming solar radiation and increase the infrared alpsion
Its algorithm is provided by the Climate Explorer website f#t ~ which cools the Earth's surface and the troposphere, while
www.temis.nl/protocols/o3 eld/o3mean_msr.php). Howevtes, warming the stratosphereSplomon et al., 20)61In fact the
limitation is that the spatial patterns of leading EOFs haveMt Pinatubo eruption impact years (1992, 1993, 1994, and
a certain degree of dependence on the shape of the analy4®95) including that from El Chich6n years (1982, 1983, 1984
domain whereby the mode either ceases to exist or changskow a distinct mismatchRolvani et al., 20])7between the
when the domain is altered. Worse still, the technique asssum expected ozone amount and the corresponding SA_SATmax
orthogonality which is a property rarely found in physical response inFigure 1A In this regard, the exclusion of these
systems of the climate. In any case, despite these seeminglven years appears to produce an increase in the strength of
major shortcomings, the classical EOF analysis remains popultire anticorrelation between the SA_ozone and SA_SATmam fro
in climate research. Here we used the EOF analysis with the aim0.727 to 0.877 though this was not statistically detectable
to underline the hypothesis that regional October South@ds  from the p-values which essentially remained0.0001 for the
SATmax and TLT are essentially in uenced by the BDC induce@ cases. As a result, it appears major volcanic eruptions degrad
LSO variations. the relationship between the LSO and SATmax over South &fric
Additionally, the importance of decadal variability in shagi
the overall trends in SA_ozone and SA_TLT, especially in

RESULTS revealing a possible shift in the temporal manifestations both

. . time series is necessary. As such we use the CUSUM technique
Composites Representing the WBDC and to locate any discontinuity which could be hidden in the time
SBDC and the 1997 Shift series. The use of this method did not only reveal a commoft shi

While the BDC activity drives the ozone which in turn acts onaround 1997 but also further cements the proposed notion of
temperature within the lower stratosphere, it is not an easilyhe cause e ect inverse relationship between the two parammete
observed quantityGerber, 2012; Ball et al., 201k this regard  (Figure 1B). This shift point was conrmed using the SRSD
we use the veried strong temperature response to ozone g&odionov and Overland, 20Dwith a p < 0.0001 for SA_TLT

a natural and simple way to identify the variability of the but 0.0092 for SA_ozone. Interestingly the year 1997 has also
BDC (Yulaeva et al., 1994; Ueyama and Wallace, 2010; Youbgcome the standard shift point in most of the research invgv

et al., 201} and the related impact on the surface temperaturehe LSO long term trends and hence demarcates the two epochs
below. Thus, in order to establish the coherency of the ozoneoften used to investigate the distinctly reversing ozone dsen
temperature relationship over South Africa, the ozone anliesa (e.g.,Manatsa et al., 2013; Harris et al., 2015; Polvani et al.,
are arranged in descending order alongside their correspand 20173. SA_SATmax, though not presented in the gure, also
SA_SATmax anomalies as shownHigure 1A In this way we displays a shift around the same period. This should be expected
found it easy to identify extreme ozone anomaly event yearas SA_SATmax and SA_TLT are strongly correlated at
together with their corresponding SA_SATmax anomalies. A§.0001 hence suggesting that both temperature indices cauld b
such, there are 7 positive (negative) extreme ozone anomalsesponding to ozone variability.

years identied 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 BDérhe Connection of SATmax to Ozone

amplitudes [greater than an arbitrarily chosen magnitudg&f  Variability Over South Africa

Dobson Units (DU)] with respect to the adopted current World In order to approximate the region of maximum SATmax
Meteorological Organization (WMO)'s mean period (1981-variability together with its associated temporal manifisin
2010). The accompanying inversely connected SA_SATmawer the subtropical South Africa (south of 23), we employ
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FIGURE 1 | (A) Temporal manifestation for the SA-ozone anomaly (DU) that arranged in descending order (broken line with asterisksyith the corresponding
SA_SATmax anomalies (C). Blue (red) bars represent SA_SATmax anomalies matchirige extreme ozone anomalies that are greater (less) than 7 Dihile gray bars
stand for those with smaller magnitudes. The light blue barraongst the red bars is the year 1992 which we considered an ouier. (B) The CUSUM time series for
October ozone (broken red line) alongside that of October TL(solid blue line). The data are for October from 1979 to 2017

an EOF analysis on the gridded SATmdxgure 2A). Table 1 On correlating the SA_SATmax index with ozone over the
shows the resulting modes of variability retained which dnav South African region, we note that the area demarcated with
been truncated to 4 upon reaching the cumulative explainednaximum correlation values iRigure 2Blargely coincides with
variance of 93.36%, using the screeplot method. It can be notéde central parts of South Africa that is predominantly occubpie
that the dominant mode of SATmax explained variance oby the Free State Province. The mean dierence SATmax
EOF1 and EOF2 accounts for 63.86 and 22.08% respectivatyap in Figure 2C which essentially depicts the dierence
But because of the relatively high values for these adjacebétween the sBDC and wBDC composites, emphasizes the
modes, we then used thHeéorth et al. (1982)criterion to show turnaround to warming that is con ned to the subtropical regi

that they are independent at 95% con dence lewbrth et al.  associated with the post shift ozone depletion period. Again
(1982)technique is usually used to determine signi cance of thehe composites of the SATmax iRigures 2D,E con rm the
separation of the neighboring EOFs. With such a dominatingsubtropical restriction of the surface temperature where the
percentage of representation, we assume that the EOF1 ar(v)BDC eventcomposites are associated with positive (rvegati
PC1 are able to represent reasonably well the spatiotemporahomalies. On the overall, it can be noted through visual
variability of SATmax over South Africa. However, we couldinspection that the area of high EOF amplitudes has a strong
not relate EOF2 and the other subsequent modes to any knowresemblance with the spatial patterns presented in the w(s)BDC
physical processes and as such ignored discussing themrfurthecomposites depicted iRigures 2D,E This may indicate that the
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2 tailed t-test.

E
mSurface air (C) Comp Anomaly 1981-2010 climo p < 10%
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TABLE 1 | Explained variance of SATmax (detrended) of southern Afdsouth of

23 S.

No. Eigenvalue Explained variance (%) Cumulative (%)
1 118.46 63.86 63.86

2 46.48 22.08 85.94

3 11.16 5.27 91.21

4 4.31 2.15 93.36

variability of the LSO may not only be involved in generatihg
observed spatial patterns but could also be directly linketthéo
dominant mode of SATmax variability over South Africa.

Impact of Ozone on Lower Tropospheric

and Surface Temperature Over South

Africa

January to December of the ozone related sBDC and wBDC
respective events with the aim to dierentiate the distinct
temporal evolution of the two extreme composite events from
the neutral BDC events. In this gure 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 OctoberY(pung et al., 2071
This monthly ozone variability is consistent with other stesli
(Thompson et al., 1996ivakumar and Ogunniyi (201&yho
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., 2001 This mechanism brings more ozone poor
air from the troposphere to dilute the lower stratosphere which

It is because of the BDC's well-known seasonality that it" turn is transported to the subtropics by the shallow branch

becomes reasonable to demonstrate the temporal evolution

gf the BDC. The reverse occurs during the cool season of

the BDC extreme events using the composite analysis. In thf§nited convection. Consequently, this meridionally tsported
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FIGURE 3 | Monthly (A) SA_ozone anomalies related to the wBDC, sBDC, and neutral BD composites and, (B) correlation values between SA_ozone and
SA_SATmax (blue line), SA_ozone and SA_TLT (green line)ttisasuperimposed on the monthly correlated values betweenhie tropically and subtropically averaged
ozone (red line with asterisks). In the background are the mahly ozone values for the wBDC composite (gray bars)C) Temporal manifestation of SA_ozone
anomalies alongside that of SA_SATmax with the correspondg regression lines superimposed(D) October scatter plot for SA_TLT anomalies (C) against
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at the end of spring. Hence it can be implied that the mostn the afternoon {fang and Slingo, 20)implying that the ozone
likely explanation for subtropical South Africa's monthlyase  connection with temperature could be a direct response to solar
amplitudes presented ifigure 3A is the strength of the BDC radiation. In fact, {{foung et al., 20)1demonstrated that the
activity which has a winter and spring hemispheric maximumseasonal cycle in the LST and LSO are strongly in sympathy with
(Hood and Soukharev, 2005; Young et al., 20Thus, in order the annual march of insolation.
to appreciate the BDC extreme activity inuence on ozone In this regard we display inFigure 3C the temporal
concentration we also present Ffigure 3A, the monthly ozone manifestation of monthly ozone values alongside the serfac
amplitudes for the composites of the wBDC and sBDC withtemperature response. Here we see that the two variables are
the broken line representing the neutral BDC events. It can bsigni cantly inversely related with a correlation of0.727 p
noted that signi cant deviations from the mean startto méggt < 0.0001).Figure 3C also indicates that the magnitudes of the
themselves from June with maximum di erences being realizednonthly amplitudes are strongly inversely corresponding.sThi
in October after which they abruptly fall to insigni canceaiga further suggests the simultaneous nature of the SA_SATmax
month later from November. In this regard, the observatibat and SA_TLT response to the ozone variability. In any case, it
the LSO concentration is suppressed for sBDC but enhanced fappears the SA_ozone (SA_SATmax) anomaly amplitudes are
wBDC is itself a predominant consequence of stronger tropicdligher and positive (negative) before the 1997 shift thaeraft
upwelling during the former composites compared to the latterwhere the inverse corresponding pattern of anomalies seem to
In this regard, the BDC displays both interannual and decaddhave been suppressed. In fact the SA_ozone (SA_SATmax) pre-
signi cant variability especially the considerable strgvegning  shift average has signi cantly shifted from 302.98 DU (18@)
during the recent two decades that was attributed to globaio 294.726 DU (18.9&) with a p-value of 0.048 (0.018). The
warming (Garcia and Randel, 2008; Butchart, 20Hence this inserted oppositely signed regression line trends suggetstitba
may explain the highly increased frequencies of the pre (posteduction in SA_ozone feeds into the increasing SA_SATmax.
1997 shift w(s)BDC events which were revealeBigure 1A However, the declining trend in SA_ozone, though not sigint

A strong radiative response due to LSO variability inisinconsistent with the Antarctic ozone which was found &k
the troposphere is a well-known phenomenoRré¢vidi and either stabilized or slightly increased thereby eitherersing or
Polvani, 2014and references therein). In this respect, wearresting the ozone hole expansion in the recent decades as a
present in Figure 3B the monthly correlation of SA_ozone result of the MP related reductions in the emissions of ODS
with SA_SATmax, and SA_TLT juxtaposed against the higheg¢Solomon et al., 20)6Actually the expectation is that the global
monthly amplitudes as exempli ed by the wBDC composite. Byozone mean should increase as the ODS continue to decline
exploiting the out of phase nature of the tropical—subtropicalEckert et al., 2094 This inconsistency could be an indication
LSO as demonstrated in previous studies relating LST to thé BDthat the cause of SA_ozone variability is largely detacheah fr
(Young et al., 200)1we present the monthly evolution of the the chemical ozone depletion related to the ozone hole. In
correlation coe cients between the tropically and subtroglly  fact the signs of ozone recovery related to the decline in the
averaged ozone (red line with asterisks Rigure 3B). Here stratospheric halogen loading were predominantly obserwved i
it is realized that the tropical and subtropical averaged @zonthe upper stratosphere where the e ects of the ODSs are easily
are signi cantly negatively correlategp € 0.1) during austral quanti able (UNEP United Nations Environment Programme,
winter and spring, suggesting that variations in wave dmvin 1999. But in the tropical lower stratosphere, statistically
are a major factor controlling global-scale ozone varigbih  signi cant negative trends which were detectedaqdel and
the lower stratosphere. This allowed us to infer the monthlyThompson, 2011; Ball et al., 20Q1&ould be attributed
strengths of the BDC at global scale. Since the SA_ozone has systematically increased tropical upwelling that is easily
a cumulative buildup, it can be appreciated that as the ozoneepresented in simulations of several chemistry climate nsdel
amplitudes increases, so does the strength of the correlatidEyring et al., 2007; Shepherd, 2007; Li et al., 2009; Waudh et a
coe cients between SA_ozone with SA_TLT and SA_SATmax2009. Similarly in the subtropics, the dominant contribution
As expected, the correlations reach maximum values in Octobéo the TOC was found to be due to the larger inuence
when ozone accumulation is at its highest. Although the grapfrom atmospheric dynamics related to the BDC on the LSO
is not shown, the correlation with SATmin is considerably(Newchurch et al., 2003; Steinbrecht et al., 3009
weaker with the its maximum strength being attained a month  The distinct nature for the relationship between the SA_TLT
later in November. This implies that the strongest simultane and SA_ozone as imposed by the sBDC and wBDC composites is
temperature responds of ozone at monthly time scale is agaihepicted in the scatter plot ikigure 3D. Here it is quite evident
achieved in October but with surface SA_SATmax and SA_TLThat the connection occupies the rst and third quadrants,iofh
That is why October has become the month of focus as it does a good sign of the separation of the two composites as far as
not only display maximum ozone values but also the strongesh uencing temperature is concerned. Since a coinciding 7199
simultaneous coupling with both the lower tropospheric andshift for both SA_TLT and SA_ozone has been revealed in
surface maximum temperatures. Since SA_SATmax and SA_TIFigure 1B we demonstrated in the scatter pldtigure 3F that
display a simultaneous correlation which is close to unitg@2, the relationship between the two time series shows less pifist sh
p<< 0.0001) this suggests that these temperature variables eittSA_ozone corresponding to higher temperatures accompanied
respond to the same stimuli or strongly in uence one anotherby a weaker coupling. This is supported by the correlation
But the greatest values of SA_SATmax and SA_TLT are attainede cient r between the SA_SATmax and SA_ozone for the two
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epochs which suggests signi cantly reduced correlationhia t variability in the subtropics Hlood and Soukharev, 20D5
latter epoch R2 D 0.670 compared t&? D 0.426). The same Chemical processes that may contribute to subtropical ozone
conclusions also apply tBigure 3F where the signi cant pre- decreases are related to the increase in ODSs that is knotaa to
shift R2 of 0.346 drops to an insigni cant value of 0.020. Howeverthe main cause of ozone declines in the polar regidGs¢mon
from this gure it can further be noted that the pre-shift mean et al., 1986, 2016; Molina and Molina, 198As such, the
LST has cooled signi cantly from 59.18C to 61.69C with  dynamically induced, in the absence of polar chemistry induce
a 2-tailedt-testp-value for the di erence between the means ofozone anomalies however, may not entirely explain the ozone
<< 0.0001. Though explaining the reasons is beyond the scopmomalies over South Africa. At times the ozone hole has been
of this work, the same gure also reveals that 2011(199@)és t observed to be quite elliptical, with the axis running from the
only post(pre)-shift event with positive(negative) LST antiesa  Antarctic Peninsula toward the southwest of South Africtgh/

but with corresponding SA_SATmax that is not anomalouswww.theozonehole.com/2016o0zonehole.htm). This implies t
Since ozone is by far the dominant temperature forcing in thehe polar vortex can in uence heterogeneous chemical ozone
lower stratosphereHorster and Shine, 199 the anomalous LSO loss over this region. For example, the polar vortex itself has
therefore connects to the temperature in the troposphere antieen found to a ect mid-latitude ozone levels through the neo
surface. As such the connection weakens as the ozone becordéstion process, i.e., mixing of polar ozone-poor air with mid
depleted. Hence over the subtropics, where South Africagelar latitude ozone-rich air ladjinicolaou and Pyle, 2004In this
located, it is most likely that the enhanced action of the BDQespect, one would be tempted to believe that the variations
has predominantly contributed to the ozone loss in the lowerf ozone over South Africa is predominantly a result of the
stratosphere lewchurch et al., 2003; Steinbrecht et al., 3009%encroachment of the ozone hole in uence as the variabititglso

which coincide with higher surface temperatures. signi cantly linked to the Antarctic ozone hole data as show
_ o in Figure 4D. Hence in order to discredit this notion as the
Link of SATmax Variability to the BDC possible explanation of dominant SA_ozone loss, we employ the

Of late it has been con rmed that the LSO together with suefac partial correlation method as used iBéhera et al., 2005In
temperatures display a BDC induced near-perfect cancellatiathis technique the in uence due to ozone hole can be linearly
between tropical and extratropical latitudes on both annuad a removed from the intended relationship and similarly that o
interannual time scalesGettelman et al., 2010; Young et al.,SA_ozone can also be excluded. The results show that when the
2011; Abalos et al., 20)l2n fact the inter-annual variations e ects due to ozone hole are linearly removed, the corretatio
seen in the subtropics TOC anti-correlate with that in thebetween SA_ozone and SA_SATmax is not signi cantly altered
tropics (Figure 3B red line with asterisks) as a result of the as it changes from 0.633 to 0.584 and retains thp < 0.001.
overturning BDC {foung et al., 2011; Abalos et al., 2012; ZhoBut when that from SA_ozone is similarly removed, from the
et al., 201p Hence in order to demonstrate the dynamical correlation between SA_SATmax and ozone hole index, the
ozone variability associated with the lower branch of the®BR  relationship drastically collapses, falling from a sigaint (p <
becomes prudent to establish the existence of this antitadioe  0.01) value of 0.418 to an insigni canp © 0.329) correlation
spatial pattern between these respective latitudinal bandis. T of 0.275. In this regard though it is not physically possible to
is done through correlating PC1_SATmax and SA_ozone witentirely disentangle the dynamic from the chemical ozorsslo
the ozone and SATmax in the SH respectively. Hence, imechanisms, we underplay the role of the latter in favor of the
Figures 4A,B it can be realized that these indices generatéormer as the predominant mechanism for the ozone depletion
inverse spatial bands of tropical and extratropical signitanover South Africa. This can also be inferred frdaigure 3C
correlation values. In fact the 28 20N and 40S 50S where the exhibited high ozone variability is most probably
zonal bands of signi cant correlations in these two gurega due to dynamics rather than halogen loading whose chemical
within the BDC shallow branchs upwelling and downwellingozone loss evolves more smoothKir@gis et al., 2013 As such
regions respectively. These are indicative of the zonesedela chemical ozone loss is unlikely the main mechanism invoined
to ozone exhaustion and accumulation respectively during théhe w(s)BDC ozone related changes.

poleward meridional transport. As such this spatial pattern

merely manifests the characteristic SH springtime LST respon . . .
to BDC-ozone related forcings@lby, 2008; Grise and Thompson Ozone Link to Vertical Air Temperature

2013. Itis interesting to note that an October BDC index which Patterns Using the wBDC and sBDC
we derived from the di erences between the averaged TOC iComposites
the tropics and the subtropicsR@ndel et al., 2002that we  The signal of the shallow branch of the BDC in terms of ozone
demonstrated irFigure 3B(red line with asterisks) has a unique anomalies from the tropics to the sub-tropics can be inferred in
impact on Africas SATmax that is con ned only to South Africa the UTLS where the vertical movement of ozone predominates
(Figure 4Q). This demonstrates the regional con nement of thethrough the tropopause. GHGs can be discounted since they
BDC's impact on the African continent which we are revealimg i do not have an impact that is con ned to the UTL®dlvani
this work. et al., 201). As such the UTLS is where the steepest relative
The chemical and BDC induced dynamical ozone modulating/ertical ozone gradients are foundi{alos et al., 20)3hence the
processes, though not fully independent of one another, age thcorresponding large vertical gradients in the air temperatinat
two possible causal mechanisms for LSO trends and interdnnuae see in the plates Bfgure 5. In these gures we observe almost
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A corr Oct PC1 of Berkeley Tmax B corr Oct KNMI MSR ozone 21-25E -28--31N
with Oct KNMI MSR ozone 1979:2017 p<10% with Oct KNMI MSR ozone 1979:2017 p<10%

c ~corr Oct Diff trop Extr ozo index D corr Oct Ozone hole data index
with Oct Berkeley Tmax 1979:2017 p<10% with Oct KNMI MSR ozone 1979:2017 p<10%
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FIGURE 4 | Spatial manifestation of(A) correlation eld between SAT_PC1 and the SATmax over the SH,ral (B) SA_ozone and the ozone over the SH(C) The
spatial correlation between the tropics minus subtropics pone averaged index and the SATmax over AfricdD) correlation of ozone hole index with ozone over the
SH. The data is from October from 1979 to 2017. Color shades dpict regions of signi cance that is above the 90% con dence leel using a 2 tailedt-test.

simultaneous cooling (heating) of the lower stratospherd anto cut through the region of maximum tropospheric circulation
heating (cooling) of the troposphere and surface. This corentr  response. However, the stronger temperature response in both
inverse temperature response which is insigni cantly redati® the subtropical stratosphere and surface compared to the
surface temperature advection ( gure not shown) is mostliilee  tropics for w(s)BDC composites should be the result of more
result of radiative forcing emanating from above that isatel accumulation (depletion) of the LSO richer (poorer) air due to
to ozone variability. Hence, it becomes prudent to analyze théhe general impact of the slower (quicker) meridional trangpor
related vertical air temperature strati cation. In this r@gl, the from the tropics.

vertical slices of the w(s)BDC air temperature composites are The sun's output of UVB, at the analyzed timescale does not
shown in Figures 5A-D Figures 5A,C depict the meridional signi cantly change. Rather the more the ozone, the more the
slice averaged between Eland 25E which strands from 20N high energy absorption in the lower stratosphere and hence the
southwards to 455 so that the both tropical regions can beless the UVB is available to heat the troposphere and the Earth's
connected to South Africa. The meridional slice passes tjinou surface. InFigures 5B,0 the region of maximum temperature
the boxed region illustrated ifrigure 2A but has been chosen response in the lower stratosphere corresponds to that in the
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FIGURE 5 | Vertical air temperature pattern for the wBDC composites araged over(A) 21 E to 25 E and extending from 40 Sto 20 N, (B) 33 Sto 30 S and
covering 20 W to 45 E (C,D) same as in(A,B) respectively but for sBDC composites. Years for the composés are indicated in the insert and were derived from
October data spanning from 1979 to 2017. The anomalies are wh respect to the 1981-2010 climatology. Shaded regions aresigni cant above the 90%

con dence level.

upper troposphere and surface directly below. Since tropospheric Interestingly, all plates inFigure 5 emphasize both the
upwelling is directly related to air temperature, itis to b@egted  signi cant role of the subtropics and the restriction to the
that weaker (stronger) subtropical upwelling should be founctontinental impact in modifying the vertical con gurationfo

in the w(s)BDC composites. Hence, this necessitates anosaloine wBDC and sBDC air temperature composites due to the
accumulation (depletion) of ozone in the lower stratosphereli erential absorption of UVB. The land surface skin is heated
as a result of relatively less (more) intrusion of tropospberi much faster to initiate a more anomalous convection and lgenc
ozone de cit air in the w(s)BDC composites. Due to greatertropospheric upwelling than the ocean as the UVB penetrates
(reduced) UVB radiation allowed through the lower stratosfghe deeper into the ocean to use the heat over a thicker layer.
it follows that the s(w)BDC composites are associated withn this respect, the coinciding LST minimum (maximum)
more(less) temperature response both in the troposphere andith the surface temperature maximum (minimum) over the
surface. However, more ozone in the lower stratosphere@sa® subcontinent suggests a positive feedback mechanism between
the temperature sensitivity as it traps increased UVB thathe boundary layer and the ozone (e.@lsen et al., 2007

is destined to lter through the tropopause. In this regard, Although this has to be conrmed through experiments, we
the dipole atmospheric temperature patterns depicted in the@ropose that the BDC anomalies for strong (weak) phases during
plates of Figure 5 should most likely be predominantly the early spring generates land surface warming (cooling) wtsch i
radiative e ect of the LSO variability in the presence of UVBaccompanied by enhanced (suppressed) tropospheric upwelling.
(Randel et al., 200%ather than adiabatic processes as envisageadence this should result in the LSO being further depleted
by Ball et al. (2016) (accumulated) during the sBDC (wBDC) phases which then may
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FIGURE 6 | Vertical slice of the(A) air temperature (C), (B) geopotential height (m) andC) the meridional wind (m/s) pattern for the wBDC composite anomlies
averaged over(A) 21 E to 25 E and extending from 40 S to 20 N, (B) 33 Sto 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 coveredditated in each
panel. The anomalies are with respect to the 1981-2010 clintalogy. Shaded regions are signi cant above the 90% con dencelevel. Years for the composites are
indicated in the insert.

increase(decrease) the UVB radiation allowed to anomalouslgwer troposphere as compared to the upper troposphere. In
warm (cool) both the troposphere and surface. this regard, the boundary layer seem to respond more to the
Signi cant tropospheric response is mainly con ned to the surface heating whist the upper troposphere appear to respond
continental surface of South Africa. The temperature responsmore to temperature changes in the lower stratosphere. This
occurs with di erent magnitudes in the boundary layer anddre is con rmed by the high correlation between the SA_SATmax
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and the SA_TLT which is about 0.892 €< 0001) and hence height responses by falling with maximum values in the upper
implying that both troposphere and surface are heated fronpart as depicted ifrigure 6B This in turn creates a low pressure
the same source which is probably the solar UVB. Howeveanomaly system in the upper troposphere where the wind
the surface has the lowest (highest) temperature valuesatieat anomaly becomes strongly cyclonkidure 6C). We illustrate in
directly below the region of lowest (highest) lower stratosric  Figure 6D that the wBDC composite for the upper tropospheric
air temperature anomalies ifrigures 5B,D This is also an air temperature anomalies depict a center that largely coiscide
indication that the highest anomalous UVB has the strongeswith the region of maximum circulation anomaly pattern
impact on the surface temperature below where the high energyresented inFigure 6E It then becomes easy to spatially
is absorbed with some of it being re ected to heat the boundar link these air temperature anomaly systems to the cyclonic
layer immediately above. The higher temperature anomalies iwinds that are quite vivid irFigures 6C,E Hence this cyclonic
the upper troposphere relative to the middle troposphere mayvind system should be responsible for the signi cant positive
signify ozone temperature response to the amount of UVBainfall anomalies presented ifrigure 6F as the associated
allowed to enter the troposphere, where ozone is in mor@ascending motion which should be more pronounced from the
abundance in the upper partBunner et al., 2006 In fact lower middle levels of the troposphere is conducive to cloud
relative to these atmospheric layers, South African spningti development of large vertical extent. It is however important
ozone maximum has been found in both the lower stratospheré observe that the precipitation anomalies are enhanced more
and upper troposphereliompson et al., 1996; Sivakumar andto the east of the low pressure system covering most of the
Ogunniyi, 201Y. As such, the stratospheric cooling(warming) central regions of South Africa (mostly Free State Province)
juxtaposed against tropospheric (cooling) observed in Oatebe which is predominantly in the northerly components of the
thus primarily a response to ozone extreme alteratidRar(del winds circulating the low pressure anomaly. This could be an
et al., 200% In any case, the LSO -induced cooling (warming)indication that the source of the moisture is of tropical ang
in the upper troposphere can be reproduced in the currenit can also be implied that this resulting enhanced rainfall
generation of coupled atmosphere—ocean general circulatidiurther cools the near surface, through evaporation, whigh i
models (GCMs) and coupled chemistry—climate models (CCMsvidenced irFigures 5B 6A. In the same vein, it appears that the
Young et al., 2003 predominantly arid region to the south of the box demarcated
in Figure 2A may benet from the positive rainfall anomalies
. . . shown inFigure 6F
Circulation Anomaly Patterns Associated Although we did not display corresponding gures for the
With the wBDC and sBDC Composites sBDC, the e ect is more or less the opposite. In fact the TOC
The assumption of a cause-and-e ect relationship between this strongly correlated to the tropopause heiglit€inbrecht
stratospheric ozone and tropospheric circulation is not novelet al., 1998 which is inversely related to the tropospheric
It is on record that anticyclonic related subsidence anoesali geopotential height with w(s)BDC events corresponding to high
are characterized by deformations of the subtropical tropgeau (low) TOC. In this regard, the elevated tropospheric geopo#nti
resulting in protrusions of ozone-poor, low potential vortici  height has a maximum response at the upper part coinciding
air that extend from the subtropical upper troposphere intowith the LSO de cit and tropospheric warming. This leads
the lowermost stratospheré\(augh and Polvani, 2000The to an anomalous anticylonic circulation, a mechanism with
reverse process generates tongues of ozone-rich stratéspheronsiderable suppression of cloud development resulting in
air extending into the subtropical upper troposphefé/gugh the observed signi cant negative rainfall anomalies. Ehexs
and Polvani, 2000 In this way, once developed the upperopposed to the wBDC composites, are not largely restricted to
tropospheric anomaly circulations are bound to enhance théhe central region but spreads from most of central to eastern
inverse relationship in ozone anomalies that have beercatdd regions of South Africa. In the same vein, the compression
in the troposphere and lower stratosphere. In fagarodka of the tropospheric column in response to the LST cooling
et al. (2015)used a “top-down” approach to demonstrate shown inFigures 5C,Dfavors the development of high pressure
the impact of the LSO on tropospheric circulation patternsanomalies from the upper to middle troposphere which promotes
and the associated weather and climate conditidfigure 6A  blocking signatures over South Africa. It is most likely tliais
shows the warming of the LST juxtaposed against tropospherimay limit the development of the late spring early summer
cooling that has maximum response vertically aligned frondiagonal cloudbands that normally form over southern Arayol
the lower stratosphere, upper and then lower tropospher¢Harrison, 1984; Hart et al., 201.3rom extending to reach
to the surface for the wBDC composites over South Africacentral and eastern South Africa hence resulting in the nlesk
We also represent, for the same compositesFigures 6B,C  signi cant rainfall de cits over most of the subregion. Hewer,
the truncated the geopotential and the corresponding zonahs the LSO anomalies abruptly disappear in November, so does
circulation respectively, that is restricted to the troposghe the anomalous circulation patterns together with the assedia
because the atmosphere is a lot denser with the controls of thrainfall anomalies. Hence although the diagonal cloud bands
surface climate easily noticeable there than in the stpitese. are a summer phenomenon, their development is essentially
These composites indicate that when the upper part of thémpacted on by the LSO modulation during the month of
troposphere is cooled coinciding with the LSO surplus relate@®ctober. But since October marks the beginning of the summer
warming (also presented irfrigures 5A,B, the geopotential rainfall season, these rainfall anomalies, though sigmtcfor
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this month have magnitudes which appear not to have a stron§outh African continent during spring. This is because of the
bearing on the overall outcome of the rainfall season. Is thay = expected increased sBDC events which facilitate middld leve
we have identi ed anomalous features in the tropospheric gaine anticyclonic circulation. These ndings, especially thatytlare

circulation and climate over South Africa that can be trabadk  on populated regions of the SH, may not only have implications

to anomalies in the October LSO eld above. for weather and seasonal forecasting including future déma
change, but may inform on spring UVB impacts on the health
DISCUSSIONS AND CONCLUSIONS of society, agriculture and ecosystems.

In any case the statistical methods applied in this work may
Our results are quite novel. While it is conventional knoddge not conclusively prove the cause-e ect behavior between 8@ L
that SATmax increases over South Africa has been extepsiveind SATmax/rainfall but provides a basic way of connecting
related to the increase in GHGs (e.dames and Washington, the BDC forced lower stratospheric spring ozone variabildy t
20193, that due to the LSO depletion has so far not beerSouth Africas climate. As such it can be considered an initia
considered. Unlike GHG impacts which are expected to be ratheatep toward identifying the physical mechanism that underlie
unrestricted spatially (a ecting all regions) and temporgaril the causal link. The proposed feedback mechanisms between
(all months and years), stratospheric ozone forcing, despiteSO and surface temperature warrants further investigation
having seasonal dependence that is characterized by a shifgyond this publication, as our analysis clearly shows clange
also has a strong geographical dependence related to the wBDC ozone in the lower stratosphere down to the troposphere
and sBDC impacts on surface temperature and precipitatiorand surface temperatures being related to what appears to be
The wBDC composites are related to signi cantly negativeradiative forcing-like response. However, it has to be notet t
and positive surface temperature and precipitation anomaliesur observational results are consistent with most modeling
respectively, while the reverse is true for the sBDC eventstudies which were able to successfully link the LSO vditiabi
Because of the global warming-induced strengthening of theith surface response (e.Gillettetal., 2009; Waugh etal., 2009
BDC, the resulting increased frequency of sSBDC may result ifthis was achieved through specifying non-zonal ozone farcin
substantial ozone depletion over South Africa in the comingising ozone anomaly amplitudes within the observed range of
decades in particular winters and springs. In this contexg ththe last three decades.
ozone over South Africa will steadily decrease with the pteg
global warming rather than increase due to the global oczonAUTHOR CONTRIBUTIONS
recovery that is attributed to the implementation of MP and
its amendments. This should elevate SATmax whilst dryindPM conceptualized the concept of the manuscript including
the region hence inducing alterations in the regional cliema the analysis and writing. GM did the analysis and reviewing of
which is not necessarily directly linked to GHG induced ditm  the manuscript.
change. As such we would then expect an improvement in the
representativeness of tropospheric and surface temperatiea WhFUNDING
observed ozone data is assimilated in the climatologicalkfist
models for the spring period. On the other hand, the sBDCThe rst author is supported by Bindura University of
events, which are bound to increase in the warming climaté&cience. The Afromontane Research Unit (ARU) and Geography
should have implications for regional UVB radiation changesPepartment of the Free State University provided additional
notably enhancing the clear-sky UVB radiation levels over thresearch support facilities.
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