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Abstract: This study aims to investigate the Stratosphere-Troposphere Exchange (STE) events and
ozone trends over Irene (25.5°S, 28.1°E). Twelve years of ozonesondes data (2000-2007, 2012-2015)
from Irene station operating in the framework of the Southern Hemisphere Additional Ozonesodes
(SHADOZ) was used to study the troposphere (0-16 km) and stratosphere (17— 28 km) ozone (Os)
vertical profiles. Ozone profiles were grouped into three categories (2000-2003, 20042007 and 2012—
2015) and average composites were calculated for each category. Fifteen Os enhancement events
were identified over the study period. These events were observed in all seasons (one event in
summer, four events in autumn, five events in winter and five events in spring), however, they
predominantly occur in winter and spring. The STE events presented here are observed to be
influenced by the Southern Hemisphere polar vortex. During the STE events, the advected potential
vorticity maps assimilated using Modélisation Isentrope du transport Méso—-échelle de I'Ozone
Stratosphérique par Advection (MIMOSA) model for the 350 K (~12-13 km) isentropic level
indicated a transport of high latitude air masses which seems to be responsible for the reduction of
the Os mole fractions at the lower stratosphere over Irene which takes place at the same time with
the enhancement of ozone in the upper troposphere. In general, the stratosphere is dominated by
higher Modern Retrospective Analysis for Research Application (MERRA-2) potential vorticity (PV)
values compared to the troposphere. However, during the STE events, higher PV values from the
stratosphere were observed to intrude the troposphere. Ozone decline was observed from 12 km to
24 km with highest decline occurring from 14 km to 18 km. An average decrease of 6.0 and 9.1%
was calculated from 12 to 24 km in 2004-2007 and 2012-2015 respectively. The observed decline
occurred in the upper troposphere and lower stratosphere with winter and spring showing more
decline compared with summer and autumn.
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1. Introduction

The stratosphere and troposphere have different characteristics that are useful in identifying air
movement from the stratosphere to the troposphere and vice versa. The stratosphere is characterized
by high ozone (Os) and potential vorticity (PV). On the other hand, the troposphere is characterized
by low Os and PV. Approximately 90% of Os is found in the stratosphere and only 10 % in the
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troposphere. Most of the Os in the stratosphere is situated within the Os layer [e.g. 1] where it plays
a critical role in shielding the environment and protecting human health from dangerous ultra violet
(UV) rays. The Os hole was discovered over Antarctica in late 1980’s [e.g. 2, 3] and its dynamics with
Ozone Depleting Substances (ODS) are well documented [4, 5, 6]. The appearance of Os hole was a
big concern because of the relationship that increased UV can have on various processes in the lower
troposphere. In 1998, the Montreal protocol was successfully implemented to phase out the use of
ODS. Subsequently, ozone was expected to increase in the stratosphere after ODS were phased out.
However, since 1985, a decreasing trend of 30 DU in total column Os was reported for stations over
the southern mid-latitudes [7]. A positive trend was only observed in the upper stratosphere above
10 hPa [8, 9]. A continuous Os decline (even though statistically non-significant) was reported in the
lower stratosphere from 1998 until present for the stations lying between 60°N and 60°S [10].

Tropospheric Os mole fractions are controlled by chemical and physical processes, and its
precursors originate from both natural and anthropogenic activities. In the troposphere, Os is a
secondary pollutant formed through a number of reactions containing nitrogen oxides (NOx), volatile
organic compounds (VOCs), methane (CHs), and CO in the presence of sunlight [11] or through the
transportation of Os-rich air from the stratosphere. This process of Os movement from the
stratosphere to the troposphere and vice versa is known as stratosphere—troposphere O3 exchange
(STE). Prior to the industrialization period, the STE was the only known source of Os in the
troposphere. Stratosphere intrusion (SI) are expected to transport high Os and PV to the troposphere.
Hence, high Os, high PV and dry atmospheric air are used to identify stratosphere intrusion events
in the troposphere. The STE plays an important role in the chemical budget of Os and water vapour
of the upper troposphere and lower stratosphere [12]. Stratospheric Intrusion studies are poorly
documented in the Southern Hemisphere, hence, it is challenging to find the threshold that could be
used to study these events in the literature. Ozone vertical profiles are useful in identifying and
studying STE. A number of studies have been undertaken using Irene ozonesondes data. These
studies include: a) study of Os climatology over Irene by Diab [13] using 1990 to 1994 and 1998 to
2004 dataset, b) satellite validation [14, 15] of global transport models, c) a study on stratospheric
profile and water vapour in Southern Hemisphere [16], and d) the study on the Southern Hemisphere
tropopause [17]. In their study, Diab [13] reported Os enhancement in Irene above 10 km (upper
troposphere) which can be related to STEs during late winter. Similar to this study, they also noted
the absence of any seasonal consistency in the accuracy of these events at a height above 10 km level.
The frequency of occurrence of STEs in the Irene SHADOZ data set has never been studied due to
limited data availability and the frequency of the launching of ozonesondes. However, according to
Diab [13], the STEs events are dominant in winter and spring in the Irene station. In support to these
observations, a study by Poulida [18] also found high Os mole fractions in the upper troposphere
dominating in winter and spring months.

There are limited studies conducted over Southern Africa on STEs. A recent study on high O3
events was conducted by Mulumba in Nairobi, Congo Basin and Irene using ozonesondes data [19].
However, the focus was more on Nairobi and Congo Basin and little was done with Irene data. Hence,
this study focuses on Os data observed from Irene station. It is crucial to investigate Os enhancement
events in the troposphere and determine if such episodes were related to stratosphere-troposphere
exchange. Also, events such as Cut-off lows, Rossby waves, Quasi-Biennial Oscillation (QBO) and El
Nifio-Southern Oscillation (ENSO) are all factors that could potentially play a critical role in STEs [20,
21]. For example, QBO affects the troposphere by direct effect of QBO on the tropical or subtropical
troposphere [22]. A downward movement of easterly winds is more dominant and much stronger
compared to westerlies. Easterlies are represented as negative on the QBO index while positive signal
represents westerlies. Another way that QBO affects the troposphere is through polar vortex [23, 24,
25] processes. Most researchers have defined the polar vortex as a region of high PV. The stratosphere
polar vortex develops in autumn when there is no solar heating in polar regions, strengthens in
winter and breaks down in spring as sunlight returns to polar regions [26]. The breakdown of
stratospheric polar vortex especially plays an important role in Oz distribution in high latitudes [21].
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Several studies have investigated the role of the southern polar vortex w.r.t. the middle atmosphere
of the southern hemisphere [e.g. 27, 28, 29 and others]

A comprehensive study on STEs was recently conducted at three Southern Hemisphere stations
(Davis (69°S, 78°E), Macquarie Island (55°S, 159°E) and Melbourne (38°S, 145°E)) by looking at the
statistical analysis of STEs and their impact on tropospheric O3 [30]. This study has coupled observed
STEs with meteorological conditions such as low pressure fronts, cut-off low pressure system,
indeterminate meteorology and smoke plumes. A total number of 45, 47 and 72 events were detected
in Davis, Macquarie and Melbourne stations, respectively, from ozonesondes data. The majority of
events were related to low pressure fronts with fire plumes contributing the least.

A number of researchers have investigated Os trends in the lower troposphere Os [31, 32, 33, 34,
35 and others] and only a few studies have conducted trends analyses at different altitudes of
troposphere and the lower stratosphere [e.g. 9, 36]. A study by Granados-Munoz [36] investigated
tropospheric trends at different altitudes over California using a procedure similar to that described
by Cooper [32]. In their study, linear fits of medians, 5% percentiles and 95" percentiles were done
using least squares method. Statistical significant negative trends were observed in the lower
troposphere (4-7 km) in winter for the medians and 5% percentiles. On the other hand, a positive
significant trend of 0.3 ppb/year was reported for the upper troposphere (7 to 10 km) for the period
of 2000 to 2015. A non-significant trend was reported for layers closer to the tropopause whilst
negative trends were observed in the lower stratosphere (17 to 19 km). A recent study by Ball [9]
reported a continuous decrease of Os in the lower stratosphere in the region between 60°N and 60°S,
while ozone recovery was observed in the upper stratosphere.

The aim of this study is to utilise the available Irene ozonesonde vertical profile to investigate
the STE events that are known to lead to SI occurrence. Thus, this study identifies Os enhancement
events exceeding monthly 90% percentile composite in the upper troposphere, and investigate
whether such episodes were due to SI events. Another objective of this study is to investigate Os
trends in the upper troposphere and lower stratosphere using Irene ozonesondes data and linear
regression for medians, 5% percentiles and 95t percentiles.

2.1. Method and data

2.1. Ozonesondes

Irene station soundings started in 1998 during the Southern African Fire Atmospheric Research
Initiative (SAFARI) campaign in the African region. Currently, the station operates within the
framework of the Southern Hemisphere Additional Ozonesodes (SHADOZ). The main aim of the
project was to determine Os mole fractions in the troposphere and stratosphere, and also to have a
full coverage of Os measurements over Southern Hemisphere. Since then, balloon launching
continued in Irene with ozonesondes launched every second Wednesday of each month
circumstances allowing. Ozone vertical profiles are obtained using electrochemical concentration cell
ozonesondes (ECC). The heart of the instrument is the electrochemical cell that interfaces with a
radiosonde that transmits back data signals to the ground station receiver. The method used by the
electrochemical cell to detect Os was discussed extensively by Sivakumar [37]. A total number of 250
ozonesondes were launched over the study period. Irene ozonesondes data was retrieved from
SHADOZ website: http://croc.gsfc.nasa.gov/shadoz. It is important to note that there is a data gap of
approximately four years (2008 to September 2012) in the Irene data due to budget constraints and
technical problems with the ground receiver. The program was resumed in 2012 when these issues
were resolved.

2.2. MERRA-2 Potential Vorticity
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The stratosphere has static stability and is known to contain higher potential vorticity (PV)
compared with the troposphere. During the stratosphere intrusion episode, an air mass rich in Os
and high PV enters the lower stratosphere and upper troposphere. Hence, PV is can be used to
identify troposphere air mass having a stratosphere origin. The tropopause is defined using a PV
value as 2 PVU [38, 39]. Therefore, any higher PV events located in the troposphere are associated
with stratosphere origin. Other studies, have used PV values of 1.5 PVU as a threshold to identify
stratosphere air [40, 41]. This study employs PV data from the Modern Retrospective Analysis for
Research Application version 2 (MERRA-2) with a spatial resolution of 0.5 x 0.625°. MERRA-2 model
is an Earth System reanalysis model by National Aeronautics Space Administration (NASA) Global
Modeling and Assimilation Office (GMAOQO). More details about MERRA-2 can be found in the
website: https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/. Although the units of PV are Km?kg's,
PV Units (PVU) (where 1 PVU = 1x10-¢ Km?kg-1s™) will be used for convenience in this study. To view
the vertical slices of PV over Irene, the NASA instrument Panoply software was applied (see
https://www.giss.nasa.gov) in this study.

2.3. Data Processing

The ozonesonde data is recorded every two seconds from 1.5 km to approximately 28 km.
Ozone averages were calculated from 2 seconds data for each kilometre (km) ascended (e.g. 1 km, 2
km, 3 km to 28 km). As the ozonesonde ascends, pressure, temperature, humidity and Os (both ppm
and DU units) are also recorded. The ozonesonde data was grouped into months in order to calculate
averages, standard deviations, medians, 5" and 95 percentiles from 1 to 28 km. Monthly averaged
data was used in conjunction with individual high Osevent profiles to determine how individual
profiles differ from their respective monthly composite profiles. Monthly 90t percentile composite
was used as a threshold to identify Os enhancement events. This threshold was determined by
calculating monthly 90t percentile of all ozonesondes launched during the study period. Any profile
exceeding the monthly 90t percentile composite at a height between 6 and 11 km was considered as
high event. Such events were selected for further investigation. Our method differs from previous
studies that identified Stratospheric Intrusion (SI) events as an event where Os exceeds 80 ppb and
decreases by 20 ppb to a maximum of 120 ppb within 3 km [42]. This method was not used because
it will miss some of the events due to lower Os mole fractions in the Southern Hemisphere. Another
study used the 99t percentile as a threshold to study SI Os events and their impact on tropospheric
ozone [30]. Similar percentile threshold was not applied in this study because it will miss some of the
events. We attempted to use the 95t percentile as a threshold, however, we missed five events.
Consequently, we opted to use 90t percentile as a threshold.

Average Os composite profiles were calculated for three categories (2000-2003, 20042007 and
2012-2015). Long-term trends were studied by averaging monthly data into yearly averages at
different layers such as 13-15 km, 16-18 km, 19-21 km and 22-24 km. Furthermore, the medians, 5%
and 95t percentiles were calculated at each layer. The slope was determined by fitting a linear trend
to yearly averaged data plotted on the scatter plot. The standard error corresponding to the slope was
calculated at each layer for median values, and both the 5t and 95t percentile.

4. Results and Discussion

Figure 1 indicates the monthly (a) and yearly (b) ozonesondes data launched from year 2000 to
year 2015 at Irene station. Over the study period, a total number of 250 ozonesondes were launched
with 2008 to September 2012 showing a significant data gap. A maximum of 25 ozonesondes were
launched in October and November, respectively whilst a total of 12 ozonesondes were launched in
January over the study period. On a per annual basis, the highest number (39) of ozonesondes were
launched in 2000 while 2015 reflects the lowest number (11) of ozonesondes launched. The
discrepancy in the annual number of ozonesondes launched was a factor of budgetary constraints as
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well as some operational issues encountered. In general, the target for this SHADOZ station is to
launch at least two ozonesondes per month, which makes a total of 24 launches per year.
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Figure 1. Number of ozonesondes launched at Irene from 2000 to 2015, expressed (a) monthly and (b)

annually.

Figure 2 shows Os vertical profiles for the troposphere (Figure 2a) and stratosphere (Figure 2b).
The data was grouped into three categories namely 2000-2003, 2004-2007, 2012-2015, and the Os
composite was calculated at kilometre intervals from 1 km to 28 km. The data used in figure 2 also
include 12.4% of ozonesondes that didn’t reach 28 km. Therefore, 87.6% of ozonesondes launched
over the study period reached 28 km. Three vertical profiles (2000-2003, 2004-2007 and 2012-2015)
were compared and the difference between 2000-2003 and 2004-2007 and between 2000-2003 and
2012-2015 was calculated to determine Os variation over the years. The percentage decrease for 2004—
2007 profiles were calculated from Os difference between 2000-2003 and 2004-2007, similarly, the
percentage decrease for 20122015 was calculated from 2000-2004 and 2012-2015 Os difference. A
continuous decrease from 2004-2007 and 2012-2015 was apparent at the height between 12 km and
28 km, with highest decrease occurring at a height between 14 km and 18 km. An average decrease
of 6.0% and 9.1% was observed at a height between 12 km and 26 km for 2004-2007 and 2012-2015,
respectively, when compared to the 2000-2003 period. This is understandable since the upper
troposphere and lower stratosphere are the regions where stratosphere and troposphere exchange
physical process takes place.
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Figure 2. Ozone troposphere (a) and stratosphere (b) profiles. The blue line indicates 2000-2003
averages, black line indicates 20042007 averages and red line indicates 2012-2015 averages. The error
bars indicate the standard deviation.

Figure 3 shows the Os seasonal vertical profiles averages for the troposphere and stratosphere.
In the year 2012-2015, summer experienced high Os increase from 5 km to 12 km (Figure 3a). On
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the other hand, 2000-2007 experienced high Os mole fractions in the lower troposphere (Figure 3a,
3¢, 3e and 3g), with the increase noted up to 8 km during the winter (Figure 3e). On the other hand,
Os decrease was observed in the upper troposphere and lower stratosphere, with 2012-2015
experiencing lower mole fractions compared to 2004-2007 and 2000-2003 (Figure 3b, 3d, 3f and 3h).
In general, a continuous non-consistent Oz decrease occurred from the upper troposphere (above 16
km) to lower stratosphere (28 km) for all seasons. These results suggest that the observed Os decrease
in the lower stratosphere is independent of season. Whereas, Os increase between 1.5 and 4 km could
be related to increase in urban influence boundary layer precursors [43]. Such Os precursors could
originate from domestic heating and power stations. Maximum standard deviation is observed at
altitudes closer to tropopause region. Such increase could be related to STE and other dynamic
changes occurring in the tropopause region. This variation was observed to be lesser in summer when
compared to other seasons. Sivakumar [37] reported similar observations of higher standard
deviation closer to the tropopause height.
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Figure 3. Ozone seasonal profiles for the troposphere (a, ¢, e and g) and stratosphere (b, d, f and h).
Blue line indicates 2000-2003 averages, black line indicates 2004-2007 averages and red line indicates
2012-2015 averages. The error bars indicate the standard deviation.

Table 1 and 2 summarizes statistic of high Os events that were obtained by using the 95t and
90t percentile composite as a threshold. All episodes that exceeds the monthly 95% percentile
composite were automatically classified as high ozone events (Table 1). However, monthly 90t
percentile composite in Table 2 were used as the threshold for this study. It was noted that more
episodes could be identified when 90% percentile composite threshold is applied. The monthly
average composites, 90t percentile and 95* percentile composites were calculated by using 2000 —
2015 Irene ozonesondes data. The maximum of the peak was defined as the highest ozone observed
from a particular ozone profile at a particular altitude. In this case, it is the maximum of the profile
dated on the first column. Delta ozone was defined as the difference between the maximum of a
particular event observed at a particular altitude and 90 or 95% percentile composite profile. The
altitude of the event was defined as an altitude where maximum values of Os occurred. Based on
observations indicated in Table 2, it is noted that stratospheric intrusions can reach 7 km altitude over
Irene. Similar results of the occurrence of deep intrusions at 7 km altitude were reported at Reunion
Island [44].

Table 1. Summary of high ozone (ppb) events statistics (monthly average, 95th percentile, maximum,
ozone delta).

Monthly 95th  Maximum Delta Ozone  Altitude of

Date of the Monthly :
. Percentile peak of the the event
event composite .

composite event
07/08/2002 70.00 99.00 160.50 61.50 11
07/07/2004 55.68, 67.62 74.00,147.00  146.73,215.51  72.73, 68.51 9,11
15/09/2004 79.15 103.00 144.02 41.02 9
26/08/2005 71.98 99.00 171.37 72.37 11
12/04/2006 58.03 110.80 120.00 9.20 11
08/08/2007 58.18 99.00 105.71 6.71 9
10/01/2007 74.65 93.00 110.91 17.91 11
31/07/2013 60.41 90.50 121.67 31.17 10
16/04/2014 50.42 72.00 81.46 9.46 9
25/11/2015 91.67 134.00 162.03 28.03 10

Table 2. Summary of high ozone (ppb) events statistics (monthly average, 90th percentile, maximum,
ozone delta).

d0i:10.20944/preprints202002.0268.v1

Monthly 90t  Maximum Delta Ozone Altitude of

Date of the Month%y Percentiyle peak of the the event
event composite .

composite event
07/08/2002 70.00 96.00 160.50 64.50 11
27/11/2002 87.33 99.00 117.13 18.13 9
03/03/2004 64.91 82.00 87.13 5.13
07/07/2004 55.68, 67.62 70.00, 86.00  146.73,215.51  76.73,129.51 9,11
15/09/2004 79.15 99.00 144.02 45.02
26/08/2005 71.98 96.00 171.37 75.37 11
12/04/2006 58.03 71.00 120.00 49.00 11
01/03/2007 58.45 74.00 81.27 7.27 7
08/08/2007 58.18 76.00 105.71 29.71 9
10/01/2007 74.65 87.00 110.91 2391 11
03/10/2012 89.50 112.00 110.94 2.94 10
17/10/2012 89.50 112.00 137.00 25.00 10
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31/07/2013 60.41 72.00 121.67 49.67 10
16/04/2014 50.42 66.00 81.46 15.46 9
25/11/2015 91.67 113.00 162.03 49.03 10

4.1. High Os events

In this study, events with high Os mole fractions exceeding monthly 90" percentile composites
were selected and discussed in terms of PV retrieved using MERRA-2 reanalyses system. As
indicated on a PV chart (PV plotted on an isotropic surface) in Figure 4, values outside the contour
lines appear relatively low with PV values of about -1.9x10-'2 Km-kg-'s'! compared with values inside
the contour lines, which have PV values ranging between -4.7x10- to 1.9x10-¢ Km2kg's. Higher PV
values in the troposphere indicate air mass of stratospheric origin due to increased static stability. PV
is generally negative in the Southern Hemisphere (SH) and is usually multiplied by negative one (-
1) to appear positive [45, 46]. In general, higher values of PV are found in the stratosphere than in the
troposphere.

Stratosphere polar vortex forms during autumn in Southern Hemisphere [47]. And, in regards
to the geographic position of Irene, this location experiences anticyclonic gyre due to midlatitude
westerly waves that occur in autumn and winter [48]. These anticyclonic gyres are responsible for
increase in pollutant concentrations for a long period [13]. Two possible stratosphere—troposphere Os
autumn events (12 April 2006 and 16 April 2014) were selected for discussion.

For the purpose of this study, three possible stratosphere—troposphere Os winter events (7 July
2004, 26 August 2005 and 31 July 2013) were selected for discussion. Generally, one may conclude
that activities such as anticyclone patterns, domestic usage of biofuels for heating, power generating
plants and STEs are the cause of higher Os enhancement during this period in Irene [48]. Furthermore,
during this season, stratospheric polar vortex starts to be very active in polar region [47].

Also, in this study, two high Osevents (15 September 2004 and 25 November 2015) were selected
in spring and discussed. It is well known that the spring Os enhancement events can either be caused
by biogenic emissions, biomass burning and lightning production or a combination of them all [11].
However, the occurrence of STEs is dominant in winter and spring over the study area [13], and
during this time, the stratospheric polar vortex is more active. According to Clain [44], it is possible
that Os mole fractions related to stratosphere intrusion can be influenced by climatological Os
background.

4.2. Case studies on high ozone events

Figure 4a, 5a, 6a, 7a, 8a, 9a and 10a show events that were selected for the case study. These
events are part of the fifteen high Os events that were identified over the study period. Since these
events took place in the month of April, July, August and September, 90th percentile composites for
these months were used as thresholds. On these days, high Os peaks exceeding the monthly 90
percentile composites were observed between 9km and 11 km. Figure 4b, 5b, 6b, 7b, 8b, 9b and 10b
show MERRA-2 potential vorticity plotted against the Isobaric surface between 70 hPa and 400 hPa.
These vertical PV slices are for the whole month for the selected events, and averaged to the closest
latitude and longitude to Irene SHADOZ site. As indicated on the PV slices, there are several episodes
observed in these months where air masses with higher PV of approximately 3.0 PVU propagated
from the lower stratosphere (70 hPa) to the upper troposphere (400 hPa). These events are shown as
the downward tongues on the PV slices. However, for the purpose of these events, we will focus on
the time scale closer to the event dates. As indicated by Os vertical profiles, the observed high Os
events coincides with high PV observed in the higher troposphere. Therefore, it can concluded that,
the observed high Os in the upper troposphere could be of stratospheric origin.
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Potential vorticity at Isobaric surface (July 2004)
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Figure 4. (a) Ozone troposphere profile over Irene on 07 July 2004. (b) Potential vorticity at Isobaric
surface over Irene on July 2004 (from MERRA 2). Solid line in Figure 4a indicates monthly Os average
composite, broken line indicates O3 event and dotted line indicate 90" percentile composite.
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Figure 5. (a) Ozone troposphere profile over Irene on 15 September 2004. (b) Potential vorticity at
Isobaric surface over Irene on September 2004 (from MERRA 2). Solid line in Figure 5a indicates
monthly Os average.
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Figure 6. (a) Ozone troposphere profile over Irene on 26 August 2005. (b) Potential vorticity at Isobaric
surface over Irene on August 2005 (from MERRA 2). Solid line in Figure 6a indicates monthly Os
average composite, broken line indicates Os event and dotted line indicate 90t percentile composite.
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Potential vorticity at Isobanc surfaca over Irene
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Figure 7. (a) Ozone troposphere profile over Irene on 12 April 2006. (b) Potential vorticity at Isobaric
surface over Irene on April 2006 (from MERRA 2). Solid line in Figure 7a indicates monthly Os average
composite, broken line indicates O3 event and dotted line indicate 90" percentile composite.
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Figure 8. (a) Ozone troposphere profile over Irene on 31 July 2013. (b) Potential vorticity at Isobaric
surface over Irene on July 2013 (from MERRA 2). Solid line in Figure 8a indicates monthly Os average
composite, broken line indicates O3 event and dotted line indicate 90™ percentile composite.
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Figure 9. (a) Ozone troposphere profile over Irene on 16 April 2014. (b) Potential vorticity at Isobaric
surface over Irene on April 2014 (from MERRA 2). Solid line in Figure 10a indicates monthly Os
average composite, broken line indicates Os event and dotted line indicate 90 percentile composite.
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Potential vorticity at Isobanic suface at Irene (Novembaer 2015)
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Figure 10. (a) Ozone troposphere profile over Irene on 25 November 2015. (b) Potential vorticity at
Isobaric surface over Irene on November 2015 (from MERRA 2). Solid line in Figure 10a indicates
monthly Os average composite, broken line indicates Os event and dotted line indicate 90" percentile
composite.

4.3. Dynamical context using MIMOSA model

There are several studies that have shown that the dynamics of the Southern Hemisphere polar
vortex has an influence in the nearby surrounding structures (upper troposphere and stratosphere)
of the Southern Hemisphere [27, 28, 29]. A useful method that can assist in profiling the isentropic
transport across the dynamical barriers in the stratosphere is the MIMOSA (Modélisation Isentrope
du transport Méso—€échelle de I'Ozone Stratosphérique par Advection) model. MIMOSA model is a
high-resolution advection contour model that is based on Ertel’s potential vorticity which was
developed at the Service d’Aeronomie by Hauchecorne [49]. The advection is driven by ECMWEF
meteorological analyses at a resolution of 0.5°x0.5°. In the case of the PV, its slow diabatic evolution
is taken into account by relaxing the model PV towards the PV calculated from the ECMWF fields
with a relaxation time of 10 days. Using this procedure, it is possible to run the model continuously
and follow the evolution of PV filaments during several months. This model system enables the
investigation of the contribution of the horizontal transport mechanism in the vertical distribution of
ozone over high latitudes, mid-latitudes and subtropics. The model gives as an output the advected
potential vorticity (APV) with a resolution of 0.3°x 0.3° which is measured in potential vorticity units
(PVU) which corresponds to 1x10-°Km2kg's.

In their recent study, Orte [29] successfully showed the influence of the polar vortex over Rio
Gallegos, Argentina by using the APV calculated from the MIMOSA high-resolution advection
model. Having adopted a similar approach in this study, the influence of the dynamics of the polar
vortex over Irene during the days where the STE was observed is also investigated using the APV
outputs from the MIMOSA model. The APV maps assimilated using MIMOSA model for the 350 K
isentropic level plotted for the 07 July 2004 (a), 15 September 2004 (b), 26 August 2005 (c), 12 April
2006 (d), 30 July 2013 (e), 31 July 2013, 16 April 2014 (f), and 25 November 2015 (g) are shown in
Figure 11. The location of Irene is indicated by a black dot in the maps. The slices of APV for 350 K
isentropic level which is equivalent to 12-13 km were selected because this is the good pressure level
to investigate an STE event.
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Figure 11. Advected Potential Vorticity (APV) maps assimilated with the MIMOSA model for the 350
K isentropic level.

In general, during all these days which experienced STE process there is obvious passing of APV
values with an averaged value of 8 PVU over Irene, South Africa. This is confirmed by blue tongue
at the 350 K isentropic level that reflect higher PV values passing over Irene during the days of the
STE that were profiled in this study. It can thus be reasoned that this isentropic transport seems to be
responsible for the observed reduction of the Oz mole fractions at the lower stratosphere over Irene
which takes place at the same time with the enhencement of ozone in the uper troposphere. The
possible dynamical event which is well simulated by the MIMOSA model during the STEs presented
here could be that the high APV values are transported from the high latitudes towards the tropics
bringing air masses that contain lower ozone consentrations. Due to the upwards propagation of the
middle atmosphere planetary waves in the high and mid-latitudes regions which in turn propagates
downward around the lower latitudes of the lower stratosphere [e.g. 27], the Os mole fractions in the
lower stratosphere is transported to the upper troposphere, and hence the observed STE. The
influence of the high latitude stratospheric air masses over Irene were also reported on by Semane
[27] via their study of the dynamics of the middle atmosphere during the winter of year 2002. Besides,
this was a special winter in the southern hemisphere because of the unprecedented year 2002 major
stratospheric warming [50, 51 and others].

In their study on tropospheric Os climatology over Irene, Diab [13] reported a tropopause
folding event that happened during the winter and spring transition period, which is a good indicator
of a STE physical process. Thus, with an improvement of SHADOZ data collection at Irene site since
then, it is always important to investigate such a physical process in this study. Figure 12 shows
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monthly averaged composite of Os vertical profiles measured at Irene for the year period from 2000
to 2015. These profiles were plotted for the height region between 1 km to 15 km for January (Jan) to
December (Dec). There is a general significant intrusion of higher Os mole fractions which are sourced
from the stratosphere which is observed in late winter and spring months. In their study, Diab
associated this Os injection to middle troposphere with westerly winds, which marks the end of
maritime season [13]. Also, the subtropical jet was reported to play a role in permitting ozone-rich
stratospheric air to penetrate into the troposphere [52]. While most of the free troposphere over Irene
was characterised by Os mole fractionof approximately 55-60 ppb, the late winter months experience
an increase of Os concentration to approximately 80 ppb just above the planetary boundary layer. It
is also worth noting that the spring season is the period where there are activities such as
anthropogenic pollutants sourced from the Congo region and Highveld region biomass burning, and
natural activities such as lightning from rainy season and biogenic activities [53]. On the other hand,
a similar observation to that which was reported by Diab [13], the tropical tropopause layer (TTL)
with Os mole fraction ranging between 95 ppb and 100 ppb at a heigh above 14 km from January to
February, while it noticeably declined throughout the year, and approached its minimum altitude of
11 km in October.

Altitude (km)
Ozone (ppb)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 12. Contour plot of Irene O3 mole fraction (in ppb) for the period, 2000 to 2015.

4.3. Ozone decline in Lower Stratosphere

The recovery of Os in the upper stratosphere has been well discussed [9, 54, 55, 56, 57, 58] {add
some references!}. However, the investigation of Os recovery at different altitude starting from the
lower stratosphere upwards still needs attention. This also arise because some recent studies seem to
have reported that there may be a continuous decline of Os at the lower stratosphere [10, 59]. A
recent study by Sivakumar [37] divided ozonesondes data into two categories, namely tropospheric
(0 -15 km) and stratospheric region (15 -30 km) and reported Os maximum occurrence between 22-27
km. Thus, in this study, we also investigate the Os decline in the lower stratosphere by using Irene
ozonesondes data. Ozone decline is calculated by using medians, 5% and 95t percentiles. Moreover,
a composite was calculated at different altitudes (e.g. 13-15 km, 1618 km and 19-21 km) of the upper
troposphere and stratosphere. Rate of change was then calculated by fitting a linear trend on the
graphs.

Table 3 summarises the statistics calculated for the medians, 5% and 95t percentiles. Layers
corresponding to the upper troposphere (7-9 km) show a positive trend of 0.06+0.15, 0.08+0.18 and
0.11+0.25 ppb/year each for the median, 5 and 95" percentiles respectively. Similarly, at 10-12 km
height, a positive trend of 0.08+0.20, 0.02+0.15 and 0.13+0.46 ppb/year was observed for the median,
5t percentile and 95% percentile respectively. In contrast, a negative trend of -0.70+2.05 ppb/year was
observed at 16-18 km for the 95 percentile, whereas the median and 5t percentile showed a negative
trend of -0.59+5.07 and -1.37+6.08 ppb/year each at 22-24 km respectively. In summary, the results
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presented here indicate that there are a negative trend in the lower stratosphere, while the upper
troposphere shows a positive trend. Similar observations of Oz decline in the lower stratosphere were
reported by Granados-Munoz [36] when studying tropospheric Os seasonal and long-term variability
at the JPL-Table Mountain. Furthermore, Ball [10] suggested that lower stratosphere decline
contributes to the observed total column Os decline. Therefore, the results presented here are
consistent with the previous observations reported in literature [10, 36].

Table 3. Statistical analysis of ozone at different altitudes.

. Median 5t P, 95t P.
Altitude
[ppb/year] [ppb/year] [ppblyear]
7-9 km 0.06+0.15 0.08+0.18 0.11+0.25
10-12 km 0.08+0.20 0.02+0.15 0.13+0.46
13-15 km 0.08+0.26 0.11+0.27 0.08+1.09
16-18 km 0.17+0.93 0.12+0.48 -0.70£2.05
19-21 km 0.53+4.08 0.33+3.07 -0.51+5.44
22-24 km -0.59+5.07 -1.37+6.08 -0.91+4.66
25-27 km -1.32+6.52 -2.48+8.36 -0.56+7.91

4.3.1. Seasonal trends at different altitudes

Figure 13 to 16 indicate Os trends calculated using linear regression at different altitudes during
summer, autumn, winter and spring season. And, Table 4(a), (b), (c) and (d) provide summery
statistics (Median, 5% and 95t percentiles) of these trends. Standard deviation values close to zero
indicate Os observed over the years was close to the calculated mean. The observations in these tables
can be summarised as follows:

7-9 km layer: there was no trend identified in autumn (-0.00£0.11ppb/year). While there was a
positive trend observed in summer (0.04+0.12 ppb/year), winter (0.07+0.22 ppb/year) and spring
(0.03+0.20 ppb/year) for the medians. Similarly, there was a positive trend observed for the 5t
percentiles in summer (0.05+0.17 ppb/year), autumn (0.03+0.11 ppb/year) and winter (0.02+0.17
ppb/year). While spring (-0.02+0.22 ppb/year) showed a negative trend. There was no trend observed
in spring (-0.00+0.30 ppb/year), while a positive trend was observed in summer (0.02+0.23 ppb/year),
autumn (0.06+0.25 ppb/year) and winter (0.07+0.27 ppb/year) for the 95* percentiles. Therefore, it can
be concluded that an overall positive trend is dominant in this layer for most of the seasons.

10-12 km layer: there was no trend observed in winter for the medians (-0.00+0.18 ppb/year)
and for the 5t percentiles in summer (-0.00+0.20 ppb/year) and autumn (-0.00+0.26 ppb/year). In
contrast, there was a negative trend observed in winter for the 5% percentiles (-0.08+0.25 ppb/year)
and 95 percentiles (-0.08+0.59 ppb/year). Whilst on the other hand, a positive trend was observed in
summer (0.10+0.22 ppb/year), autumn (0.10+0.33 ppb/year) and spring (0.12+0.61 ppb/year) for the
95t percentiles.

13-15 km layer: with the exception of winter (-0.12+0.27 ppb/year), a positive trend was
observed in summer (0.08+0.38 ppb/year), autumn (0.05+0.21 ppb/year) and spring (0.07+0.44
ppb/year) for the medians. Similarly, a positive trend was also observed in summer (0.05+0.44
ppb/year), autumn (0.09+0.26 ppb/year) and spring (0.04+0.38 ppb/year) for the 5t percentiles. On the
other hand, a negative trend of -0.02+0.27 ppb/year was observed in winter, whilst the 95% percentiles
yielded negative trends in all of the seasons.

16-18 km layer: with the exception of autumn (0.08+0.80 ppb/year), negative trends were
observed in summer (-0.23+0.55 ppb/year), winter (-0.17+1.80 ppb/year) and spring (-0.39+1.45
ppb/year) for the medians. Similarly, there was a negative trend observed in autumn (-0.7+0.53
ppb/year), winter (-0.06+0.95 ppb/year) and spring (-0.03+1.68 ppb/year) for the 5t percentiles except
in summer (0.05+0.59 ppb/year). The 95% percentiles again showed negative trends in all of the

d0i:10.20944/preprints202002.0268.v1
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seasons. Standard deviations of more than 1.0 ppb were observed in winter and spring, suggesting
that winter and spring trends could be significant in this layer.

19-21 km layer: with the exception of autumn (0.12+2.81ppb/year), negative trends were
observed for the medians in summer (-0.11+2.70 ppb/year), winter (-0.45+6.79 ppb/year) and spring
(-1.20+3.26ppb/year). In addition to this, negative trends were also observed in all seasons for the 5*
and 95 percentiles. Standard deviations in excess of 2.5 ppb were calculated in this layer with more
variation observed during winter and spring. These results suggests significance of trends in these
seasons.

22-24 km layer: There was a negative trend observed in all seasons for the medians as well as
the 5% percentiles. In contrast, a negative trend was observed in summer (-8.23+13.54 ppb/year),
winter (-0.98+9.77 ppb/year) and spring (-1.09+5.45 ppb/year) for the 95t percentiles. Furthermore, a
standard deviation of more 6.0 ppb was calculated in this layer with more variation in winter and
spring. The observed high standard deviations in winter and spring, when compared with other
seasons, suggests greater significance of trends within this layer.
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Figure 13. Summer time series (2000-2015) of the 5" (red), median (blue) and 95t (black) percentile
ozone mole fractions at different altitude. Dashed lines represent the linear fit for each time series.
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Figure 14. Autumn time series (2000-2015) of the 5 (red), median (blue) and 95 (black) percentile
ozone mole fractions at different altitude. Dashed lines represent the linear fit for each time series.
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Figure 15. Winter time series (2000-2015) of the 5" (red), median (blue) and 95" (black) percentile
ozone mole fractions at different altitude. Dashed lines represent the linear fit for each time series.
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Figure 16. Spring time series (2000-2015) of the 5th (red), median (blue) and 95th (black) percentile
ozone mole fractions at different altitude. Dashed lines represent the linear fit for each time series.

Table 4. Ozone statistical summary at different altitudes and seasons.

Table 4(a). Summer

Altitude Median (ppb) 5th Percentile (ppb) 95t Percentile (ppb)
7-9 km 0.04+0.12 0.05+0.17 0.02+0.23
10-12 km 0.04+0.15 -0.006+0.20 0.09+0.22
13-15 km 0.08+0.38 0.05+0.44 -0.050.71
16-18 km -0.02+0.55 0.05+0.59 -0.17+1.68
19-21 km -0.11£2.70 -0.39+3.02 -4.15+3.65
22-24 km -8.09+13.49 -7.77+14.08 -8.23+13.54
Table 4(b). Autumn
Altitude Median (ppb) 5th Percentile (ppb)  95th Percentile (ppb)
7-9 km -0.009+0.17 0.03x0.11 0.06+0.25
10-12 km -0.002+0.26 -0.01+0.19 0.10+0.33
13-15 km 0.052+0.21 0.09+0.26 -0.21£1.29
16-18 km 0.08+0.80 -0.07+0.53 -0.31£2.76
19-21 km 0.12+2.81 -0.25+2.23 -0.08+4.30
22-24 km -1.05+6.22 -1.15+6.61 1.13+6.18
Table 4(c). Winter
Altitude Median (ppb) 5th Percentile (ppb)  95th Percentile (ppb)
7-9 km 0.07+0.22 0.02+0.17 0.07+0.27
10-12 km -0.004+0.18 -0.08+0.25 -0.08+0.59
13-15 km -0.02+0.38 -0.02+0.27 -0.21+1.41
16-18 km -0.18+1.80 -0.06+0.95 -0.87+3.77
19-21 km -0.45+6.79 -0.65+5.36 -0.78+9.05
22-24 km -1.33+9.31 -2.63+10.33 -0.98+9.77
Table 4(d). Spring
Altitude Median (ppb) 5th Percentile (ppb)  95th Percentile (ppb)
7-9 km 0.03+0.20 -0.12+0.22 -0.006+0.30
10-12 km 0.10+0.26 0.10+0.32 0.12+0.61
13-15 km 0.07+0.44 0.04+0.38 0.18+1.28
16-18 km -0.39+1.45 0.03+1.68 -1.37+2.83
19-21 km -1.20+3.26 -0.72+2.73 -1.58+4.89
22-24 km -1.18+5.31 -1.03+7.26 -1.09+5.45

5. Summary and Conclusions
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This study examined Irene Os profile data from 2000-2015 in order to identify high Os events
and to study Os decline at different altitudes of the stratosphere. Monthly 90t percentile composites
were used as a threshold to identify high Os events. Furthermore, PV charts at isobaric level were
used to identify high PV air mass of stratospheric origin (more than 2 PVU). Based on the
observations, high Os events were found to occur in all seasons. However, they were most prevalent
in winter and spring. The results showed that high Os of stratospheric origin can propagate down to
7 km over Irene. However, very few events were found to reach this altitude. The majority of events
occurred between 9 km and 10 km from the earth surface. Based on the results obtained from the PV
charts, high PV values of approximately 3 PVU were observed over Irene.

Furthermore, Os data was grouped into three categories: 2000-2003, 200420007 and 2012-2015
to investigate possible long-term trends using monthly 5t percentile composites, monthly 95"
percentile composites and monthly median composites. Troposphere and stratosphere Os vertical
profiles were generated for the three datasets (2000-2003, 200420007 and 2012-2015). Based on the
vertical profile graphs, it was noted that the maximum standard deviation occur in altitudes closer
to the tropopause (approximately 17 km). This could be related to STE and other dynamic changes
occurring in the tropopause region.

Long-term trends showed an Os decline at 16-18 km for the 95" percentiles (-0.70+2.05) while
median and 5" percentile Os decline started at the 22-24km layer. A maximum decline was observed
at 25-27 km for both the median (-1.32+6.52) and 5t percentile (-2.48+8.36). Contrary to this, the 95t
percentile maximum occurred at 22-24 km layer. Seasonal trends showed that the maximum decline
for median was observed at 22-24 km during winter, while the spring maximum decline was
observed at 19-21 km. With the exception of summer and autumn 95t percentiles, an Os decline at
13-15 km was also observed. On the other hand, Os decline within the 10-12 km layer was observed
in winter and autumn for medians and 95t percentiles. In conclusion, high Os of stratospheric origin
can occasionally reach down as low as 7 km above Irene. However, 68.8% of these events were
observed within the 9 km to 10 km region.

PV charts proved a very useful tool and showed the propagation of stratospheric air masses to
the troposphere as further evidence of stratosphere Os intrusion for the selected high Oz episodes in
this study. These observations seem to indicate that STE events which are observed in over Irene are
strongly driven by the dynamics of the Southern Hemisphere polar vortex.

Os decline was observed mainly in the lower stratosphere (16-28 km). However, it was more
dominant in winter and spring. While, few events were observed in summer and autumn. Contrary
to this, Os increase was observed in the lower troposphere. These observations of Os increase in the
lower troposphere are in line with literature reports and were associated with an increase pollution
in the lower troposphere.
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