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Abstract

South Africa is one of the countries that adhere to the Vienna Convention and its Montreal Protocol
to protect the ozone (O3) layer. Hence, the country conducts Os vertical profiles, Total Column
Ozone (TCO) and surface Oz measurements. Atmospheric Oz can be either beneficial or harmful
to the environment and human health depending on its abundance in the atmosphere. Therefore,
continuous monitoring of atmospheric Oz is essential to protect the environment and human health.
Even though most of the Os is found in the stratosphere, Oz can propagate from the stratosphere
to the troposphere through a process called stratospheric—tropospheric exchange (STE).

This study investigates the STE over Irene by using 2000-2007 and 2012-2015 Os vertical
profiles. The monthly 90" and 95" percentile composites were calculated and used as threshold to
identify high Os events. In addition, the potential vorticity (PV) of 2PVU was used as a tracer of
stratospheric air masses. Days exceeding the monthly 90", 95" percentile composites and 2PVU
were classified as high Oz events that originates from the stratosphere. Furthermore, the medians,
5t and 95" percentiles were used to investigate the annual and seasonal Os changes at different
altitudes.

The study also validates 2017 and 2018 Stellenbosch Dobson spectrophotometer TCO with Ozone
Monitoring Instrument (OMI) and Atmospheric Infrared Sounder (AIRS) satellite TCO
observations. The OMI satellite data was obtained from OMI-Total Mapping Spectrometer (OMI-
TOMS) and OMI-Differential Optical Absorption Spectroscopy (OMI-DOAS). In addition to
satellite validations, Stellenbosch Dobson TCO data was compared with Modern-Era
Retrospective Analysis for Research and Applications (MERRA-2) observations by calculating
percentage difference, percentage error and correlation coefficient.

The study also investigates variability and trends of surface Oz by using 2000 to 2018 Cape Point
data (all-data, day and night-time). The annual, seasonal and weekday-weekend trends were
investigated by using linear regression and Theil-Sen slope methods. In addition, 2000 to 2007
Cape Point wind and radon data was used to investigate the effect of winds in Oz mole fractions.
The study extends to identify extreme maximum and minimum Oz values observed and a case
study has been explored for initial bench mark. However, a more detailed study may be required

for any conclusive remarks.
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CHAPTER 1: INTRODUCTION

1.1 Background on Ozone

South Africa air quality is affected by pollution that originate from mines, glass industries,
fuel refining, vehicle traffic, airport operations, aircrafts (operation and maintenance) and fuel
storage sites (Walton, 2005). The polluters release hydrocarbons, carbon monoxide (CO),
nitrogen oxides (NOx), sulfur dioxide (SO2) and particulates (Walton, 2005). Most of these
pollutants listed above are the surface ozone (Os) precursors that form O3 in the presence of
sunlight.

Os is an important greenhouse gas that contributes to the global climate warming or green-
house effect. In the absence of greenhouse gases, temperatures on earth will drop below zero
every night (Kinney et al., 1996). Unlike other trace gases such as CO,, methane and CO which
maximize in the troposphere, Os accumulates in the stratosphere to form a layer called the O3
layer. This layer occurs approximately 20 to 30 km from the Earth’s surface (Liou, 2002; Schott,
2007). The Os layer plays an important role in protecting the environment and human health from
dangerous ultraviolet (UV) radiation (www.epa.gov). If substantially decreased, ‘Oz hole’ is
formed and more UV penetrate to the troposphere. The term ‘O3z hole’ is used when a hole is
formed in the O3 layer and Oz mole fractions are less than 220 DU (Nazir and Zaman, 2016). The
first documented paper on ‘O3 hole’ was published in 1985. Farman et al. (1985) reported a
decrease in total column Oz over Halley Bay station in Antarctica. While other studies (e.g.
Proffitt et al., 1990 and Anderson et al., 1991) reported a relationship between Oz depletion and
polar vortex. Hassler et al. (2011) reported similar relationship of total Oz and polar vortex over
Antarctica. Polar vortex is important in Oz depletion and ‘Os hole’ formation (Solomon, 1999).
In addition, polar vortex plays an important role in distributing Oz and other trace traces (Waugh
and Polvani, 2010). The polar vortex is formed in autumn, maximize in winter and breaks in late
winter and spring (Waugh and Polvani, 2010). According to Angell and Korshover (2005), the
observed ‘Os hole’ was related to the increasing chlorofluorocarbons (CFCs) in the atmosphere.
Halogens are emitted at earth surfaces all over the stratosphere. Most of these gases have no
natural removal processes in the lower atmosphere. Halogens enter the stratosphere through the
tropical tropopause and transported in the stratosphere and Polar Regions by atmospheric motions



(Solomon, 1999). Several studies reported negative impacts of high UV radiation in the
troposphere. These studies reported that high UV radiation affect eyes (Wargent et al., 2013),
causes skin cancer (Andersen et al., 2005; Tian et al., 2009), affect DNA (Shindell et al., 1998),
asthma (Wargent et al., 2013), affect the aquatic system and agricultural productivity (Anwar et
al., 2016). While the Intergovernmental Panel on Climate Change (IPCC, 2013), reported a global
average radiative forcing of 0.40 +0.20 W/m? due to tropospheric Os. Due to these negative
impacts of Oz in the troposphere, more than twenty nations signed the Montreal protocol in 1987
to protect the Oz layer from anthropogenic activities that releases Oz Depletion Substances (ODS)
such as chlorine and bromine containing compounds (Andersen et al., 2002). After the successful
implementation of the Montreal protocol, stations monitoring ODS reported a decreasing trend
of ODS in the atmosphere (Figure 1.1). However, the lifespan of these gases is long and may take
several years to deplete in the atmosphere (Molina and Rowland, 1974). It is evident from the
above-mentioned studies that high Oz mole fractions play a positive role in the stratosphere by
protecting human and the environment. However, the abundance of Oz in the troposphere have
negative affects to human health and the environment at large.

Due to the important role of Os in the stratosphere, and its negative effects in abundance in
the troposphere, South Africa is one of the countries that took essential steps to terminate ODS
and developed a number of Oz monitoring stations. These stations include Dobson TCO
observations, O3 vertical profiles and surface Oz monitoring stations. The TCO observations are
conducted at Irene, Springbok and Stellenbosch. These observations are part of the Global
Atmosphere Watch (GAW under the world meteorological organization) regional activities of
South African Weather Service. While O3 vertical profiles are monitored over Irene. There are
many stations monitoring surface Oz in the country. These stations are under the management of
government, local municipalities and industries. In addition, surface Oz measurements are
conducted by North West University at the Welgegund air quality research station. Of all the
surface Os stations operating in the country, Cape Point GAW station has the longest record of

thirty-seven years of surface Oz data and serves as the background station.
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Figure 1.1: Global atmosphere mixing ratios (ppt) of most abundant CFCs, HCFCs,
choridesolvents and brominated gases (obtained from WMO, 2003).

1.2 Study motivation and problem statement

o Stratospheric-Tropospheric Exchange (STE) is one of the tropospheric O3 sources that
contributes to high Oz mole fractions observed in the troposphere. Even though a number of
studies have used Irene O3 vertical profiles, statistical analysis of STES remain a gap that needs
further investigation. Moreover, the Os vertical profiles are useful to study the atmospheric O3
changes at different altitudes. Even though there are some studies on Oz changes in South Africa,
this aspect needs further investigation using more statistical analysis. Hence, the first scientific
focus of this thesis is to identify STE events and conduct their statistical analysis. In addition, this
study investigates Os changes at different altitudes over Irene.

o TCO is one of the important parameters to characterize the Oz layer above a specific
region. Hence, the new Stellenbosch Dobson TCO observations are important to understand the
status of O3 layer above Cape Town region. The second focus of this thesis is related to TCO.
This thesis evaluates the performance of TCO observations from the recently developed
Stellenbosch Dobson spectrophotometer by comparing it with satellite TCO observations.



Furthermore, this thesis determines the bias between Dobson spectrophotometer and satellite
observations.

o STE is one of the sources of surface Oz and contribute to the observed surface Oz mole
fractions. In addition to it, there is a relationship between TCO and tropospheric Oz because TCO
is the total amount of O3z molecules measured from the surface to the upper atmosphere. Hence,
it is important to investigate its relationship with surface Os measurements. Oz production
predominantly occur during the day-time where there is enough UV radiation and Oz precursors.
It is important to study Oz using different datasets with day-time data separated from night-time
data in order to find if the observed Oz increase is related to photochemical production. Increasing
tropospheric Os mole fractions have become a threat to the environment at large and a concern to
the scientific community. Cape Point in particular, is amongst the GAW stations in the Southern
Hemisphere that experience increasing Os trend. A number of local and international studies have
used Cape Point surface Oz data to study diurnal and seasonal cycles. In addition, long-term trends
were previously investigated using Cape Point all data available. However, weekday-weekend,
seasonal and annual Os changes in all-day, day and night-time datasets were not investigated. The
relationship between TCO and Cape Point surface Oz was previously investigated using TOMS
TCO observations only and it will be interesting to investigate the relationship of surface Os
measurements at Cape Point with other TCO satellite observations. The third focus of this thesis
is to investigate if the observed increase surface Oz increase at Cape Point occurs in both day-
time and night-time datasets. Furthermore, to investigate if weekday and weekend trends. This

study also investigates the relationship between surface Oz and TCO observations.

1.3  Aims and objectives of the study

o The current study aims to use Irene O3 vertical profiles to identify and conduct statistical
analysis of STE events. In addition, Os vertical profiles were used to investigate Oz changes at
different altitudes.

o This study validates Stellenbosch Dobson spectrophotometer TCO with OMI-Total
Mapping Spectrometer (OMI-TOMS), OMI-Differential Optical Absorption Spectroscopy
(OMI-DOAS) and Atmospheric Infrared Souder (AIRS) TCO observations. Dobson TCO

observations were also compared with Modern-Era Retrospective Analysis for Research and



Applications (MERRA-2) assimilation. The current study is the first to validate and document

Dobson TCO with satellite TCO observations over Cape Town.

The study also investigates the variability and trends (weekday-weekend, seasonal and

annual) of surface Oz by using all-day, day and night-time datasets. Lastly, wind and radon data

was used to investigate the effect of local weather and climate on surface Oz measurements. In
addition, this study investigates the relationship between surface Oz and TCO (OMI-TOMS,
OMI-DOAS, AIRS and MERRA-2) observations.

The study objectives include the following:

a)

b)

d)

9)
h)

To identify high Os events exceeding the monthly 90" and 95™ percentile composites by
using Oz vertical profiles.

To use Potential Vorticity (PV) of 2PVU together with the monthly 90" and 95" Os
percentile composites as thresholds to identify stratospheric air masses exchanges over
Irene.

To calculate Oz changes at difference altitudes over Irene by using the median, 5" and
95" percentile composites.

To calculate the percentage difference, percentage error, root square mean error, mean
bias error, mean absolute bias error and correlation coefficient between Stellenbosch
Dobson TCO observations and satellites borne instruments that used different
methods/algorithms (OMI-TOMS, OMI-DOAS and AIRS) TCO observations.
Moreover, the percentage difference, percentage error, root square mean error, mean bias
error, mean absolute bias error and correlation coefficient was calculated between
Stellenbosch Dobson TCO observations and MERRA-2 assimilation.

To calculate the weekday-weekend, seasonal and annual Oz changes in all-day, day and
night-time Cape Point surface Oz data by using linear regression and Theil-Sen slope.
To identify extreme maximum and minimum surface O3 events at Cape Point.

To determine the relationship between TCO observations and surface Oz at Cape Point.

This study employs data from the following periods:

Irene Og vertical profiles for the period from 2000 to 2007 and 2012 to 2015;
MERRA-2 PV assimilation for the period from 2000 to 2017,



e Stellenbosch Dobson spectrophotometer TCO observations for the period from 2017 to
2018;

e Stellenbosch OMI-TOMS and OMI-DOAS TCO observations for the period from 2017
to 2018;

e Stellenbosch AIRS TCO observations for the period from 2017 to 2018;

e Stellenbosch MERRA-2 TCO assimilation for the period from 2017 to 2018;

e Cape Point surface Oz data for the period from 2000 to 2018;

e Cape Point wind data for the period from 2000 to 2018;

e Cape Point radon data for the period from 2000 to 2018.

e Cape Point OMI-TOMS and OMI-DOAS TCO observations for the period from 2005 to
2018;

e Cape Point AIRS TCO observations for the period from 2005 to 2018;

e Cape Point MERRA-2 TCO assimilation for the period from 2005 to 2018.

Table 1 gives a summary of ground-based instruments, location of the stations and data period
that was used to fulfil the aim and the objectives of the study.

Table 1: Oz ground-based instruments used for the study.

Instrument Period City

Ozone balloonsondes 2000-2007 and 2012-2015 Irene
Dobson spectrophotometer 2017-2018 Stellenbosch
Thermo Electron analyzer (UV based) 2000-2018 Cape Point

1.4  Study area
1.4.1 Station at Irene

As indicated in Figure 1.2, the Irene station is located approximately sixteen kilometers from
Pretoria (-25.9°S, 28.2°E). The station is one of the fourteen Southern Hemisphere Additional
Ozonesondes (SHADOZ) stations worldwide and one of three located in Africa. The SHADOZ
network was developed after the Southern African Fire Atmospheric Research Initiative
(SAFARI) campaign. The purpose of the SHADOZ network is to monitor O3 vertical profiles in
the Southern Hemisphere using balloon-borne ozonesondes. The Os vertical profiles are obtained

using electrochemical concentration cell ozonesondes (ECC). The heart of the instrument is the
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electrochemical cell that interfaces with a radiosonde and sends back data signals to the ground
station receiver. Currently, soundings are conducted every second Wednesday, with the release

time as close as possible to 10:00 am local time.
1.4.2 Station at Stellenbosch

As indicated in Figure 1.2, Stellenbosch is located approximately fifty-three kilometers east
of the city of Cape Town. (-33.9°S, 18.3°E). The Dobson spectrophotometer TCO observations
are conducted at South African weather service inside the Council for Scientific and Industrial
Research (CSIR) premises. Up until 2016, there were two Dobson TCO observations in the
country. In November 2016, the third Dobson TCO observations commenced at Stellenbosch,
adding to the long—term observations at Irene and Springbok. The Dobson meter was developed
in 1924 by Gordon Dobson to measure stratospheric Oz from the Earth’s surface (Dobson, 1968)..
The ‘Dobson unit’ is used worldwide to measure TCO in honor of Gordon Dobson who developed
the Dobson spectrometer and carried out the earliest studies of Oz in the atmosphere. This

technique requires manual operation for observations and data logging.

1.4.3 Station at Cape Point

The Cape Point station is located on the Cape Peninsula at the South Africa National Parks
(SANParks) nature reserve (-34°35S; 18°48E), which is approximately sixty kilometers south of
the City of Cape Town (Figure 1.2). The Cape Point station is one of the forty Global Atmosphere
Watch (GAW) stations that are mandated by the World Meteorological Organization (WMO) to
monitor trace gases under background conditions. Hence, the station is located far from the
anthropogenic activities. The location of the station far from anthropogenic activities makes it a
preferred location for background air monitoring. The prevailing air masses at the station are
south-easterlies that brings clean air from the ocean. However, at times the station is affected by
continental air masses. The Cape Point started trace gas monitoring in 1978 with Carbon
monoxide (CO) measurements. In 1983, surface Os measurements were added on the program.
As time goes on, other parameters such as carbon dioxide (CO2), methane (CHa), nitrous oxide
(N20), total gas mercury (TGM), radon (Rn???) and meteorological parameters (temperature,

humidity, wind speed and wind direction) were added on the program.
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Figure 1.2: Location of Irene, Stellenbosch and Cape Point GAW station.

1.5  Satellite observations
1.5.1 Ozone Monitoring Instrument (OMI)

The OMI was introduced in 2004 after Total Mapping Spectrometer (TOMS) observations to
continue the TCO record and other parameters that were observed by TOMS. The OMI is one of
the instruments on board the Aura satellite that monitors the Os layer. The instrument has some
advantages as compared with Global Ozone Monitoring Experiment (GOME) and TOMS. In
addition to TCO observations, OMI measures other atmospheric components such as Nitrogen
dioxide (NO2), Sulphur dioxide (SO2) and aerosols that were not part of TOMS observations. The
OMI provides better ground resolution relative to GOME measures O3 vertical profiles similar to



those measured by Technology Experiment Satellite (TES) and Microwave Limb Sounder
(MLS). Moreover, OMI also detects volcanic ash, SO, produced in volcanic eruptions at
approximately 100 times more sensitivity than TOMS (https://aura.gsfc.nasa.gov). More

information on OMI retrieval method is discussed in chapter 4.

1.5.2 Atmospheric Infrared Souder (AIRS) instrument

The AIRS (Figure 3) is one of six instruments on board the National Aeronautics and Space
Administration (NASA) Aqua satellite. The instrument was introduced to support climate
research and improve weather forecasting. Hence, it monitors the atmospheric composition,
greenhouse gases, air quality, humidity profiles, atmospheric profiles and land surface
temperature observations. Calibrations are conducted inside the flight during scan period. The
AIRS O3 vertical profiles are on 28 levels from 1100 hPa to 0.1 hPa. More details on AIRS method
is given by Susskind et al. (2003) and also discussed in chapter 4. This study uses version 4 level

2 data which are available from Giovanni.

1.5.3 The Modern-Era Retrospective Analysis for Research and Applications, version 2
(MERRA-2)

The MERRA-2 was introduced in October 2004 to improve MERRA assimilation challenges
and to continue with the Global Modeling and Assimilation Office (GMAQ) commitment in
having a continuous near real time climate analysis (Galaro et al., 2017). The MERRA-2 have
additional observing system as compared with the former, e.g., MERRA-2 uses MLS O3 vertical
profiles and OMI TCO for assimilation. The MERRA-2 employs version 5.12.4 of the Goddard
Earth Observing System (GEOS) atmospheric system (Rienecker et al., 2008; Molod et al., 2015)
and the Gridpoint Statistical Interpolation (GSI) analysis scheme (Wu et al., 2002; Kleist et al.,
2009b) for assimilation. The model assimilates data from different satellites such as MLS, OMI,
Infrared Atmospheric Sounding Interferometer (IASI), Meteorological Operational Satellite-A
(MetOP-A) and other satellites. Further information on MERRA-2 is provided in chapter 4.



1.6 Thesis outline

This thesis is made out of six chapters. One of the result chapters (chapter 3) was already
published in an international recognized peer-reviewed journal (MDPI Atmosphere). Another
chapter (chapter 4) was submitted to local peer-reviewed journal (South African Journal of
Geography) for publication. Lastly, chapter 5 was submitted to South African Society for
Atmospheric Sciences (SASAS) annual conference proceedings and Clean Air Journal.

Therefore, there might be duplications and overlap of this chapter with the subsequent chapters.

Chapter 1 presents the introduction, study’s aims and objectives. Chapter 2 introduce the
concept and details about ‘O3 layer’ destruction, STE and its dynamics and tropospheric O3
chemistry followed by effects of Os in humans and environment. Chapter 3 commences with the
balloon-borne ozonesondes measurement technique. Additionally, this chapter uses Oz vertical
profiles to investigate high Os events and to conduct statistical analysis of stratosphere-
troposphere Oz exchange events, followed by Oz changes at different altitudes. Chapter 4 covers
the Dobson and Satellite TCO observation techniques, followed by validation of Stellenbosch
Dobson TCO with OMI-TOMS, OMI-DOAS and AIRS TCO observations. Furthermore, the
relative difference between satellites (OMI-TOMS, OMI-DOAS and AIRS satellites) and Dobson
TCO observations was calculated. Lastly, this chapter presents the TCO climatology observed by
Dobson and satellites over Stellenbosch. Chapter 5 presents Cape Point weekday-weekend,
seasonal and annul Oz changes by using all-day, day and night-time surface Oz data. Wind and
radon data was also used to investigate the influence of meteorology on Oz mole fractions. An
extreme maximum and minimum observed Oz values are identified and a case study has been
conducted. Chapter 6 provides with summary and conclusions, followed by future work and

recommendations.
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CHAPTER 2: THEORETICAL FRAMEWORK

This chapter presents stratospheric Os chemistry, Oz sources and sinks, vertical and horizontal O3
distribution, stratospheric-tropospheric Os exchange and its dynamic processes, Oz layer
depletion process, effect of meteorology on Oz, environmental impacts of low Oz mole fractions

in the stratosphere and high Oz mole fractions in the troposphere and ambient O3 standards.

2 Ozone distribution in the atmosphere

2.1 Total Column Ozone

The Total Column Ozone (TCO) is defined as the total amount of Oz molecules in a column
of air measured from the surface to the top of the atmosphere (https://niasra.uow.edu.au). As
indicated in Figure 2.1, the TCO varies according to seasons and geographical location. O3
production requires sufficient amount of solar radiation. Hence, TCO is mainly produced in the
equatorial regions where there is high solar radiation. However, TCO mole fractions are not high
in equatorial regions as compared with other regions (Bekki and Lefevre, 2009). Atmospheric
circulation and winds play an important role in TCO seasonal cycle. Hence, Oz accumulates near
the poles and far from the equatorial region (Bekki and Lefevre, 2009). In addition, the TCO
maximum peak is observed in winter and spring (solar radiation is minimum) in high and mid-
latitude. It is observed that the stratospheric Os distribution is not only driven by photochemistry.
The photochemistry and dynamics in the temporal and spatial variability of Oz depends on
altitude. For example, the photochemical lifespan of Oz is from few hours to days from 40 km to
the stratopause. Due to the short lifespan at these altitude, the transport processes can be neglected
because they operate on larger timescales. On the other hand, in the lower stratosphere (between
tropopause and 30 km) Oz lifespan range from few days to a couple of months. Hence, in this
region, dynamic movements control the variability of Oz. Due to this reason, high Oz mole
fractions are located in the lower stratosphere and carried to the middle and high latitudes by
winds (Bekki and Lefevre, 2009).
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Figure 2.1: TOMS and GOME total column ozone climatology plotted as a function of latitude
and month (Obtained from Bodeker et al. 2001).

2.2 Vertical ozone distribution

As mentioned in the above section, Oz is mostly produced in the tropics because of high solar
radiation that is found in the tropics. However, high Oz mole fractions are found outside the
tropical regions (higher latitudes). The vertical distribution indicates low Oz mole fractions in the
troposphere that increases sharply from the tropopause to reach a maximum in the lower
stratosphere (15 km to 20 km) and decreases rapidly above 30 km (Figure 2.2). This also indicates
the importance of atmospheric movements carrying Oz from the source region to the poles (Bekki
and Lefevre, 2009). Ozone mole fraction is maximum at 15 to 20 km because stratospheric air is
carried from the equator to the poles through Brewer-Dobson circulation. The Brewer-Dobson
circulation was named after Brewer (1949) and Dobson (1956). The Brewer-Dobson circulation
consists of three processes. The first process is the upward movement of Oz from the tropical
troposphere to the stratosphere. The second process is the transport of Oz from the tropical
stratosphere to the poles. The third process is the downward movement of Oz from the

stratosphere in the middle and polar latitudes (Bekki and Lefevre, 2009). In the stratospheric

16



middle latitudes, descending air is transported into the troposphere. On the other hand, descending
air in the polar latitudes is transported into the polar lower stratosphere, where it accumulates.
Therefore, the poleward and downward circulation in the middle and high latitudes is the reason
for the Os increase in the lower stratosphere. Brewer-Dobson circulation results from wave
motions in the extratropical stratosphere. One of the atmospheric wave is called Rossby wave.
These waves result from a combination of meridional temperature gradients and the rotation of
the planet. Another important dynamic process is related to polar vortex. There is lack of sunlight
and strong meridional temperature gradients are low in Polar Regions during winter. This result
to the formation of westerly jet streams in the stratosphere at the end of the strong meridional
temperature gradients. While polar vortex is formed inside the low pressure area inside jet
streams. The function of polar vortex is to separate polar stratospheric air masses from its
surroundings. Secondly, the reason for high Os at 15 to 20 km is related to longer lifespan of O3
molecule in the middle and high latitudes. Ozone is produced through the photolysis of O, mole
to two O atoms. This is followed by the reaction of O, mole and O atom to produce Oz molecule.
The lower stratosphere is characterised by few O atoms because of less UV radiation in this region
(Bekki and Lefevre, 2009). Most of the required UV radiation is absorbed at higher altitudes.

Therefore, O3 is not easily destroyed in the lower stratosphere.
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Figure 2.2: Vertical ozone distribution in the atmosphere (Obtained from WMO, 2007).

17



2.3 Stratospheric Ozone
2.3.1 Stratospheric ozone formation

O3 is naturally formed in the stratosphere through reactions involving oxygen molecules (O2).
The first reaction (R.1) is the photolysis of oxygen molecule to form two oxygen atoms (O). This
reaction only occurs below 242 nm wavelength. The second reaction is the reaction involving two
oxygen atoms that reacts with an oxygen molecule to form two Oz molecules (Figure 4). Where
M in reaction R.2 represents main components in the atmosphere (oxygen or nitrogen). The

overall process includes three oxygen molecules to form two Oz molecules (Chapman, 1930).

O;+hv — O + O A<242nm (R.T)
0+02+tM — 0O3+M (+AQ) (R.2)

2.3.2 Stratospheric ozone photolysis

At wavelength below 310 nm, oxygen atom in excited state O (*D) and oxygen molecules are
formed from Os photolysis (R.3). Thereafter, the oxygen atom in excited state reacts with main
components in the atmosphere (N2 and Oz) and form oxygen atom in ground state O (°P). The
wavelength above 310 nm, Oz photolysis forms oxygen atom in ground state and three oxygen
molecules. (R.4) (Chapman, 1930).

Os3+hv —  30,+0 (‘D) A <310 nm (R.3)
O(*D)+Nz— O(P)+N;
O0(*D)+0,— O(P)+0;
Os+hv — 30,+0(CP) A>310 nm (R.4)

2.4 Ozone layer depletion

According to Kowalok (1993), the total Oz of approximately 90% is found in the stratosphere
(approximately 10 to 50 km) while the remaining 10% is found in the troposphere. The term
‘ozone hole’ is used when normal total Oz concentration (300 to 350 DU) decrease to 220 DU.
According to Gardiner (1988), the observed Oz decrease over Antarctica occurs in winter (begins

in late August and reach a minimum in mid-October). A number of studies have been conducted
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to understand the underlying reason for the occurrence of ‘Oz hole’ over Antarctica. Studies such
as Bekkie et al. (1991) associated Oz decline with solar cycle and radiation. While Jana and Nandi
(2005) reported that Oz is not depleted rather distributed in the atmosphere. Other studies
associated Oz depletion with different chemical reactions such as Ox (Chapman, 1930), Clx and
ClOx (Molina and Rowland, 1974), Br and BrOx (Wofsy et al, 1975), ClIOx and BrOx (Mc Elroy
etal, 1986), NOx (Crutzen and Arnold, 1986) and HOx (Thomposon, 1992). Halogens are emitted
at earth surfaces all over the stratosphere. Most of these gases have no natural removal processes
in the lower atmosphere. Halogens enter the stratosphere through the tropical tropopause and
transported in the stratosphere and Polar Regions by atmospheric motions. Ozone hole requires
low temperatures in order to occur and that’s the reason for its occurrence in Antarctica and Arctic
regions. These low temperatures are suitable for the formation of polar stratospheric clouds
(PSC). Antarctica low temperatures last for approximately five to six months while in Arctic
regions they last for few days (ten to sixty days). This is the reason that Oz hole predominantly
occur in Antarctica as compared to Arctic regions. Another important unique atmospheric
condition in Polar Regions is that polar stratospheric air is isolated from other stratospheric air.
This isolation is observed in winter due to strong winds that surrounds the poles and result to the
formation of polar vortex. The polar vortex prevents air movement in and out of polar
stratosphere. The formation of polar vortex strengthens in winter when temperatures are low.
More discussion of stratospheric Oz depletion related to hydroxyl radical, hydroperoxyl radical,

chlorine, bromine and nitrous oxide is provided in section 2.4.1 to 2.4.4.
2.5 Ozone destruction

Os destruction in the stratosphere involves a number of destructive substances such as hydroxyl
radical, hydroperoxyl radical, chlorine, bromine and nitrous oxide. The following cycles describes
the O3 destruction:

2.5.1 Cycle X

The following reactions (R.5 and R.6) occur above 30 km. In the stratosphere, X represents
hydroxyl radical (OH), nitrogen oxide (NO), chlorine (Cl) or bromine (Br). The first reaction is
the destruction of Oz molecule (O3) by either OH, NO, CI or Br to form oxygen molecule (Oz)

and hydroperoxyl radical (HO>), nitrogen dioxide (NO.), chlorine oxide (CIO) or bromine oxide
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(BrO). The formed products reacts with oxygen atom (O) to form oxygen molecule. Cycle X
summarizes different catalytic Os loss cycles. The following cycles indicate similar steps except
that X is replaced with either OH, NO, Cl or Br (Chapman, 1930).

X+03—> X0 +0 (R.5)
XO0+0—-0X+02 (R.6)

Net: O3 + O — 20,
2.5.2 Hydrogen cycle

Two hydroxyl radicals (OH) are formed from the reaction of water vapour (H20) and oxygen
atom in excited state (R.7). Reaction R.8 indicates the formation of the hydroperoxyl radical
(HO») from the destruction of Oz molecule by hydroxyl radical. The hydroperoxyl radical in
reaction R.9 reacts with oxygen atom to form the hydroxyl radical and two oxygen molecules.
The overall reaction is the formation of two oxygen molecules from the reaction of an Oz molecule
and oxygen atom (Bates and Nicolet 1950; Nicolet, 1970). Hydroxyl radical is formed through

the oxidation of methane (CH4) and other hydrogenated compounds.

O(*D) + H,0 — OH + OH (R.7)
OH + O3 —» HO2 + O2 (R.8)
HO2,+0O — OH + O (R.9)

Net: O3+ O — 202

As indicated in reaction 11, hydroperoxyl radical formed in reaction R.10 reacts directly with O3
molecules in the lower altitudes to form two oxygen molecules and hydroxyl radical.

OH + 03 — HO; + O3 (R.10)

HO2 + O3 -OH + O2 + O2 (R.112)
Net: O3 + O3 — 302
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2.5.3 Chlorine cycle

The following reactions describe the depletion of Oz layer by chlorofluorocarbons (CFCs).
The main sources of chlorine are methyl chloride (CHsCl), trichlorofluoromethane (CFCls (CFC-
11)) and dichlorofluoromethane (CF.Cl> (CFC-12)). As indicated in reaction R.12, the CFC
molecule absorbs ultra violet radiation to form chlorine (Cl) atoms. The formed reactive chlorine
breaks down Oz molecule to form chlorine oxide (ClO) and oxygen molecule (reaction R.13).
Due to the slow movement of CFCs and their long lifespan in the atmosphere, O3 destruction is
not observed immediately after CFCs are released in the atmosphere (reaction R.14). Figure 2.3
shows the release of chlorine in the atmosphere and the destruction of Oz molecule resulting in
more ultra violet (UV) radiation reaching the troposphere and cause negative effects on humans

and environment (Molina and Molina, 1987).

CClsF +hv  — CCI:F + Cl (R.12)
Cl+03—>CIO+ 0> (R.13)
ClO+0—-Cl+0 (R.14)

Net: O3+ O — 202

Figure 2.3 indicates the natural formation of chlorine over Antarctica. In austral summer,
there is no light, temperatures are very low and Polar Stratospheric Clouds (PSC) are formed over
Antarctica. The PSC activate chlorine as chlorine radical (CI") and chlorine oxide (CIO). Ice
crystals destroy Oz and CFC accumulate in the atmosphere (Bekki and Lefevre, 2009). Reactive

chlorine atoms are formed in the presence of light and destroys the Oz layer.
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Figure 2.3: Natural destruction of stratospheric ozone. (Obtained from https://earth.esa.int).
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2.5.4 Bromine cycles

Bromine is formed in the stratosphere from the photolysis and oxidation of brominated
compounds by hydroxyl radical. Even though the brominated compounds are emitted from the
surface, they have a long lifespan and reach the stratosphere. Brominated compounds are emitted
in the atmosphere naturally or through industrial activities. The most abundant bromides are the
methyl bromide with a lifespan of approximately one year that gives it enough time to reach the
lower stratosphere. In addition to the brominated compounds, brominated hydrocarbon
compounds such as halons also reach the stratosphere. The most abundant brominated
hydrocarbon compounds are CF.CIBr (H-1211) and CF3Br (H-1301) with a lifespan of 16 years
and 65 years, respectively. Reaction R.15, R.16, R.17 and R.18 indicates the sequential
destruction of O3 by bromine (Tung et al., 1986; McElroy et al., 1986).

BrO + ClIO — Br + CIO> (R.15)
ClO2 +M — Cl + O2 (R.16)
Br+0Os; — BrO + 0> (R.17)
Cl+03—>CIO+ 0, (R.18)
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Net: 203 — 30

2.5.5 Nitrogen cycle

Nitrous oxide (N20) is the main source of nitrogen oxides in the stratosphere. Reaction R.19
indicates the formation of two nitrogen oxides (NO) through the reaction of nitrous oxide and
oxygen atom in the excited state (Hampson, 1964). This reaction represent less than 5% of nitrous

oxide destruction in the atmosphere.
N20 + O (*D) — NO +NO (R.19)

Nitrogen oxide reacts directly with Oz to form nitrogen dioxide (NO2) and oxygen molecule
(reaction R.20). Reaction R.21 indicates the reaction of nitrogen dioxide with oxygen atom to
form nitrogen oxide and oxygen molecule. The overall reaction is the formation of two oxygen

molecules from O3z destruction.

NO + O3 — NO2 + Oy (R.20)
NO2; + O — NO + O (R.21)
Net: O3 + O — 20>

2.6 Tropospheric Ozone

O3 is not emitted directly in the atmosphere. In the troposphere, Oz is the secondary pollutant
formed through the reactions of nitrogen oxides (NOx), volatile organic compounds (VOCs),
methane (CH4), and carbon monoxide (CO) in the presence of sunlight (Seinfeld and Pandis,
1998; Crutzen, 1974; Atkinson, 2000). In addition, air containing high Oz mole fractions can be
transported from the stratosphere to the troposphere, through a process called stratosphere-
troposphere exchange (Olsen et al., 2002). Figure 2.4 indicates sources and sinks of tropospheric
Os. Approximately 4500 Tg per year of Oz is formed from chemical production on a global scale.
O3 affects the global radiation of the atmosphere (Forster et al., 2007).
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Figure 2.4: Scheme of the sources and sinks of tropospheric ozone (Obtained from Denman et
al., 2007).

2.7 Stratospheric-Tropospheric Exchange

The stratosphere and troposphere have different chemical and dynamic processes. The
troposphere is characterized by low Os, low potential vorticity, high carbon monoxide and
humidity while high Oz, high potential vorticity, low carbon monoxide and humidity exists in the
stratosphere. During STE, air can either ascends from the troposphere to the stratosphere (TST)
or descends from the stratosphere to the troposphere (STT). The TST events are observed in the
tropics and also at high latitudes through the extratropical tropopause (Dessler et al., 1995). On
the other hand, the STT events are observed everywhere but dominant in the mid-latitudes. The
air movement from the troposphere to the stratosphere and from stratosphere to troposphere is
irreversible (Hintsa et al., 1998; Papayannis et al., 2005). Newell, (1963) and Danielsen, (1968)
associated STEs events with the occurrence of jet streams and tropopause folds and large-scale
overturning of the stratosphere (Brewer, 1949; Holton et al., 1995). These jet streams are the polar
jets that occur approximately 9 to 12 km above sea level while subtropical jets occurs at
approximately 10 to 16 km above sea level. While other studies associated the occurrence of STEs

with cut of lows (Ancellet et al., 1994), thunderstorms (Tremblay and Servranckx, 1993),
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breaking of gravity waves (Lamarque et al., 1996) and mesoscale convective complexes (Poulida
et al., 1996). Jet streams are the polar jets that occur approximately 9 to 12 km above sea level
while subtropical jets occurs at approximately 10 to 16 km above sea level. According to Holton
(1992) and Bluestein (1993), the subtropical jet streams are found at the pole ward edge of the
Hardley circulation while polar jet streams are found in the region above the polar front (Figure
2.5). Stratospheric intrusion events can be identified by a rapid decrease of relative humidity and
an increase in Oz mole fractions (Cui et al., 2009). Stratosphere-troposphere exchange plays an
important role in atmospheric chemistry by changing the oxidative capacity of the troposphere
(Kentarchos and Roelofs, 2003) and potentially affect the climate system because Oz and water
vapour are potent greenhouse gases (Forster et al. 2007). The STE contributes approximately
550+140 Tg per year to the net global Oz budget (Olsen et al., 2001; McLinden et al., 2000). On
the other hand, Denman et al. (2007) reported that STEs contribute 540 Tg per year to the
tropospheric Oz budget.

Subtropical jet

Polar Jet

North Pole Equator

Figure 2.5: Location of subtropical and polar jets (Obtained from http://www.srh.noaa.gov).

2.8 Ozone Sinks

Ozone sinks in the atmosphere include the following:

o Dry and wet deposition

25



Dry deposition is defined as the direct uptake of trace gases by soil, water or vegetation and
wet deposition is defined as absorption of trace gases followed by droplet precipitation or fog
precipitation (Seinfeld and Pandis, 2012). Dry deposition of Oz occurs in water surfaces and land.
However, there are uncertainties in quantifying ocean dry deposition. Os dry deposition is found
to be 98.4 + 4.5 Tg O3 per year for the ocean and a total of 722.8 £ 20.9 Tg Os per year globally
(Luhar et al., 2017). Dry deposition affects forests more than vegetation (Fowler et al., 1999). O3
dry deposition may disturb the hydrological cycle and key biogeochemical cycles, including
carbon and nitrogen cycles (Schreuder et al., 2001; Paoletti and Grulke, 2010; Hoshika et al.,
2015; Franz et al., 2017). In general, Oz exposure might affect the global terrestrial biodiversity
(Fuhrer et al., 2016).

o Ozone photolysis

Reaction R.22 indicates the photolysis of O3z by ultraviolet radiation. The second step of Os

photolysis (reaction R.23) is the formation of two hydroxyl radicals (Chapman, 1930).

Os+hv — 02 + O (< 340 nm) (R.22)
O+H,O — 20H (R.23)
. Ozone destruction

Reaction R.24 and R.25 indicate Oz destruction by hydroxyl radical (OH) and hydroperoxyl
radical (HO2). The formation of OH and HO. was previously discussed in section 2.4.2.
O3+0OH — 02 + HO? (R.24)
O3+HO; — 20+ OH (R.25)
The lifetime of Os is greater in the middle and upper troposphere due to a drier atmosphere

than in the continental or marine boundary layer where Oz molecules survive for 2 to 5 days.

2.9 The effects of meteorology on tropospheric ozone

Meteorological parameters such as wind direction, wind speed, humidity, solar radiation,
temperature and cloud cover plays important role in Oz reactions and its transport to surrounding
areas. Winds with low speed, high solar radiation, high temperatures, and low humidity generally
promote Oz increase. Carvalho et al. (2010) and Shan et al. (2009) observed a positive correlation
between Oz mole fractions with temperature while a negative correlation was observed with
relative humidity. Furthermore, Shan et al. (2009) also reported a positive correlation between O3

mole fractions with solar radiation and wind speed. In addition, wet, rainy weather with high
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relative humidity is typically associated with the low Oz concentrations provided by wet Os
deposition on the water droplets (Tarasova and Karpetchko, 2003). Whereas, Zhang et al. (2017);
Shan et al. (2009); Pires et al. (2012) and Chen et al. (2011) observed lower Oz mole fractions on
periods of high NO, NO2 concentrations and lower temperatures.

2.10 Negative effects of low stratospheric and high tropospheric ozone in human

High Os mole fractions in the troposphere have negative effects on human and environment.
Previous studies have reported Oz related morbidities such as bronchitis, asthma, appendicitis
(Anenberg et al., 2010; Anenberg et al., 2011; Anenberg at al., 2013), appendicitis (Kaplan et al.,
2013),venous thromboembolic disease, and pulmonary embolisms(Dales et al., 2010). Some of
the studies have predicted a global increase of 0.75 million per year in premature deaths due to
surface Oz by 2050 (OECD, 2012). Modelling studies on tropospheric O3z suggests that Os
increase in developing countries by 2050 while studies in O3z precursors and climate change
suggest Oz decrease in developed countries by 2050 due to differences in future emissions (Lei et
al., 2012). High surface Oz mole fractions of 70 to 100 ppb cause reduction in plant yields (Leisne
et al., 2012). In general, productivity and yields of crops may decrease due to high surface Os
mole fractions. High levels of UV due to low Oz in the stratosphere increases the possibility of

skin cancer, causes sunburns and eye damage to humans.

2.11 Summary

It can be summarized that dynamic factors are very important in Os vertical and horizontal
distribution. Brewer-Dobson circulation play an important role in the transportation of Oa.
Stratosphere-troposphere exchange contributes to the observed troposphere O3z budget. Moreover,
dynamic factors such as Rossby waves, polar vortex play an important role in stratosphere-
troposphere exchange. There are many factors that control Oz mole fractions in the atmosphere.
These include the influence of industrial and vehicular emissions, lightning, biomass burning,
biogenic release, stratospheric-tropospheric exchange, photolytic destruction and dry deposition.
These factors can affect both the short and long-term Os trends. Therefore, it is very important to
consider these factors when conducting O3 studies. High mole fractions of O3 exceeding 60 ppb

have a negative effect on human and environment.
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CHAPTER 3: STRATOSPHERE-TROPOSPHERE EXCHANGE AND O3
VARIABILITY IN THE LOWER STRATOSPHERE AND UPPER TROPOSPHERE
OVER THE IRENE SHADOZ SITE, SOUTH AFRICA

This chapter is based on a published manuscript: Stratosphere—troposphere exchange and Os
variability in the lower stratosphere and upper troposphere over the Irene SHADOZ site, South
Africa, Thumeka Mkololo, Nkanyiso Mbatha, Venkataraman Sivakumar, Nelson Bégue, Gerrie
Coetzee and Casper Labuschagne (2020) Atmosphere 2020, 11(6), 586.
d0i.10.3390.atmos/1060586.

3.1 Abstract

This study aims to investigate the Stratosphere-Troposphere Exchange (STE) events and
ozone changes 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 (Oz3) vertical profiles. Ozone profiles were grouped into three categories (2000—2003,
2004-2007 and 2012-2015) and average composites were calculated for each category. Fifteen
O3 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. To strengthen the
investigation into STE events, advected potential vorticity maps were used, which were
assimilated using Modélisation Isentrope du transport Méso—échelle de 1’Ozone Stratosphérique
par Advection (MIMOSA) model for the 350 K (~12-13 km) isentropic level. These maps
indicated transport of high latitude air masses responsible for the reduction of the Oz mole
fractions at the lower stratosphere over Irene which coincides 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
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calculated from 12 to 24 km in 2004-2007 and 2012-2015 respectively, when compared with
2000-2003 average composite. The observed decline occurred in the upper troposphere and lower

stratosphere with winter and spring showing more decline compared with summer and autumn.

Keywords: ozone enhancement; Irene; ozone decline; potential vorticity; ozonesondes

3.2 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 (O3) and potential vorticity (PV). On the other hand, the troposphere
is characterized by low Oz and PV. Approximately 90% of Os is found in the stratosphere and
only 10% in the troposphere. Most of the Oz in the stratosphere is situated within the O3 layer
(e.g. Bekki et al., 2009) where it plays a critical role in shielding the environment and protecting
human health from dangerous ultra violet (UV) rays. The O3 hole was discovered over Antarctica
in late 1980°s (e.g. Farman et al., 1985; Morrisette, 1989) and its dynamics with Oz Depleting
Substances (ODS) are well documented (Rowland et al., 1975; Méder et al., 2010; WMO,
2011). The appearance of Oz 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, Oz was expected to increase
in the stratosphere after ODS were phased out. Since 1985, a decreasing trend of 30 DU in total
column Oz was reported for stations over the southern mid—latitudes (Bodeker et al., 2011). A
positive trend was only observed in the upper stratosphere above 10 hPa (WMO, 2018; Ball et
al., 2017). A continuous Oz 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 (Ball et
al., 2018).

Tropospheric Oz mole fractions are controlled by chemical and physical processes, and its
precursors originate from both natural and anthropogenic activities. In the troposphere, Oz is a
secondary pollutant formed through a number of reactions containing nitrogen oxides (NOx),
volatile organic compounds (VOCs), methane (CH4), and CO in the presence of sunlight (Seinfeld
and Pandis, 1998) or through the transportation of Os—rich air from the stratosphere. This process

of Oz movement from the stratosphere to the troposphere and vice versa is known as stratosphere—
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troposphere O3z exchange (STE). After the Los Angeles photochemical smog, studies revealed
that Oz can either be transported from the stratosphere or produced from chemical reactions
involving Oz precursors in the troposphere (Haagen-Smit, 1952). 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 Oz and water vapour of the upper troposphere
and lower stratosphere (Amraoui et al., 2010). 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. Oz 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 et al. (2004) using 1990 to 1994
and 1998 to 2004 dataset, b) satellite validation of global transport models (Ziemke et al., 2006;
Ziemke et al., 2011), c) a study on stratospheric profile and water vapour in Southern Hemisphere
(Sivakumar et al., 2011), and d) the study on the Southern Hemisphere tropopause (Thompson et
al., 2012). In their study, Diab et al. (2004) reported Oz 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 seasonal consistency in the occurrence 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 et al. (2004), the STEs events are dominant in winter and spring in
the Irene station. In support to these observations, a study by Poulida et al. (1996) also found high
O3 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
(Mulumba et al., 2015). However, the focus was more on Nairobi and Congo Basin and little was
done with Irene data. Hence, this study focuses on Oz data observed from Irene station. It is crucial
to investigate Oz enhancement events in the troposphere and determine if such episodes were
related to stratosphere—troposphere exchange. Also, events such as cut—off lows (CoL), Rossby
waves, Quasi—Biennial Oscillation (QBO) and El Nifio—Southern Oscillation (ENSO) are all
factors that could potentially play a critical role in STEs (Ndarana and Waugh, 2010; Sun et al.,
2014). For example, QBO affects the troposphere by direct effect of QBO on the tropical or
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subtropical troposphere (Garfinkel et al., 2011). 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 (Holton et al., 1980; Hamilton, 1998; Baldwin and Dunkerton,
2001) 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 (Waugh and
Polvani, 2000). The breakdown of stratospheric polar vortex especially plays an important role in
Os distribution in high latitudes (Sun et al., 2014). Several studies have investigated the role of
the southern polar vortex w.r.t. the middle atmosphere of the southern hemisphere (e.g. Semane
et al., 2006; Bencherif et al., 2011; Orte et al., 2019 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 STESs and their impact on tropospheric Oz (Greenslade et al.,
2016). 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 O3z (Helmig et
al., 2007; Cooper et al., 2014; Oltmans et al., 2013; Lin et al., 2015b; Xu et al., 2016 and others)
and only a few studies have conducted trends analyses at different altitudes of troposphere and
the lower stratosphere (e.g. Ball et al., 2017; Sivakumar and Ogunniyi, 2017). A study by
Granados—Munoz and Leblanc (2016) investigated tropospheric trends at different altitudes over
California using a procedure similar to that described by Cooper et al. (2014). 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 et al. (2017) reported a
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continuous decrease of Os in the lower stratosphere in the region between 60°N and 60°S, while
O3 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 Sl events. Another objective of this study is to
investigate O3 changes in the upper troposphere and lower stratosphere using Irene ozonesondes
data and linear regression for medians, 5" percentiles and 95" percentiles.

3.3 Method and data

3.3.1 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 Oz mole fractions in the troposphere and stratosphere, and
also to have a full coverage of Oz 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 (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 O3 was discussed extensively by Sivakumar Ogunniyi, (2017).
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.

3.3.2 MERRA-2 Potential Vorticity

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 O3
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and high PV enters the lower stratosphere and upper troposphere. Hence, PV can be used to
identify troposphere air mass having a stratosphere origin. The tropopause is defined using a PV
value as 2 PVU (Holton et al., 1995; Newell et al., 1997). 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 (WMO, 1985; Shapiro, 1980). In this study, a
PV value of 2 PVU was used as a threshold for stratospheric air. 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
(GMAO). More details about MERRA-2 can be found in the website:
https://gmao.gsfc.nasa.gov/reanalysissMERRA-2/. Although the units of PV are Km?kg's?, PV
Units (PVU) (where 1 PVU = 1x10° Km?kg™s™) 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.

3.3.3 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 O3
(both ppm and DU units) are also recorded. The current study used the available ozonesondes
data to investigate high O3 events. 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 Oz event profiles to
determine how individual profiles differ from their respective monthly composite profiles.
Monthly averaged data was used in conjunction with individual high Os event profiles to
determine how individual profiles differ from their respective monthly composite profiles. This
study defines high O3z event as the event where O3 exceeds the monthly 90" and 95" percentile
composites. Events exceeding these percentile composites were selected as an observed high Os
events. However, these events might originate from different sources such as plumes,
stratospheric-troposphere exchange (STE) and other man made activities that generate Os

precursors. Due to this reason, potential vorticity (PV) of 2PV was added as another criteria to
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identify events of stratospheric origin. PV was used in this study because it is one of the
characteristics to differentiate between the stratosphere and troposphere air masses. Monthly 90th
and 95th percentile composites were calculated from the available data of all ozonesondes
launched during the study period. Any profile exceeding the monthly 90th and 95th percentile
composites at a height between 6 and 11 km was considered for further investigation. The main
reason to focus between 6 km and 11 km is to eliminate tropospheric pollution and to select events
that occurred below the tropopause. Our method differs from previous studies that identified
Stratospheric Intrusion (SI) events as an event where Oz exceeds 80 ppb and then decreases by 20
ppb within 3 km or more to a value less than 120 ppb (Tang and Prather, 2010). This method was
not used because it may miss some of the events observed over Irene due to lower Oz mole
fractions in the Southern Hemisphere. Another study used the 99" percentile as a threshold to
study SI Os events and their impact on tropospheric Oz (Greenslade et al., 2016). Similar
percentile threshold was not applied in this study for similar reason stated above. We attempted
to use the 95" percentile as a threshold, however, we missed five events. Consequently, we opted
to use 90™ percentile as a threshold.

Average O3 composite profiles were calculated for three categories (2000-2003, 2004—2007
and 2012-2015) using the available ozonesondes data. In the case of annual and seasonal O3
changes, monthly averaged composites were calculated from the available ozonesondes data.
Monthly averaged composites were used to compensate data gaps that occurred in summer and
autumn. Hence, only summer and autumn composites were used to fill 2015 data gaps. This
exercise was done to prevent the bias that may be caused by months with data gaps in calculating
O3 changes at different altitudes. Data gaps were covered only for 2015, not for the years where
there was no ozonedondes data for the complete year. Annual changes 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, 5th and 95th 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 5th and 95th percentile. Similar approach was used to calculate seasonal Oz changes.
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3.4 Results and Discussion

Figure 3.1 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. However, 12.4% of the
launched ozonesondes did not reach 28 km. 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 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 3.1: Number of ozonesondes launched at Irene from 2000 to 2015, expressed (a)

monthly and (b) annually.

Figure 3.2 shows Os vertical profiles for the troposphere (Figure 3.2a) and stratosphere
(Figure 3.2b). The data was grouped into three categories namely 2000-2003, 2004-2007, 2012—
2015, and the O3 composite was calculated at kilometre intervals from 1 km to 28 km. The data
used in figure 3.2 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 O3 variation
over the years. The percentage decrease for 2004-2007 profiles were calculated from O3
difference between 2000-2003 and 2004-2007, similarly, the percentage decrease for 2012-2015

44



was calculated from 20002004 and 20122015 Oz 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 20122015, respectively, when
compared to the 2000-2003 period. These results are in agreement with a study by Ball et al.
(2018) which reported evidence from multiple satellite measurements that Oz in the lower

stratosphere between 60° S and 60° N has indeed continued to decline since 1998.
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Figure 3.2: Ozone troposphere (a) and stratosphere (b) profiles. The blue line indicates 2000—
2003 averages, black line indicates 2004—2007 averages and red line indicates 20122015

averages. The error bars indicate the standard deviation.

Figure 3.3 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 3.3a). On the other hand, 2004-2007 experienced high Oz mole fractions in the lower
troposphere (Figure 3.3a, 3.3c, 3.3e and 3.3g), with the increase noted up to 8 km during the
winter (Figure 3.3e). On the other hand, Oz 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 3.3b, 3.3d, 3.3f and 3.3h). In general, a continuous non—consistent O3
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 (Thompson et al., 2014). Such Oz precursors could
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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 and Ogunniyi (2017) reported similar observations

of higher standard deviation closer to the tropopause height.
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Table 3.1 and 3.2 summarizes statistic of high O3 events that were obtained by using the 95
and 90" percentile composites and potential vorticity of 2 PVU as thresholds. All episodes that
exceed the monthly 95" percentile composite and 2 PVU were automatically classified as high
Os events (Table 3.1). However, it was noted that more episodes could be identified when 90™"
percentile composite is used instead of 95" percentile (Table 3.2). The monthly average
composites, 90" percentile and 95™ percentile composites were calculated by using 2000 — 2015
Irene ozonesondes data. The maximum of the peak was defined as the highest Oz observed from
a particular Oz profile at a particular altitude. In this case, it is the maximum of the profile dated
on the first column. Delta Oz 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 Oz occurred. Based on
observations indicated in Table 3.2, 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 (Clain et al., 2010). Clain et al. (2010) used different PV thresholds (1.0, 1.5 and
2.0 PVU) on the study of STEs in Reunion Island. Their findings revealed that the number of
detected STEs depends on the PV value and duration of back trajectories. About 9.9% STEs were
detected using 2 PVU and 2 days back trajectories relative to 28.5% STEs detected using 1 PVU
and 10 days back trajectories. In this study, 6.8% STEs were detected using 2 PVU and 90"
percentile composite as a threshold. While 4.6% STEs were detected using 2 PVU and 95"
percentile composite as a threshold. Figures 3.4 to 3.10b show more events of high PV
propagation from the stratosphere to the troposphere. However, in most cases there was no data

gap of ozonesondes.

Table 3.1: Summary of high ozone (ppb) events statistics) using 95" percentile and
potential vorticity (2 PVU) as thresholds.

Monthly 95th Maximum Delta Altitude of

Date of the Monthl_y Percentile peak of the Ozone 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  74.00,147.00 146.73,21551 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
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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 3.2: Summary of high ozone (ppb) events statistics using 90" percentile and

potential vorticity (2 PVU) as thresholds.

- - -
Date of the Monthly Monthly 90 Maximum Delta Ozone Altitude of

event composite Percent_ile peak of the the event
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 9
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 9
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 23.91 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
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

3.4.1 High O3 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 3.4, values
outside the contour lines appear relatively low with PV values of about -1.9x107*? Km2kg's?
compared with values inside the contour lines, which have PV values ranging between -4.7x107°
to 1.9x10° Km2kgs. 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 (Stan and Randall, 2007; Hoang
etal., 2016). In general, higher values of PV are found in the stratosphere than in the troposphere.

48



Stratosphere polar vortex forms during autumn in Southern Hemisphere (Waugh and Polvani,
2010). 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 (Tyson and Preston—
Whyte, 2000). These anticyclonic gyres are responsible for increase in pollutant concentrations
for a long period (Diab et al., 2000). Two possible stratosphere—troposphere Oz autumn events
(12 April 2006 and 16 April 2014) were selected for discussion.

For the purpose of this study, three possible stratosphere—troposphere Oz 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 Oz enhancement during this period in
Irene (Tyson and Preston—-Whyte, 2000). Furthermore, during this season, stratospheric polar
vortex starts to be very active in polar region (Waugh and Polvani, 2010).

Also, in this study, two high Oz events (15 September 2004 and 25 November 2015) were
selected in spring and discussed. It is well known that the spring Oz enhancement events can
either be caused by biogenic emissions, biomass burning and lightning production or a
combination of them all (Seinfeld and Pandis, 1998). However, the occurrence of STES is
dominant in winter and spring over the study area (Diab et al., 2000), and during this time, the
stratospheric polar vortex is more active. According to Clain et al. (2010), it is possible that O3
mole fractions related to stratosphere intrusion can be influenced by climatological Os
background.

3.4.2 Case studies on high ozone events

Figure 3.4a, 3.5a, 3.6a, 3.7a, 3.8a, 3.9a and 3.10a show events that were selected for the case
study. These events are part of the fifteen high Oz 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 O3z peaks exceeding the
monthly 90" percentile composites were observed between 9 km and 11 km. Figure 3.4b, 3.5b,
3.6b, 3.7b, 3.8b, 3.9b and 3.10b show ECMWF-ERA 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
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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 this study, we focus on the time scale closer to the event
dates. As indicated by O3 vertical profiles, the observed high Oz events coincides with high PV
observed in the higher troposphere. Therefore, it can be reasonably concluded that, the observed

high Oz in the upper troposphere could be of stratospheric origin.
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Figure 3.4: (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 3.4a
indicates monthly Oz average composite, broken line indicates Oz event and dotted line
indicate 90" percentile composite. Colours in Figure 3.4b indicates the level of potential
vorticity, black indicates high potential vorticity of more than 3 Km=2kg*s* while yellow
indicates potential vorticity of less than 2 Km=2kg™s™. Blue arrow in Figure 3.4b indicates
the event that is associated with Os profile in Figure 3.4a.
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Figure 3.5: (a) Ozone troposphere profile over Irene on 15 September 2004. (b) Potential
vorticity at Isobaric surface over Irene on July 2004 (from MERRA-2). Solid line in Figure
3.5a indicates monthly Oz average composite, broken line indicates Oz event and dotted line
indicate 90" percentile composite. Colours in Figure 3.5b indicates the level of potential
vorticity, black indicates high potential vorticity of more than 3 Km=2kg's™! while yellow
indicates potential vorticity of less than 2 Km™ kg 's™!. Blue arrow in Figure 3.5b indicates
the event that is associated with O3 profile in Figure 3.5a.
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Figure 3.6: (a) Ozone troposphere profile over Irene on 26 August 2005. (b) Potential
vorticity at Isobaric surface over Irene on July 2004 (from MERRA-2). Solid line in Figure
3.6a indicates monthly O3 average composite, broken line indicates Oz event and dotted line
indicate 90" percentile composite. Colours in Figure 3.6b indicates the level of potential
vorticity, black indicates high potential vorticity of more than 3 Km™ kg~'s™! while yellow
indicates potential vorticity of less than 2 Km™ kg 's™!. Blue arrow in Figure 3.6b indicates
the event that is associated with Oz profile in Figure 3.6a.
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Figure 3.7: (a) Ozone troposphere profile over Irene on 12 April 2006. (b) Potential vorticity
at Isobaric surface over Irene on July 2004 (from MERRA-2). Solid line in Figure 3.7a
indicates monthly Oz average composite, broken line indicates Oz event and dotted line
indicate 90" percentile composite. Colours in Figure 3.7b indicates the level of potential
vorticity, black indicates high potential vorticity of more than 3 Km=2kg's™! while yellow
indicates potential vorticity of less than 2 Km2kg's™!. Blue arrow in Figure 3.7b indicates
the event that is associated with O3 profile in Figure 3.7a.
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Figure 3.8 (a) Ozone troposphere profile over Irene on 31 July 2013. (b) Potential vorticity
at Isobaric surface over Irene on July 2004 (from MERRA-2). Solid line in Figure 3.8a
indicates monthly Oz average composite, broken line indicates Oz event and dotted line
indicate 90" percentile composite. Colours in Figure 3.8b indicates the level of potential
vorticity, black indicates high potential vorticity of more than 3 Km2kg™'s™! while yellow
indicates potential vorticity of less than 2 Km kg 's™!. Blue arrow in Figure 3.8b indicates
the event that is associated with Oz profile in Figure 3.8a.
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Figure 3.9: (a) Ozone troposphere profile over Irene on 16 April 2014. (b) Potential vorticity
at Isobaric surface over Irene on July 2004 (from MERRA-2). Solid line in Figure 3.9a
indicates monthly Oz average composite, broken line indicates Oz event and dotted line
indicate 90" percentile composite. Colours in Figure 3.9b indicates the level of potential
vorticity, black indicates high potential vorticity of more than 3 Km™ kg 's™! while yellow
indicates potential vorticity of less than 2 Km™ kg 's™!. Blue arrow in Figure 3.9b indicates
the event that is associated with O3 profile in Figure 3.9a.
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Figure 3.10: (a) Ozone troposphere profile over Irene on 25 November 2015. (b) Potential
vorticity at Isobaric surface over Irene on July 2004 (from MERRA-2). Solid line in Figure
3.10a indicates monthly Oz average composite, broken line indicates Oz event and dotted line
indicate 90" percentile composite. Colours in Figure 3.10b indicates the level of potential
vorticity, black indicates high potential vorticity of more than 3 Km™ kg™'s 'while yellow
indicates potential vorticity of less than 2 Km2kg's™!. Blue arrow in Figure 3.10b indicates
the event that is associated with Os profile in Figure 3.10a.
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3.4.3 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 (Semane et al., 2006; Bencherif et al., 2011; Orte et al.,
2019). 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 et al. (2002). The advection is driven by ECMWF
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
ECMWEF 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 Os 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 (P\VU) which corresponds to 1x10°Km~2kg!s™.

In their recent study, Orte et al. (2019) 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 3.11. 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 3.11: Advected Potential Vorticity (APV) maps assimilated with the MIMOSA model
for the 350 K isentropic level (in PVU) and for 07 July 2004 (a), 15 September 2004 (b), 26
August 2005 (c), 12 April 2006 (d), 30 July 2013 (e), 31 July 2013 (f), 16 April 2014 (g), and
25 November 2015 (h). The black dot represents the location of the Irene site.

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 enhancement of Os in the
upper troposphere. The possible dynamical event which is well simulated by the MIMOSA model
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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 Oz concentrations. There is
an upward propagation of the middle atmosphere planetary waves in the high and mid-latitudes
regions which results to downward propagation around the lower latitudes of the lower
stratosphere (e.g. Semane et al., 2006). The O3z mole fractions in the lower stratosphere are
transported to the upper troposphere, and hence the observed STEs. The influence of the high
latitude stratospheric air masses over Irene were also reported on by Semane et al. (2006) 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 (Dowdy et al., 2004; Mbatha et al., 2010 and others).

Diab et al. (2000) reported a tropopause folding event that occurs during the winter and spring
transition period in Irene. The tropopause folding is a good indicator of a STE physical process
(Diab et al., 2000). 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 3.12 shows
monthly averaged composite of Oz 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 Oz mole fractions
which are sourced from the stratosphere which is observed in late winter and spring months. In
their study, Diab et al. associated this O3 injection to middle troposphere with westerly winds,
which marks the end of maritime season (Diab et al., 2000). Also, the subtropical jet was reported
to play a role in permitting high stratospheric Os air to penetrate into the troposphere (Baray et
al., 1998). While most of the free troposphere over Irene was characterised by Oz mole fraction
of approximately 55-60 ppb, the late winter months experience an increase of O3 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 (Thompson et al., 2002). On the other hand, a
similar observation to that which was reported by Diab et al. (2000), the tropical tropopause layer
(TTL) with Os mole fraction ranging between 95 ppb and 100 ppb at a height above 14 km from
January to February, while it noticeably declined throughout the year, and approached its

minimum altitude of 11 km in October.
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Figure 3.12: Contour plot of Irene Oz mole fraction (in ppb) for the period, 2000 to 2015.

3.4.4 Ozone decline in Lower Stratosphere

The recovery of Oz in the upper stratosphere has been well discussed (Ball et al., 2017;
Bourassa et al., 2017; Sofieva et al., 2017; Steinbrecht et al., 2017, WMO, 2018;
Petropavlovskikh et al., 2019). However, the investigation of Oz 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 O3z at the lower
stratosphere (Ball et al., 2018; Wargan et al., 2018). A recent study by Sivakumar and Ogunniyi
(2017) 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 Oz decline in the lower stratosphere by using Irene
ozonesondes data. Ozone decline is calculated by using medians, 5" and 95" percentiles.
Moreover, a composite was calculated at different altitudes (e.g. 13-15 km, 16-18 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.

3.4.5 Annual changes at different altitudes

Table 3.3 summarises the statistics calculated for the medians, 5™ and 95" percentiles. Layers
corresponding to the upper troposphere (7—9 km) show a positive change of 0.33+0.57, 0.19+0.56
and 0.38+0.88ppb/year for the median, 5™ and 95" percentiles respectively. Similarly, at 10-12
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km height, a positive change of 0.29+0.58 and 0.24+1.25 ppb/year was observed for the median
and 95" percentile respectively. In contrast, a negative change of 2.58+3.90, -0.59+3.17 and -
9.63+9.27 ppb/year was observed at 16—18 km for the median, 5" and 95" percentile respectively.
Similarly, negative changes were observed at 19-21 and 22—-24 km for median, 5" and 95"
percentiles. In summary, the results presented here indicate that there are negative changes in the
lower stratosphere, while the upper troposphere shows a positive change. Similar observations of
O3 decline in the lower stratosphere were reported by Granados—Munoz and Leblanc (2016) when
studying tropospheric Os seasonal and long-term variability at the JPL-Table Mountain.
Furthermore, Ball et al. (2018) suggested that lower stratosphere decline contributes to the
observed total column Oz decline. Therefore, the results presented here are consistent with the
previous observations reported in literature (Ball et al., 2018; Granados—Munoz and Leblanc,
2016).

Table 3.3: Statistical analysis of ozone at different altitudes.

Altitude Median 5th Percentile 95th Percentile
[ppb/year] [ppb/year] [ppb/year]
7-9 km 0.33+0.57 0.19+0.56 0.38+0.88
10-12 km 0.29+0.58 -0.08+0.78 0.24+1.25
13-15 km 0.21+1.04 0.47+1.13 -2.38+3.28
16-18 km -2.58+3.90 -0.59+3.17 -9.63+9.27
19-21 km -6.95+13.07 -7.04+9.83 -9.46+18.31
22-24 km -16.16+21.83 -21.19+27.39 -14.81+21.82

3.4.6 Seasonal changes at different altitudes

Figure 3.13 indicates Oz changes calculated using linear regression at different altitudes
during summer, autumn, winter and spring season. Table 3.4 (a,b,c,d) provide summery statistics
(Median, 5" and 95" percentiles) of these changes. Standard deviation values close to zero
indicate O3 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 a negative change identified in autumn (-0.11+0.53 ppb/year). While
there was a positive change observed in summer (0.53+£0.40 ppb/year), winter (0.85+0.72

ppb/year) and spring (0.04+0.57 ppb/year) for the medians. Similarly, there was a positive change
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observed for the 5" percentiles in summer (0.60+0.58 ppb/year), autumn (0.40+0.34 ppb/year)
and winter (0.02+0.17 ppb/year). While spring (-0.02+0.22 ppb/year) showed a negative change.
There was a negative change observed in spring (-0.54+1.00 ppb/year), while a positive change
was observed in summer (0.23+0.78 ppb/year), autumn (0.68+0.79 ppb/year) and winter
(1.14+0.94 ppb/year) for the 95" percentiles. Therefore, it can be concluded that an overall
positive change is dominant in this layer for most of the seasons.

10-12 km layer: there was a negative change observed in autumn for the medians (-0.03+0.81
ppb/year) and for the 5" percentiles in summer (-0.07+0.66 ppb/year), autumn (-
0.13+0.61ppb/year) and winter (-1.00+0.85 ppb/year). Similarly, there was a negative change
observed in winter (-0.96+2.03 ppb/year) and spring (-0.36+1.19 ppb/year) for the 95
percentiles. Whilst on the other hand, a positive change was observed in summer (1.09£0.72
ppb/year) and autumn (1.17+1.04 ppb/year) for the 95™ percentiles.

13-15 km layer: with the exception of winter (-0.18+1.34 ppb/year) and spring (-0.50+0.88
ppb/year), a positive change was observed in summer (0.91+1.26ppb/year) and autumn
(0.62+0.67 ppb/year) for the medians. Similarly, a positive change was also observed in summer
(0.59+1.47 ppblyear), autumn (1.02+0.81 ppb/year), winter (0.03+0.93 ppb/year) and spring
(0.24+1.31 ppblyear) for the 5™ percentiles. Contrasting with the 10-12 km layer, the 95"
percentiles yielded negative change in all of the seasons.

16-18 km layer: with the exception of autumn (0.93+2.53 ppb/year), negative changes were
observed in summer (-0.28+1.84 ppb/year), winter (-3.85+6.26ppb/year) and spring (-7.11+4.99
ppb/year) for the medians. Similarly, there was a negative change observed in autumn (-0.87+1.69
ppb/year), winter (-0.88+3.31 ppb/year) and spring (-1.15+5.73 ppb/year) for the 5 percentiles
except in summer (0.56+1.96 ppb/year). The 95" percentiles again showed negative changes in
all of the seasons. Standard deviations of more than 1.5 ppb were observed in all seasons.

19-21 km layer: with the exception of autumn (1.40+8.90 ppb/year), negative changes were
observed for the medians in summer (-1.28+8.96 ppb/year), winter (-13.30+23.48 ppb/year) and
spring (-14.61+£10.94ppb/year). In addition to this, negative changes were also observed in all
seasons for the 5" and 95" percentiles. With the exception of 5" percentiles in autumn, standard
deviations in excess of 8.0 ppb were calculated in this layer with more variation observed during

winter and spring.
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22-24 km layer: There was a negative change observed in all seasons for the medians, 5%

and 95" percentiles. A standard deviation of more 14.0 ppb was calculated in this layer with more

variation in winter and spring. The observed high standard deviations, suggests greater

significance of changes within this layer.
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Figure 3.13: Ozone time series (2000-2015) of the 5" (red), median (blue) and 95" (black)
percentile ozone mole fractions at different altitude, (a) summer 13-15 km, (b) summer 16-18 km
and (c¢) summer 19-21 km, (d) autumn 13-15 km, (e) autumn 16-18 km, (f) autumn 19-21 km, (g)
winter 13-15 km, (h) winter 16-18 km, (i) winter 19-21 km, (j) spring 13-15 km, (K) spring 16-18
km and (1) spring 19-21 km. Dashed lines represent the linear fit for each time series.
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Table 3.4: Ozone statistical summary at different altitudes and seasons.

Table 3.4 (a): Summer (£ indicates the standard deviation)

. Median . .
Altitude [ppblyear] 5th Percentile [ppb/year] 95th Percentile [ppb/year]
(). Summer (£ indicates the standard deviation)

7-9 km 0.53+0.40 0.60 £ 0.58 0.23+0.78
10-12 km 0.48 £ 0.49 —0.07 £ 0.66 1.09+£0.72
13-15 km 0.91+1.26 0.59 +£1.47 -0.59+2.36
16-18 km -0.28+1.84 0.56 +£1.96 —2.08 +£5.58
19-21 km -1.28 +8.96 —4.69 +10.01 -3.39+12.09
22-24km  —21.78+17.53 —25.66 +29.31 —18.00 + 14.98

(b). Autumn (* indicates the standard deviation)

7-9 km -0.11+0.53 0.40 £0.34 0.68 £0.79
10-12 km -0.03+0.81 -0.13+0.61 1.17£1.04
13-15 km 0.62 £0.67 1.02+£0.81 —2.50 £ 4.07
16-18 km 0.93+2.53 —0.87 £ 1.69 —3.77+8.74
19-21 km 1.40 £ 8.90 —2.94+1.06 —0.99 + 13.61
22-24 km —12.54 + 19.67 —13.77 £ 20.90 —13.59 + 19.54

(c). Winter (z indicates the standard deviation)

7-9 km 0.85+£0.72 0.06 £ 0.56 1.14 £ 0.94
10-12 km 0.14 £0.61 -1.00+0.85 —0.96 £ 2.03
13-15 km -0.18 +1.34 0.03+£0.93 —4.57 +4.89
16-18 km -3.85+6.26 -0.88 +3.31 —14.46 + 13.17
19-21 km —13.30 + 23.48 —10.60 + 18.75 —16.47 + 31.56
22-24 km —10.14+31.64 —25.50+£34.14 —8.47 £ 33.79

(d). Spring (z indicates the standard deviation)

7-9 km 0.04 £0.57 -0.30 £ 0.76 -0.54 + 1.00
10-12 km 0.57 £0.42 0.90+1.00 -0.36 +1.19
13-15 km -0.50 + 0.88 024+131 -1.85+1.80
16-18 km -7.11+£4.99 -1.15+5.73 -18.19 £ 9.57
19-21 km -14.61 £10.94 -9.93+9.50 -17.00 £ 15.99
22-24 km -20.18 £ 18.49 -19.83 £ 25.19 -19.19 + 18.97

3.5 Summary and Conclusions

This study examined Irene O3 profile data from 2000-2015 in order to identify high Oz events
and to study Os decline at different altitudes of the stratosphere. Monthly 90" percentile
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composites were used as a threshold to identify high Oz events. Furthermore, PV charts at isobaric
level were used to identify high PV air mass of stratospheric origin (more than 2 PVVU). Based on
the observations, high Oz events were found to occur in all seasons. However, they were most
prevalent in winter and spring. The results showed that high Oz 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 P\VU were observed over
Irene.

Furthermore, O3 data was grouped into three categories: 2000-2003, 2004—20007 and 2012—
2015 to investigate possible long-term changes using monthly 5™ percentile composites, monthly
95" percentile composites and monthly median composites. Troposphere and stratosphere O3
vertical profiles were generated for the three datasets (2000—2003, 2004-20007 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.

The annual changes presented in Table 3.3 show an Os decline at 13-15 km for the 95™
percentiles (—2.38+3.28 ppb/year) while median and 5" percentile O decline started at the 16-18
km layer. A maximum decline was observed at 22-24 km for the medians (-16.16+21.83
ppb/year), 5" (-21.19+27.39 ppb/year) and 95" percentile (-14.81+21.82 ppb/year). High O3
decline was observed at 19-21 km and 22-24 km in all seasons. The 95™ percentiles show O3
decline at 13-15 km. While O3z decline was observed in winter and spring at 10-12 km layer for
medians and 95" 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 Os
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.

O3 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, Oz increase was observed in the lower troposphere. These observations of Oz increase in
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the lower troposphere are in line with literature reports and were associated with an increase

pollution in the lower troposphere.
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CHAPTER 4: VALIDATION OF STELLENBOSCH DOBSON TOTAL
COLUMN OZONE OBSERVATIONS WITH SATELLITE
OBSERVATIONS

This chapter is based on to be submitted manuscript: Validation of Stellenbosch Dobson total
column ozone observations with satellite observations. T. Mkololo, V. Sivakumar, N. Mbatha, H.
Bencherif, G. Coetzee, E. Mbambalala and D. vanderSpuy, that is prepared for submission in

South African Journal of Geography.
4.1 Abstract

This study aims to compare 2017 and 2018 Dobson#035 Total Column Ozone (TCO) with
Ozone Monitoring Instrument (OMI) and Atmospheric Infrared Sounder (AIRS) satellites that
overpass Stellenbosch (33.9°S; 18.3°E). OMI satellite data used for validations was obtained from
Total Mapping Spectrometer (OMI-TOMS) and Differential Optical Absorption Spectroscopy
(OMI-DOAS).  Furthermore, Dobson#035 TCO data was compared with Modern-Era
Retrospective Analysis for Research and Applications (MERRA-2) assimilation. A maximum of
373.3 DU, 373.4 DU, 382.7 DU, 383.0 DU and 358.5 DU was obtained from Dobson#035, OMI-
TOMS, OMI-DOAS, AIRS and MERRA-2, respectively. While a minimum of 232.7 DU, 236.3
DU, 233.5 DU, 260.1 DU and 234.0 DU was obtained from Dobson#035, OMI-TOMS, OMI-
DOAS, AIRS and MERRA-2, respectively. The percentage difference, percentage error and
correlation coefficient between Dobson#035 and satellite TCO observations was also calculated.
The daily percentage difference between Dobson#035 and satellites ranged between -2% and 2%.
A correlation coefficient of 0.97 (OMI-TOMS), 0.92 (OMI-DOAS) and 0.85 (AIRS) was
obtained between Dobson#035 and satellite observations while a correlation of 0.96 was obtained
between Dobson#035 and MERRA-2 assimilation. These observations indicate that OMI-TOMS
and MERRA-2 correlates better with Dobson#035 as compared with OMI-DOAS and AIRS. In
addition, the root square mean error (RMSE), mean bias error (MBE) and mean absolute bias

error (MABE) between Dobson and satellites observation was calculated.

Keywords: Total Column Ozone, Stellenbosch, OMI-TOMS, OMI-DOAS, AIRS, MERRA-2

model.
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4.2 Introduction

Ozone (O3) is a colourless gas that occurs natural in the stratosphere through the reaction of
oxygen molecule with an oxygen atom in the presence of sunlight. Approximately 10% of Oz is
located in the troposphere while the bulk of Oz (approximately 90%) is located in the lower
stratosphere (ozone layer) at approximately 10 to 50 km above the Earth’s surface (Bekki and
Lefevre, 2009).

In different parts of the atmosphere, and at specific concentrations, Oz can have positive or
negative impacts on human health and environment. In the stratosphere, Oz plays positive role by
absorbing incoming ultraviolet solar radiation. Decrease of the O3z layer has negative effects on
human health and the environment at large (Bekki and Lefevre, 2009). On the other hand, Kinney
et al. (1996) reported that Oz acts as a strong greenhouse gas in the lower troposphere and its
higher concentrations affects the respiratory system, causing lung infections, asthma symptoms
and premature mortality. Moreover, high Oz concentrations can affect human and plants directly
or through the formation of poisonous gases such as peroxyacetyl nitrate (Lacis et al., 1990;
Darrall, 1989; Bertman and Roberts, 1991; Derwent, 1995). Finkelstein (2004) reported that
young children are at high risk of being affected by high Oz concentrations as compared with
adults because their lung development is incomplete and they have a higher breathing rate than
adults. In addition, National Research Council (NRC) reported that high Os concentrations of
more than 60 ppb have negative effects to forests, natural vegetation and agricultural crops (NRC,
1999). Moreover, negative effects of high Oz concentrations were reported in plants (Morgan et
al., 2006), vegetation (Gimeno et al., 1995; Penuelas et al., 1999), cultivate crops (Treshow and
Steward, 1973), aquatic ecosystem and affect air quality (Sivasakthivel and Reddy, 2011). Oz also
affects global radiative forcing and climate change over long timescales (Cho et al., 2003;
Martens, 1998; WMO, 2014).

A number of researchers (e.g. Kim et al., 2017; Vaz Peres et al., 2017; Cizkova et al., 2019)
have used ground-based instruments such as Dobson and Brewer to validate TCO satellite
observations. Bramstedt et al. (2003) reported that Total Mapping Spectrometer (TOMS) V7
overestimates Southern Hemisphere ground-based observations by more than 2% while Kroon et
al. (2006) reported a bias of 1% between TOMS and Dobson TCO observations. Kim et al.
(2017) reported a correlation coefficient of 0.96 for TOMS and 0.95 for Differential Optical
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Absorption Spectroscopy (OMI-DOAS). Atmospheric Infrared Sounder (AIRS) was mostly used
to validate ozonesondes dataset (Monahan et al., 2007; Bian et al., 2007), while other studies used
AIRS to examine the quality of Oz profiles, water vapour and temperature (Susskind et al., 2003;
Susskind et al., 2006; Strow et al., 2006; Fetzer et al., 2006). Susskind et al. (2003) reported that
the performance of AIRS depends on altitude. As a result, a positive bias was reported at lower
atmosphere (400 to 300 hPa) while a negative bias was obtained in the lower and middle
stratosphere (100 to 70 hPa). Bian et al. (2007) also reported a positive bias (80%) of AIRS in the
region of 700 hPa to 200 hPa and a negative bias (0 to -20%) in the region of 100 hPa to 30 hPa.
AIRS bias is more in the Southern Hemisphere relative to the Northern Hemisphere and the
observed bias was mostly in the upper troposphere and lower stratosphere region (Monahan et
al.,, 2007). TOMS observations and MERRA-2 assimilation were used to study global
tropospheric Oz trends (Ziemke et al., 2017). On the other hand, Millan and Manney (2017) used
MERRA-2 reanalyses data to study mini-hole in the Northern Hemisphere and found that

MERRA-2 Os data represents Oz mini-hole events better than the other reanalyses.

The current study used satellite TCO observations to validate Stellenbosch Dobson#035 TCO
observations. Satellite TCO data used in this study was obtained from OMI-TOMS, OMI-DOAS
and AIRS instruments. In addition to satellite observations, Modern-Era Retrospective Analysis
for Research and Applications (MERRA-2) reanalysis data was compared with Dobson#035 TCO
observations. Statistical analysis such as percentage difference, percentage error, root square
mean error (RMSE), mean bias error (MBE), mean absolute bias error (MABE) and correlation
coefficient was calculated between Dobson#035 TCO and satellite TCO observations using 2017

and 2018 datasets. Similar statistical analysis was performed using MERRA-2 reanalyses dataset.

4.3 Methodology
4.3.1 Dobson Spectrophotometer

Stellenbosch Dobson TCO observations started in November 2016 as part of the South
African Weather Service Global Atmosphere Watch (GAW) regional programme. This is the
third Dobson instrument in South Africa, after the long-term Dobson TCO observations over
Irene and Springbok. This technique measures TCO by measuring the relative intensity of the

UVB radiation that reaches the earth and compare to UVA radiation at ground level. Observations
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are taken either under Direct Sun (DS), Zenith Blue (ZB) or Zenith Cloudy (ZC) depending on
the weather conditions. However, direct sun data gives better comparisons with satellites as

compared with zenith-sky data (Balis et al., 2007).

Dobson method is strongly affected by aerosols and pollutants in the atmosphere because they
absorb light at the same wavelength (Vanicek et al., 2003). More details on the operation of

Dobson spectrophotometers can be found in a study by Komhyr et al. (1989).

4.3.2 Satellite observations

The current study used Ozone Monitoring Instrument (OMI), Atmospheric Infrared Sounder
(AIRS) observations and Modern-Era Retrospective Analysis for Research and Applications
(MERRA-2) reanalysis data. OMI observations data used in this study was obtained from OMI-
Total Mapping Spectrometer (OMI-TOMS) and OMI-Differential Optical Absorption
Spectroscopy (OMI-DOAS). This study used 0.25° spatial resolution data for OMI-TOMS, OMI-
DOAS and AIRS satellite observations.

OMI was launched on the 15 of July 2004 on the NASA Earth Observing System Aura (EOS-
Aura) platform to replace TOMS. OMI-TOMS and OMI-DOAS observations began in October
2004. The OMI instrument measures the solar radiation backscattered by the surface and the
Earth’s atmosphere in three wavelengths (264-311 nm, 307-383 nm and 349-504 nm). OMI uses
two algorithms to compute TCO, a TOMS like (OMI-TOMS) algorithm and DOAS (OMI-
DOAS) algorithm. OMI-TOMS measuring technique was extensively discussed in other studies
(Kim et al., 2017; Balis et al., 2007). OMI-TOMS algorithm uses two sets of wavelengths (317.5
nm / 331.2 nm, and 331.2 nm / 360 nm). The 331.2 nm / 360 nm wavelength set is used for high
O3 and high solar zenith angles, while the 317.5 nm / 331.2 nm set is used in most observations.
Moreover, this technique requires the aerosol index for Os observations. The function of the
aerosol index is to measure the absorption of UV radiation by desert dust and smoke (Vanicek et
al., 2003). OMI-DOAS technique uses OMI-DOAS algorithm that was developed by the Royal
Dutch Meteorological Institute (KNMI) (Veefkind et al., 2006). In OMI-DOAS, Os vertical
column is determined in three phases. Firstly, OMI-DOAS fitting is performed to form slant
column density. Secondly, the air mass factor is calculated. This phase is required to convert slant

column density to a vertical column. The last phase is the correction of clouds. The last phase is
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critical because the OMI-DOAS spectral uses a window that is very low sensitive to temperature.
The spectral of OMI-DOAS uses 5 nm wide fit window centered on 334.1 nm. The air mass factor
is determined by applying the OMI-DOAS fit to assimilate OMI spectra (Veefkind et al., 2006).

Atmospheric Infrared Sounder (AIRS) is a National Aeronautics and Space Administration
(NASA) satellite that was launched in May 2002. This satellite makes vertical observations of
atmospheric dynamics and atmospheric chemistry from 1000 hPa to 0.1 hPa. The methodology
of AIRS was previously discussed in literature (Susskind et al., 2003; Aumann et al., 2003).
According to Aumann (2003), the AIRS is a cross-track scanning grating spectrometer with 2378
channels from 3.7 to 15.4 um and a field of view at nadir of 13.5 km. AIRS uses retrieval
algorithm information from a companion microwave sounder (Advanced Microwave Sounding
Unit (AMSU)) to retrieve data in the presence of clouds on a horizontal scale of one AMSU and
field of view (45x45 km at nadir) that is equivalent to 3x3 AIRS footprints (Susskind et al., 2003).

4.3.3 Reanalysis data

Modern-Era Retrospective Analysis for Research and Applications (MERRA-2) is the second
version of MERRA and one of NASA’s products. It was launched in the beginning of 1980 to
replace the old MERRA dataset (Rienecker et al., 2011). MERRA-2 uses a spatial resolution of
0.5 x 0.625° with a time resolution of three hours. Gelaro et al. (2017) reported that the current
model is advanced relative to the previous MERRA. The current model has new assimilation
system for data analysis, model constraints and parameterization. Some of these new additions
include temperature and Oz profiles from the Microwave Limb Sounder (MLS) and TCO from
OMI. Furthermore, MERRA-2 assimilates OMI and MLS satellite measurements (Millan and
Manney, 2017). More details about MERRA-2 including information about updates from
MERRA system previously discussed in literature (Rienecker et al., 2011; Bosilovich et al., 2015;
Molod et al., 2015; Takacs et al., 2016; Bosilovich et al., 2016).

4.4 Data analysis

The current study used 2017 and 2018 Dobson#035 satellite TCO data. Dobson observations
are conducted under direct sun, zenith blue and zenith cloud. However, this study used direct sun

observations because they compare better with satellites. Zenith-sky data and zenith-blue readings
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were flagged out during data quality control. Consistency of dataset was monitored. For example,
within an hour there shouldn’t be much difference. Satellite data obtained from OMI-TOMS,
OMI-DOAS and AIRS observations was used to validate Dobson#035 TCO observations. The
percentage difference between Dobson#035 and satellites TCO observations was calculated by
using equation 4.1 while the percentage error between Dobson#035 and satellite TCO
observations was calculated by using equation 4.2. In addition, MERRA-2 assimilation data was
compared with Dobson#035 using similar calculations described for Dobson#035 and satellite

validations.

(Satellite — Dobson)

Percentage Difference = 100 . ( Satellites Dobson)/2) (4.1)
_ (Satellite — Dobson)
Percentage Error = 100. (Dobson) 4.2)
Satellite TCO data was obtained from the Giovanni platform:

https://giovanni.gsfc.nasa.gov/giovanni.

The root square mean error (RMSE), mean bias error (MBE) and mean absolute bias error
(MABE) were calculated by using equations 4.3, 4.4 and 4.5, respectively. Similar methods were
used in previous studies (e.g. Anton et al., 2009, 2010b; Toihir et al., 2015) to compare satellite
observations with Dobson and Brewer spectrophotometers. The number of the paired samples is
represented by n in equation 4.3, 4.4 and 4.5 below. A positive MBA indicates the overestimation
of Dobson observations while a negative MBA indicates the underestimation of Dobson

observations by satellites.

: (4.3)
ST (Satellite—Dobson)?
RMSE=\/ =1
n
100 n Satellite —Dobson (4.4)

MBE= —
n i—1 Dobson
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100 n |Satellite —Dobson| (4.5)

MABE= —
n

i—1 Dobson

4.5 Results and discussion
4.5.1 Daily TCO comparisons

The comparison of satellites vs. Dobson was conducted by comparing datasets obtained from
OMI-TOMS vs. Dobson, OMI-DOAS vs. Dobson, AIRS vs. Dobson and MERRA-2 vs. Dobson
from January 2017 to December 2018. Table 4.1 indicates the statistical analyses obtained
between daily Dobson and satellite observations. A small root square mean error (RMSE) of
2.14%, 2.19%, 1.68% and 1.71% was observed in OMI-TOMS vs. Dobson, OMI-DOAS vs.
Dobson, AIRS vs. Dobson and MERRA-2 vs. Dobson, respectively. This is in line with other
similar studies conducted using southern tropics and subtropics TCO observations, where Toihir
et al. (2015) compared Dobson and satellite observations. The small percentage of the MBE
indicates a non-significant overestimation or underestimation of the Dobson TCO observations
by satellites and MERRA-2 model. With the exception of OMI-TOMS vs. Dobson (-0.20%), a
positive MBE percentages was observed for satellites vs. Dobson. Similar observations of
negative MBE percentage was reported by Toihir et al. (2015) for OMI-TOMS vs. Dobson
spectrophotometers over Irene (-0.90%) and Springbok (-1.28%). In general, all satellites show
mean absolute bias error (MABE) values of less than 2.0% when compared with Dobson
spectrophotometer. With OMI-DOAS vs. Dobson showing a slightly high MABE percentage of
1.90%. While MERRA-2 vs. Dobson, AIRS vs. Dobson and TOMS vs. Dobson show a MABE
percentage of 1.40%, 1.38% and 1.77%, respectively. These results suggest that the daily

differences between Dobson and satellite data are small and are in better agreement.

Table 4.1: Comparison of TCO between Dobson and satellite observations from
January 2017 to December 2018.

RMSE (DU) MBE (%) MABE (DU)
OMI-TOMS vs. Dobson 035 6.13 (2.14%) -0.20 5.09 (1.77%)

79



OMI-DOAS vs. Dobson 035 6.29 (2.19%) 0.52 5.44 (1.90%)
AIRS vs. Dobson 035 4.81 (1.68%) 0.27 3.97 (1.38%)
MERRA-2 vs. Dobson 035 4.90 (1.71%) 0.30 4.00 (1.40%)

Figure 4.1 shows Dobson#035 and satellites TCO observations time series obtained by using
January 2017 to December 2018 data. High standard deviations were observed during austral
winter (June-July-August) in all observations while low standard deviations were observed during
summer (December-January-February). Bencherif et al. (2000 and 2007) associated the
occurrence of high standard deviations with increase of dynamical activity in the winter
hemisphere due to the reverse of the zonal wind in the stratosphere. Moreover, the occurrence of
stratosphere-troposphere exchange is dominant in winter and spring (Diab et al., 2004). Similar
observations were reported in previous study (Thompson et al., 2003).
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340 | ___ omipoas
- - AIRS
— 320 | — — MERRA2
a
— 300
(28]
(@]
[
£ 280 [
= "y
3 260 I’
= LY g
© 240 -4
|9 -
220
200

(\5\/’\ (,'\/,\ 4‘,'\/,\ &;{,\ Q,\') NOTNEN o PN

Months

Figure 4.1: Time series of monthly average TCO obtained from Dobson spectrophotometer (solid
line), OMI-TOMS (square dot), OMI-DOAS (Dash), AIRS (Dash dot) and MERRA-2 (Long
dash) for Stellenbosch site from January 2017 to December 2018. The vertical bars indicate the
associated standard-deviations at +1 sigma.
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Figure 4.2 shows daily percentage differences obtained between Dobson#035 and satellite
TCO observations (OMI-TOMS (a), DOAS (b), AIRS (c) and MERRA-2 (d)). As indicated in
Figure 4.2, daily percentage differences fluctuate between 2% and -2% with few days where the
percentage difference between Dobson#035 and satellite observations was above 2% or below -
2%. A similar percentage difference of 2% was reported over Seoul Korea between ground-based
and satellites observations (Kim et al., 2017). Based on these results, we conclude that satellite

observations and MERRA-2 assimilation show reasonable agreement with Dobson#035 TCO
observations over Stellenbosch.
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Figure 4.2: Time series of daily relative differences obtained between Dobson and OMI-TOMS
(a), Dobson and OMI-DOAS (b), Dobson and AIRS (c), and Dobson and MERRA-2 (d).

Table 4.2 indicates the statistical analysis conducted between satellites and Dobson#035 TCO
observations from January 2017 to December 2018. A difference of -0.60 DU and -0.24 DU was
obtained from OMI-TOMS and MERRA-2, respectively. A positive difference of 2.00 DU was
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obtained between Donson#035 and OMI-DOAS while a negative difference of -4.63 DU was
obtained between Dobson#035 and AIRS TCO observations. A percentage error of -0.21%,
0.70%, -1.61% and -0.08% was obtained from OMI-TOMS, OMI-DOAS, AIRS and MERRA-2,
respectively. In general, these observations show a good agreement between Dobson#035 and
satellite TCO observations. In fact, the observed percentage difference (0.17%) between
Dobson#035 and OMI-DOAS is lower than the average percentage difference of 1.65 = 0.38%
that was reported for OMI-DOAS in the Southern Hemisphere. Similarly, the observed
percentage difference of -0.05% between Dobson#035 and OMI-TOMS is lower than the average
percentage difference of 0.79 + 0.36% that was reported for OMI-TOMS in the Southern
Hemisphere (Balis et al., 2007). In general, Balis et al. (2007) reported that OMI products slightly
overestimates Dobson observations in the mid-latitudes and overestimation increases with
increasing latitude. In all three satellites used for Dobson#035 validation, OMI-TOMS shows a
good agreement of -0.05 % while MERRA-2 assimilation data show an agreement of -0.02%.
This good agreement could be related to the fact that OMI-TOMS use similar methodology to
spectrophotometers (two wavelengths for analyses) while MERRA-2 uses OMI to assimilate
TCO data and that could be the reasons for the observed good agreement for MERRA-2 and OMI-
TOMS observations. OMI-DOAS principle differs from the Dobson spectrophotometers.
Furthermore, OMI-DOAS and OMI-TOMS use different principles for cloud treatment. The
former use spectral fitting, while OMI-TOMS use empirical correction (Millan and Manney,
2017). AIRS performance depends on the altitudes, closer to tropopause, AIRS is more sensitive
to temperature (Monahan et al., 2007). Hence, Oz mole fractions are higher in the lower
atmosphere and lower in the upper atmosphere relative to Dobson observations (Monahan et al.,
2007). The difference in methodology between AIRS and Dobson spectrophotometers might be
the reason for the observed slightly high difference between AIRS and Dobson#035 TCO
observations. It is noted that the agreement for OMI-DOAS and AIRS is also good. However,
OMI-TOMS and MERRA-2 provide better agreement with Dobson#035.

Table 4.2: Composite statistical analysis of TCO as observed by Dobson and satellite
instruments from January 2017 to December 2018.

Annual Dobson 035 OMI-TOMS OMI-DOAS AIRS MERRA-2
Average 286.86 286.26 288.87 282.24 286.63
Std. deviation 23.45 22.99 26.16 26.27 22.83

82



Maximum 373.30 373.40 382.70 383.00 358.50

Minimum 232.65 236.30 233.50 221.38 238.99
Delta -0.60 2.00 -4.63 -0.24

% Difference -0.05 0.17 -0.41 -0.02
% Error -0.21 0.70 -1.61 -0.08

4.5.2 Monthly and seasonal TCO comparisons

Figure 4.3 shows TCO seasonal composites obtained from Dobson#035, OMI-TOMS, OMI-
DOAS, AIRS and MERRA-2 based on 2-years observations. A minimum of 260.3 DU and a
maximum of 314.8 DU (peak-to-peak of 54.5 DU) was observed from Dobson#035 TCO
observations in autumn and spring, respectively. Satellites present similar seasonal cycles as
Dobson observations. A minimum of 264.7 DU, 267.2 DU, 262.6 DU and 264.8 DU was obtained
from OMI-TOMS, OMI-DOAS, AIRS and MERRA-2, respectively, while a maximum of 317.2
DU, 320.2 DU, 311.9 DU and 316.6 DU was obtained for OMI-TOMS, OMI-DOAS, AIRS and
MERRA-2, respectively. Similar observations of low O3 in autumn and high Os in spring were
reported in previous studies over Irene and Reunion (Thompson et al., 2003; Sivakumar et al.,
2007; Toihir et al., 2018). In addition, Vaz Peres et al. (2017) reported similar observations over
Southern Space Observatory in Brazil. The observed seasonal cycle is driven by Brewer-Dobson
stratosphere circulation that causes high Os concentrations in spring. The observed season cycle
is inversely related to solar radiation seasonal cycle. Solar radiation increases in late spring and
reach its maximum in summer while O3z decrease is observed in summer (London, 1985). These
results agree with previous results reported over Portugal, Tibet and Lauder in New Zealand
(Anton et al., 2010; Zou et al., 2000; Brinksma et al., 1998).
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Figure 4.3: TCO monthly mean values as derived from 2-years observations by Dobson
spectrophotometer (black solid line), OMI-TOMS (red square dot), OMI-DOAS (green Dash),
AIRS (Dash dot) and MERRA-2 (blue long dash) over Stellenbosch. The vertical bars indicate
the associated standard-deviations at +1 sigma.

Table 4.3 presents results of seasonal analysis. It was observed that summer months show a
percentage variation of -0.34% and -0.53% between satellites and Dobson#035 observations. This
suggests a good agreement between Dobson and satellite observations in summer. Similarly, a
good agreement was obtained in autumn and spring. While winter months (JJA) show a slightly
higher percentage difference relative to other seasons. However, the percentage difference was
less than 0.8% and that indicates a good agreement between Dobson#035 and satellite TCO
observations. OMI-DOAS percentage difference was slightly high in winter as compared with
other satellite observations. Antdn et al. (2011) reported that OMI-DOAS is sensitive to clouds
while OMI-TOMS observations show a stability for all cloud conditions. Winter months are cool
and overcast in Cape Town (Wichmann, 2006), and that could be the reason for the slightly high
OMI-DOAS percentage difference in winter. In general, slightly high percentage difference was

observed in winter while low percentage difference was observed in summer

Table 4.3: Seasonal percentage difference and percentage error between satellites and Dobson.

Altitude DIF% DJF% MAM MAM JJA  JJIA% SON SON %
dif. err. % dif. %err. % dif. err. % dif. err.

OMI-TOMS - Dobson  -0.34 -1.36 0.02 0.10 0.40 1.62 -0.05 -0.20
OMI-DOAS - Dobson  -0.43  -1.73 0.31 1.23 0.70 2.82 -0.10 -0.40
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AIRS - Dobson -0.53 -2.08 -0.29 -1.16 . -023 -092  -0.27 -1.08
MERRA-2 - Dobson -042  -1.66 0.03 0.13 0.43 1.73 0.13 0.53

Figure 4.4 shows a Taylor diagram that displays statistical comparison between the
Stellenbosch Dobson spectrophotometer TCO data and OMI-TOMS, OMI-DOAS, AIRS and
MERRA-2 data. In general, a Taylor diagram is a useful method for evaluating model
performance by showing how the correlation coefficient, standard deviation and root mean square
error statistics vary simultaneously. In a Taylor diagram, the three different statistics (correlation
coefficient R, the standard deviation (sigma) and the (centered) root-mean-square error (RMSE))
are plotted in one 2D graph because they are related to one another and can be represented through
the Law of Cosines. Further information on Taylor diagrams is provided by Taylor (Taylor, 2001).

The representation of a Taylor Diagram presented in Figure 4.4 shows a significant correlation
of approximately 0.97 between OMI-TOMS and Dobson#035 TCO observations while MERRA-
2 shows a correlation of approximately 0.95. A standard deviation of less than 6.0 DU was
observed between Dobson#035, OMI-TOMS, and MERRA-2. These observations are in
agreement with the correlation coefficient of 0.96 that was previously reported for OMI-TOMS
(Kim et al.,, 2017). A good correlation of approximately of 0.92 was obtained between
Dobson#035 and AIRS TCO observations. On the other hand, a correlation coefficient of
approximately 0.85 was obtained between Dobson#035 and OMI-DOAS TCO observations.
Based on these observations, we may conclude that OMI-TOMS and MERRA-2 observations are
in good agreement with the Dobson observations over Stellenbosch, and hence correlates better
with Dobson#035 as compared to OMI-DOAS and AIRS satellites.
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Figure 4.4: TCO correlation coefficient between Dobson observations and satellites observations

over the study site, Stellenbosch.

4.6. Summary

The current study aims to validate Dobson#035 TCO with satellite TCO observations (OMI-
TOMS, OMI-DOAS and AIRS) and Merra-2 assimilation. Based on the Dobson#035 operating
at Stellenbosch site, a comparison of all available data from 2017 to 2018 was performed, for the
first time. Daily percentage difference, percentage error, root square mean error, mean bias error,
mean absolute bias error and correlation coefficient was calculated between Dobson#035 and

satellites observations.

An average composite of 286.86 + 23.45 DU, 286.26 + 22.99 DU, 288.87 + 26.16 DU, 282.24
+ 26.27 DU and 286.63 + 22.83 DU was obtained from Dobson#035, OMI-TOMS, OMI-DOAS,
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AIRS and MERRA-2, respectively. Based on our observations, it is found that daily percentage
differences between Dobson and satellites vary within +2%. However, in some days, the

percentage difference was lower than -2% or higher than 2%.

The composite percentage difference was calculated between satellites and Dobson#035 TCO
observations. An average percentage difference of -0.05%, 0.17%, -0.41% and -0.02% was
calculated over two years for OMI-TOMS, OMI-DOAS, AIRS and MERRA-2, respectively.
These observations indicate a good agreement between Dobson#035 and satellite TCO
observations. In addition to the composite percentage differences, seasonal percentage difference
was calculated between Dobson#035 and satellite observations. A percentage difference of -
0.34%, -0.43%, -0.53% and -0.42% was obtained in summer from OMI-TOMS, OMI-DOAS,
AIRS and MERRA-2, respectively. In general, summer months show a percentage difference
variation between -0.53% and -0.34%. While in autumn, a percentage difference of 0.02%,
0.31%, -0.29% and 0.03% was obtained from OMI-TOMS, OMI-DOAS, AIRS and MERRA-2,
respectively. With the exception of AIRS (- 0.23%), a positive percentage difference of 0.40%,
0.70% and 0.43% was obtained in winter from OMI-TOMS, DOAS and MERRA-2, respectively.
While in spring, percentage differences of -0.05%, -0.10% and -0.27% and 0.13% was obtained
from OMI-TOMS, OMI-DOAS, AIRS and MERRA-2, respectively. Among the used satellite
products, OMI-TOMS was in good agreement with Dobson#035 spectrophotometer with a
correlation coefficient of 0.97. The likely reason for this good agreement could be related with
the retrieval algorithm adopted between OMI-TOMS and Dobson spectrophotometer. MERRA-
2 assimilation are closer to OMI-TOMS with a correlation coefficient of 0.95 and it could be
related to the OMI observation method that is used by MERRA-2 for Oz assimilation. The
algorithms for OMI-DOAS and AIRS are different to Dobson spectrophotometers. OMI-DOAS
showed a correlation coefficient of 0.85, while AIRS showed the lowest correlation of 0.92. All
satellites show mean absolute bias error (MABE) values of less than 2.0% when compared with
Dobson spectrophotometer. Therefore, the results show a good agreement between Dobson

spectrophotometer and satellites observations.

Despite these small differences, there is a good correlation between satellites and Dobson
observations. However, OMI-TOMS and MERRA-2 observations correlate better with Dobson
observations relative to OMI-DOAS and AIRS observations.
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The downside of this study was that TCO diurnal cycles were not studied due to the current
Dobson technique that need manual operation for measurements. Dobson manual operation lead

to data gaps during the day.
Recommendations

We recommend to continue with Stellenbosch Dobson TCO observations and it may provide
observations gives an idea of TCO behavior in Cape Town region. Long term data base further

strengthen the climatological results.
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CHAPTER 5: SURFACE AND TOTAL COLUMN OZONE
OBSERVATIONS AT CAPE POINT GAW STATION AS OBSERVED BY
GROUND BASED AND SATELLITE INSTRUMENTS

This chapter presents some of the work that was published on a manuscript: Day-time and Night-
time Ozone increase at Cape Point GAW Station as observed by ground based instruments. T.
Mkololo, N. Mbatha, V. Sivakumar, C. Labuschagne, W. Jourbet, E.T. Mbambalala and L. Martin.
Proc. of the 35th Annual conference of South African Society for Atmospheric Sciences (SASAS),
River Sun, Vanderbijl Park, Gauteng, ISBN : 978-0-6398442-0-6, Pg84-87, 8-9 October, 2019.

5.1 Abstract

This study presents analysis of the variability and trends of the all-day, day- and night-time
surface ozone (O3) data measured from 2000 to 2018 at Cape Point Global Atmosphere Watch
(GAW) station. Annual, seasonal and weekday-weekend trends were investigated by using two
approaches; such as, linear regression slope and Theil-Sen slope. All seasons show negative trends
in day-time data subsets while positive trends were observed in night-time data subsets. The annual
linear regression slope of 0.28 ppb/year and 0.19 ppb/year was observed for the night-time and
day-time, respectively. On the other hand, Theil-Sen trend estimated an increase of 0.67%/year
and 0.02%l/year for night-time and day-time, respectively. Our observations indicate that the
observed trends were not influenced by weekend effect because weekdays and weekends trends
were similar for day-time and night-time data subsets. In addition to trend analysis, wind and radon
data was used to investigate if the observed Oz increase was related to changes in winds. Hence,
radon concentration rose and percentage frequency occurrence of wind speed and radon relative
to wind direction were calculated. The relationship between TCO and surface Oz was investigated
by using linear regression method. The percentage R square of 30.1%, 24.1%, 24.4% and 34.7%
was obtained between OMI-TOMS vs. surface O3z, OMI-DOAS vs. surface Oz, AIRS vs. surface
O3 and MERRA-2 vs. surface Os, respectively. Extreme maximum and minimum values of Os

have been identified and explored a pilot study.
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Cape Point.

5.2 Introduction

Cape Point Global Atmosphere Watch (GAW) is one of the World Meteorological
Organization (WMO) GAW stations that monitor continuously surface ozone (Os3) to study
atmospheric constituents and pollutants background-level trends. Approximately 90% of the total
Os is located in the stratosphere and only 10% is located in the troposphere. Stratospheric Oz acts
as a shield that protects the Earth from harmful radiation from the sun. On the other hand, the
tropospheric Oz is formed through photochemical reactions of nitrogen oxides (NOx) and volatile
organic compounds (VOCSs) or through downward movement of Oz from the stratosphere to the
troposphere. Nitrogen oxides and VOCs are emitted from anthropogenic sources such as fossil fuel
power plants, industrial activities, and transportation as well as natural sources such as lightning
and soil (NOy). In the presence of sunlight, nitrogen dioxide (NO2) undergoes photochemical
reactions to produce oxygen atom (O), which reacts with oxygen molecule (O2) to form Os
(Lelieveld and Dentener, 2000).

In general, Oz mole fractions are expected to be higher during day-time as compared to night-
time because of photochemical reactions that take place during the day (Seinfeld and Padis, 2006).
Night-time is characterized by low Oz mole fractions, Os destruction by NO titration and
deposition processes (Ghosh et al., 2013). Earlier studies reported the importance of separating
day and night-time Oz analysis due to different influencing factors that take place during these
times (Ozbay et al., 2011). Dinitrogen pentoxide (N2Os) in the night-time Oz chemistry strongly
affects the depletion process (Ghosh et al., 2013). Therefore, the Cape Point Oz data is separated
into day and night-time data in order to investigate whether O3 increase occurs in both data subsets

or is related to photochemical reactions that occurs during day-time only.

5.3 Data and method

The Cape Point GAW station was established in 1978. The surface Oz long-term monitoring
program began in 1983 from 30 m air intake line above the ground. In 1996, a second instrument

was installed at the 4 m above the ground. Since then, the surface Oz mole fractions have been
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monitored continuously in the atmosphere using two Thermo Electron (Teco) analyzers based on
an ultraviolet (UV) detection technique. Continuous Oz mole fraction data are averaged in 30 min
averages. Daily zeroes are performed to check the long-term stability of the instruments.
Furthermore, instrumental verifications are performed quarterly using the primary calibrator (TEI
49i-PS) traceable to WMO World Calibration Centre (WCC-EMPA) based in Switzerland.

In addition to the site verifications, calibrations are performed by WCC-EMPA every four years

as from 1997. The latest Oz instrument performance audit was performed in 2015.

The main aim of this study is to investigate day and night-time surface Oz variability and
trends. The second objective of the study is to identify extreme maximum and minimum surface
O3 events. The third objective of the study is to investigate the relationship between total column
ozone (TCO) and surface Os. The trends and its significance are investigated using the Mann—
Kendall trend test statistic. This method is defined as a non-parametric, rank-based method which
is commonly used to extract monotonic trends in the time series of climate data, environmental

data or hydrological data. Mann-Kendall test statistics was computed using the formula:
S =YR=1 Xoke1sign(X; — Xi) @
where,

+1, if x>1
sign(x) =4 0, ifx=0,
-1, ifx<1

average value of S is E[S] = 0, and the variance &7 is given by the equation:
0% = {n(n —D@n+5)-3h_ (- 1) (2t + 5)}/18 )

In respect to the above-defined Z-transformation equation, this study reflects a 5% confidence

level, where the null hypothesis of no trend is rejected if |Z|>1.96.
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5.4 Results and discussion
5.4.1 Long-term trends

As indicated in Figure 5.1, the average surface Oz diurnal cycle show a minimum of 23.9 + 6.9
ppb at 09:00 am and start to increase after the morning traffic peak hour (09:30 am). A maximum
of 27.2 7.7 ppb was observed at 03:00 pm. Such an increase is followed by a decrease after 05:00
pm. Therefore, the current study uses local time intervals of 11:00 am to 04:00 pm and 11:00 pm
to 04:00 am for day and night-time, respectively. However, the actual day and night-time vary

with seasons.

40

35

30

25

Ozone [ppb]

20

15

10

1 3 5 7 9 11 13 15 17 19 21 23

Time [Hours]

Figure 5.1: The average diurnal cycle of all year average surface Oz mole fractions during 2000 to
2018.

An average composite of 26.6x 5.7 ppb and 24.9+ 5.0 ppb was observed over a period of 18
years for day and night-time, respectively. The observed results of slightly higher surface Os mole
fractions during the day are in agreement with previous studies that reported the occurrence of
photochemical reactions in day-time (e.g. Seinfeld and Pandis, 2006; Alghamdi et al., 2014).
However, due to the geographical location of the station, there is less Oz destruction by Nitrogen
Oxide (NO) during night-time (as compared to a city environment, for example). Hence, night-
time Oz mole fractions at Cape Point were not as low as in the stations located in Cape Town sub-
urban and urban areas (Nzotungicimpaye et al., 2014). These observations can be related to less

effect of anthropogenic activities that release NOx in the atmosphere. Previous studies (Mkololo,
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2013; Nzotungicimpaye et al., 2014) reported that Oz diurnal cycle is inversely proportional to
NOx diurnal cycle in Cape Town urban stations and Os diurnal cycle is more pronounced in Cape

Town urban stations showing a peak-to-peak is approximately 12 ppb.

As indicated in Table 5.1, the linear regression trends show an increase of 0.19 ppb/year, 0.14
ppb/year and 0.22 ppb/year for all-day, day and night-time, respectively, with the strongest z-score
of 3.30 observed with night-time data. With the exception of day-time, time series indicates a
significant increase of O3 trends with positive z-score which are above 1.96 (95% confidence
level). The Theil-Sen trend shows a similar strong increase of 0.66 %/year in the night-time data,
while an increase of 0.39 %/year and 0.01 %/year was observed for the all-day and day-time data,
respectively. As indicated in Figure 5.2, more increase was observed from 2017 to 2018. Hence,
we excluded these years for the second calculation of trends. The 2000 to 2016 Theil-Sen trend
showed an increase of 0.28 %/year and 0.03 %/year in the night-time and all-day, respectively. On
the other hand, a decrease of -0.34 %/year was observed in day-time. Similar results on high night-
time trends relative to day-time were reported by Xu et al (2016) at the Mt Waliguan GAW station
in China.

Remarkably, Oltmans et al. (2013) conducted an earlier study on tropospheric O3z changes
using 1983 to 2010 dataset and reported Os increase at Cape Point and other GAW stations in the
Southern Hemisphere (Cape Grim and Lauder). This shows that Cape Point Oz increase was
recorded prior to 2015. However, our statistical analysis show a stronger increase in recent years,
especially in the time period from 2016 to 2018. An average of 25.5 ppb, 26.6 ppb and 24.9 ppb
was recorded over the study period for all-day, day and night-time, respectively. In 2018 alone,
the O3 average exceeds the long-term average by 7.1, 7.6 and 6.8 ppb for all-day, day and night-

time, respectively.

Table 5.1: The linear regression slope, z-score and the p-values of all year surface ozone
mole fraction for the all-day, day-time and night-time data subsets during 2000 to 2018.

Data subset Linear slope (ppb/year) z-score p-value
All-day 0.19 2.82 0.0048
day-time 0.14 1.71 0.0872
Night-time 0.22 3.30 0.0010
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Figure 5.2: The average and the standard deviation (error bars) of all year average surface O3
mole fractions for the all-day (diamond), day-time (circle) and night-time (tri-angle) data subsets
during 2000 to 2018.

5.4.2 Seasonal and weekend effect dependence

Our observations indicate that day-time Os mole fractions were higher by 2.7 +1.3 ppb, 2.1+
0.7 ppb, 0.6+0.1 ppb and 1.3+0.5 ppb in summer, autumn, winter and spring, respectively,
relative to night-time Os mole fractions. However, day-time significant trends (p-value less than
0.05) are only observed in annual, summer and spring dataset. The p-value obtained in autumn
and winter linear regression was higher than 0.05 (Table 5.1). Hence, the observed trends were
non-significant at 95% confidence level. On the other hand, night-time dataset show significant
trends in autumn and winter dataset. It is evident from these observations that the observed night-
time annual significant trend was due to night-time autumn and winter significant trends. Figure
5.3 shows high standard deviations during the day-time and in months with strong solar radiation.
On the other hand, low O3 variation was observed at night-time and in months with weaker solar
radiation. This is in line with the understanding that solar radiation is important parameter in the

production and destruction of Os.

Ozone maximum was observed in winter when temperatures are low and less Oz photolysis
took place during this season. While in summer, temperatures are high and more O3z photolysis
occurred (Figure 5.3). Figure 5.3 shows all-day, day-time and night-time seasonal cycles with
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O3 maximum in winter and spring and minimum in summer. The observed seasonal pattern was
previously reported for stations in the Northern and Southern Hemisphere, e.g. Barbados
(Oltmans and Levy Ill, 1994), Cape Grim (Ayers et al., 1997) and Cape Point (Labuschagne
et.al, 2018). Cape Point is dominated by south easterly winds that brings clean air to the station.
As shown in chapter 3, STE events predominantly occur in winter and spring over South Africa
(Irene). Similar results of high STE occurrence in winter and spring was previously reported by
Diab et al. (2004). The Cape Point Oz seasonal cycle coincides with the maximum occurrence
of STEs in the country. In addition the observed seasonal cycle could be related to Oz photolysis
(Labuschagne et al.,, 2018). On the other hand, urban environment seasonal cycle is
predominantly driven by nitrogen oxides (NOx) chemistry. It is noted that Oz maximum at Cape
Point occurs in winter when temperatures are low. The observed O3 seasonality can be related to
the stratosphere-troposphere exchange that predominantly occur in winter and spring months
(Diab et al., 2004).

Equation: Oz + hv » 02+ O (Levy, 1971) 3)
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Figure 5.3: All-day (solid line), day-time (dash line) and night-time (dash dot line) surface ozone
long-term trend observed in summer (a), autumn (b), winter (c) and spring (d) from 2000 to 2018.

In addition to the annual trends, seasonal day-time and night-time trends were calculated
using 2000 to 2016 surface Oz dataset (Table 5.2 (a), (b) and (c)). With the exception of winter,
negative trends were observed during the day in summer, autumn and spring. While all seasons
show a positive night-time trend. However, day-time trends show significant trends in summer
and spring (5.2 (a)). On the other hand, night-time trends show significant trends in autumn and
winter (5.2 (b)). Negative trend were observed in day-time for both weekdays and weekends
while positive trends were observed in night-time (Table 5.3). This indicate that Oz trends are
not driven by the weekend effect. However, with the exception of night-time dataset, weekdays
and weekends trends were non-significant at 95% confidence level showing a p-value of more

than 0.05 (Table 5.3). Oz increase at Cape Point could be related to changes in meteorological
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parameters such as wind speed, wind direction, solar radiation, temperature and humidity as
these factors play an important role in Oz chemistry. Winds with low speed, high solar radiation,
high temperatures and low humidity promotes Os increase (Tarasova and Karpetchko, 2003).
The prevailing winds at Cape Point were south-easterlies that brings clean air from the ocean to
the station. This is evidence from both wind speed and radon percentage frequency of occurrence
observations (Figure 5.4 and 5.5). The prevailing south-easterlies were characterized by low
radon concentrations while high radon concentrations were observed from west to north-east
(Figure 5.6). As from 2014 to 2018, a change in the average wind direction from south-east to
east was observed. In the years that seem to indicate high Oz mole fractions at Cape Point station,
the year 2016 is only year that seem to indicate a typical south-east direction while 2017 show

dominant north-easterlies. It is noted that wind data availability was 61% in 2017.

The caveat here is that during this year the data is potentially seasonally biased with a lack
of wind observations during summer months when south-easterlies are more dominant at the
station. Therefore, the lack of summer wind data might be a reason for the observed dominant
north-easterlies in 2017. The longer-term impact of changes in the wind characteristics require

further investigation.

Table 5.2: Seasonal trends calculated by using linear regression and Sen’s slope (brackets)
from 2000 to 2016 (ppb/year).

. R Standard
Slope (ppb/year) Multiple R square error P-value
(@). All-day
Annual 0.01 (0.01) 0.10 0.01 0.62 0.70
Summer -0.03 (-0.03) 0.25 0.06 0.75 0.34
Autumn 0.03 (0.01) 0.26 0.07 0.69 0.32
Winter 0.11 (0.12) 0.47 0.22 1.07 0.05
Spring -0.06 (-0.09) 0.31 0.09 0.97 0.23
(b). Day-time
Annual -0.08 (-0.12) 0.51 0.26 0.68 0.04
Summer -0.10 (-0.13) 0.54 0.29 0.81 0.02
Autumn -0.09 (-0.13) 0.43 0.18 0.75 0.08
Winter 0.01 (-0.02) 0.00 1.78e-% 1.08 0.99
Spring -0.15 (-0.18) 0.59 0.35 1.10 0.01
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Annual

Summer

Autumn
Winter

Spring

0.07 (0.08)
0.03 (0.01)
0.11 (0.09)
0.14 (0.15)
0.01 (-0.008)

(c). Night-time

0.49 0.24
0.16 0.05
0.56 0.31
0.55 0.30
0.04 0.00

0.68 0.04
0.86 0.54
0.86 0.01
1.16 0.02
1.10 0.89

Table 5.3: Weekdays and weekends linear regression and Sen’s slope (brackets) from

2000 to 2016.
Slope (ppblyear)  MultipleR R Standard 5o
pe (ppbry P square error
(a). All-day
Weekdays 0.00 (0.02) 0.00 1.48:05 0.70 0.99
Weekends 0.01 (-0.02) 0.18 0.03 0.22 0.50
(b). Day-time
Weekdays -0.09 (0.02) 0.21 0.04 0.67 0.41
Weekends -0.08 (-0.12) 0.13 0.02 0.93 0.61
(c). Night-time
Weekdays 0.05 (0.06) 0.61 0.38 1.07 0.01
Weekends 0.05 (0.03) 0.66 0.44 1.03 0.04
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Figure 5.4: Percentage frequency occurrence of surface ozone relative to wind direction
from 2007 to 2018.
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Figure 5.5: Percentage frequency occurrence of radon relative to wind direction from 2007
to 2018.

107



180

Figure 5.6: Maximum radon in air relative to wind direction from 2007 to 2018.

5.4.3 Identification of extreme maximum and minimum surface ozone events

Table 5.4 (a) indicates extreme maximum surface Os events that were identified at Cape
Point from 2000 to 2016. These events were identified by using 2000 to 2016 average and
standard deviation. The standard deviation was increased by a factor of two in order to
determine the overall maximum of surface Os. Events exceeding the overall maximum of
40.47 ppb were classified as extreme maximum surface Oz events. One hundred and five
events were identified by using this method. Most of the events were just above the limit of
40.47 ppb and below 50.00 ppb. The extreme maximum surface Oz events predominantly
occur in winter and spring, while few events were observed in autumn. Sixteen extreme
maximum surface O3z events were identified by increasing standard deviation by a factor of
three (Table 5.4 (b)). In this case, an overall maximum of 48.00 ppb was used to identify

extreme maximum surface Oz events. With the exception of 04 October 2001 and 09
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October 2011, all the identified events were higher than 100 ppb. As indicated by extreme
maximum surface Oz events that occurred on the 10 April 2001 and 13 September 2005, the
increase in surface Oz mole fractions coincides with the increase in CO mole fractions
(Figure 5.7). These observations indicate the arrival of polluted air to Cape Point. Surface
Oz mole fraction is controlled by its sources and sinks. Tropospheric Oz is secondary
pollutant that is formed through the reactions of its precursors involving VOCs, nitrogen
oxides (NOx) and CO (Sillman et al., 1990; Sillman, 1999). Hence, increase in CO mole
fractions affect surface Oz mole fractions. The majority of the identified extreme surface O3
events coincides with the season of dominant occurrence of STEs. In addition to this, the
Cape Point surface Oz seasonal cycle maximize in spring. A few of the extreme surface O3
maximum events identified at Cape Point occurred on the first or second day after the
occurrence of Irene STE event (e.g. 09 August 2002 and 09 July 2004). However, these
events were also characterized by high CO mole fractions of more than 60 ppb. These
observations suggest that these extreme maximum surface Oz events could be related to the
occurrence of STEs or pollution or be affected by both. CO is one of the parameters that is
used to identify pollution and high CO mole fractions are associated with the occurrence of
pollution while low CO mole fractions are associated with clean air masses (Brunke et al.,
2004). It is notable that the observed extreme maximum surface Oz events occurred during
non-background conditions (high CO mole fractions). The identified events predominantly
occur in winter when Cape Point is affected by polluted air masses coming from the north
(Brunke and Scheel, 1998). The autumn events coincides with increase in CO mole fractions
and that suggests that these events are not of stratospheric origin because stratospheric air
is characterized by low CO and high Oz mole fractions (Dessler et al., 1995). As indicated
by NOAA HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) backward
trajectories (Figure 5.8), the extreme maximum surface Oz events occur when air masses
originate from the north of the country or have touched the land before diverting towards

the ocean. The observed backward trajectories together with high CO mole fractions during
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the occurrence of extreme maximum surface Oz events suggest that these events occurred

during non-background conditions (when polluted air arrived at the station).

Table 5.4 (a): Extreme maximum surface Oz selected by using mean and 2 sigma (mean =
25.41, Stdev = 7.53, overall min = 10.35, overall max = 40.47 ppb) from 2000 to 2016.

Date Os (ppb) CO (ppb) Date Os (ppb) CO (ppb)
19-01-00 45.70 123.54 17-10-05 46.77 190.05
20-01-00 55.46 216.49 18-10-05 41.22 114.93

7-04-00 42.61 79.82 11-05-06 41.46 118.46
6-06-00 40.74 115.57 26-08-06 50.71 110.46
22-09-00 42.66 123.21 7-09-06 45.41 105.95
12-05-01 43.60 155.24 19-10-06  41.38 62.01
13-05-01 41.98 106.14 3-04-07 55.32 122.00
15-05-01 40.91 146.27 20-04-07  42.26 98.38
26-07-01 42.70 116.86 21-06-07  40.82 103.14
30-07-01 44.26 175.48 20-10-07 41.70 85.30
8-08-01 45.42 144.38 19-03-08  44.20 #N/A
9-08-01 46.04 85.34 5-03-09 57.42 246.02
8-09-01 4251 87.51 6-03-09 43.04 106.56
15-09-01 40.51 76.98 19-07-09  46.75 #N/A
30-09-01 43.02 73.70 27-07-09  40.57 #N/A
3-10-01 41.63 78.96 4-03-10 4151 65.84
4-10-01 48.94 85.53 23-05-10  41.15 86.63
16-10-01 40.68 110.46 28-06-10 43.04 89.47
15-04-02 46.66 84.63 21-07-10  44.78 146.62
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31-07-10
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16-07-11
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4-09-14
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81.31
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85.26
132.64

70.92

96.53
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96.41
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74.21
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91.55
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19-10-04 40.69

5-04-05 44.80

9-07-05 44.47

10-07-05 45.57

11-07-05 42.18

16-07-05 50.02

17-07-05 47.27

13-09-05 64.25

108.75

110.73

164.78

103.32

105.99

125.34

106.80

129.93

6-09-15

7-06-16

8-06-16

27-06-16

13-07-16

26-08-16

28-08-16

42.11

45.10

44.79

43.55

42.02

42.38

41.69

98.08

91.21

105.61

54.27

101.02

65.88

83.71

Table 5.4 (b): Extreme maximum surface O3 selected by using mean and 3 sigma (mean =
25.41, Stdev = 7.53, overall min = 2.82, overall max = 48.00 ppb) from 2000 to 2016.

Date Os (ppb) CO (ppb)
20-01-00 55.46 216.49
4-10-01 48.94 85.53
20-08-02 48.24 123.09
21-05-03 48.33 156.86
28-06-03 49.16 106.04
29-06-03 49.41 132.77
30-06-03 49.39 105.73
16-07-05 50.02 125.34
13-09-05 64.25 129.93
26-08-06 50.71 110.46
3-04-07 55.32 122.00
5-03-09 57.42 246.02
6-10-10 51.48 116.72
9-10-11 50.06 92.71
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11-04-14 51.56 107.22

4-09-14 48.43 110.43
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Figure 5.7: CO and Oz mole fractions that were observed on the 10 April 2001 (a) and 13
September 2005 (b).
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Figure 5.8: Two days HYSPLIT backward trajectories at 250, 500 and 1000 meters above
ground level for the selected extreme maximum O3 events (13 September 2005 (top right),
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Table 5.5 indicates extreme minimum surface Os events that were identified at Cape
Point from 2000 to 2016. These events were identified by using 2000 to 2016 average and
standard deviation. The standard deviation was increased by a factor of two to determine
the overall minimum. Events exceeding an overall minimum of 10.35 ppb were classified
as the extreme minimum surface O3 events. Forty seven events were identified by using this
method. No extreme minimum surface Os event was identified by increasing standard
deviation by a factor of three (overall minimum decreased to 2.82 ppb). In addition to the
use of overall minimum of 10.35 ppb to classify extreme minimum surface Oz events, CO
was used as a pollution indicator while NOAA HYSPLIT backward trajectories were used
to trace the origin of air masses. The majority of extreme minimum surface Oz events were
observed when CO mole fractions were below 50 ppb. As indicated by some of the
identified extreme minimum surface Os events, the CO and Oz mole fractions are low during
the occurrence of extreme minimum surface Os events (Figure 5.9). These observations
show the absence of pollution during the occurrence extreme minimum surface Os events.
Moreover, NOAA HYSPLIT backward trajectories show south westerly winds during the
occurrence of extreme minimum surface O3z (Figure 5.10). These events are characterized
by clean air masses coming straight from the Atlantic Ocean without being affected by
pollution. The majority of extreme minimum surface Oz events occurred in summer when
Cape Point is less affected by pollution and south westerly winds prevail (Brunke and
Scheel, 1998). Even though Cape Point surface Oz seasonal cycle is similar to SANAE IV
surface Oz seasonal cycle (Mkololo, 2013), the Oz depletion events predominantly occur in
spring in Antarctic stations while extreme minimum surface O3 events predominantly occur
in summer at Cape Point. In addition to this, the Cape Point surface Oz seasonal cycle show
minimum mole fractions during this period. On the other hand, Du Preez et al. (2018)
reported the occurrence of low TCO events in summer and spring over Cape Point and
associated such events with the breakup of polar vortex. However, this study show no event
that occurred on the dates that were reported for low TCO. The current observations indicate

the effect of winds in Oz mole fractions.
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Table 5.5: Extreme minimum surface Os selected by using mean and 2 sigma (mean =
25.41, Stdev = 7.53, overall minimum = 10.35, overall maximum = 40.47 ppb) from 2000

to 2016.
Date Os(ppb) CO (ppb) Date Os (ppb) CO (ppb)
8-02-00 10.06 42.53 20-01-08 9.19 40.23
10-02-00 9.99 46.76 21-01-08 10.04 40.98
22-12-01 9.23 49.68 23-01-08 10.31 40.17
23-12-01 10.30 49.52 23-06-08 10.00 57.59
22-01-02 10.27 #N/A 23-01-09 9.91 36.43
23-01-02 10.28 #N/A 24-01-09 9.66 43.68
6-02-02 8.99 42.30 1-02-09 10.24 38.31
6-01-03 10.00 46.36 18-06-09 9.77 52.18
14-01-03 10.18 54.47 6-02-10 9.79 66.66
15-01-03 8.52 55.20 7-02-10 9.66 45.37
28-01-03 10.15 45.69 19-02-10 9.09 41.14
7-02-03 9.81 48.25 14-01-13 9.51 42.68
19-01-04 10.13 42.39 20-01-13 9.08 42.23
5-01-05 9.80 44.45 22-01-13 9.00 43.69
6-01-05 10.15 45.93 24-01-13 9.97 44.06
22-01-05 9.90 46.92 11-02-13 10.09 56.94
25-01-05 10.26 45.09 21-12-13 8.50 45.94
11-02-05 9.74 40.03 22-12-13 8.86 48.34
16-02-05 9.32 47.87 22-01-16 8.95 #N/A
22-02-05 10.02 42.42 23-01-16 8.77 #N/A
28-02-05 10.35 40.80 24-01-16 10.22 #N/A
18-01-06 7.52 38.91 4-04-16 9.33 45.04
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4-01-08 5.28 42.07

6-01-08 8.12 61.45
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Figure 5.9: CO and Oz mole fractions that were observed on the 04 January 2008 (a) and 18
June 2009 (b).
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5.4.4 TCO relationship with surface Os

The relationship between Cape Point TCO and surface Oz was conducted by using 2005
to 2018 satellite and surface O3 observations. This period was selected due to the availability
of satellites data. The statistics between satellites and Cape Point surface Oz was conducted
by using linear regression method between TCO obtained from OMI-TOMS, OMI-DOAS,
AIRS and MERRA-2 (Figure 5.11). R square, multiple r and percentage r square were
determined from the linear regression of satellites TCO versus surface Osz. R square
percentage was used to determine the relationship between TCO and surface Os. Similar
method was used by Combrink et al. (1995) when investigating the relationship between
surface, free tropospheric and TCO in two contracting areas in South Africa. However, OMI
was the only satellite used for their study. As indicated in Table 5.6, less than 35% of the
variance in TCO is accounted for surface Oz variations. The percentage r square of 31%
obtained between OMI-TOMS and surface Oz was higher than 15% that was reported by
Combrink et al. (1995). A correlation coefficient of 0.56, 0.49, 0.56 and 0.62 was obtained
between OMI-TOMS vs. surface O3, OMI-DOAS vs. surface Oz, AIRS vs. surface Oz and
MERRA-2 vs. surface Og, respectively. Correlation coefficient show weaker relationship
between TCO and surface Os at Cape Point. However, these results are statistically
significant at the 95% level. Table 5.7 shows seasonal variation of TCO obtained from
satellites versus surface Oz. The percentage r square obtained between satellites TCO and
surface Oz show less than 22%, 25%, 13% and 28% variance in TCO accounted for surface
Os in summer, autumn, winter and spring, respectively. In general, the obtained seasonal
variation results are significant at 95% level with winter being exceptional showing
significant relationship for MERRA-2 vs. surface Os. The correlation coefficient show
weaker relationship in all seasons between TCO and surface Os. Amongst all the TCO
observations used in this study, the MERRA-2 TCO shows better correlation with surface
Oa.
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Figure 5.11: Correlation between Cape Point surface Oz and satellite TCO observations (a),
OMI-TOMS vs surface Oz (b), OMI-DOAS vs surface Oz (c) AIRS vs surface Oz and

MERRA-2 vs surface Osz (d) from 2005 to 2016.

Table 5.6: Statistical analysis of TCO and surface Os comparison from 2005 to 2016.

Multiple R Rsquare 9% R square P-value

TCO OMI-TOMS vs. surface Os 0.56 0.31 31.36 2.93e-
TCO OMI-DOAS vs. surface O3 0.49 0.24 24.05 4.40e-10
TCO AIRS vs. surface O3 0.56 0.31 31.15 3.64e-1
TCO MERRA-2 vs. surface O3 0.62 0.38 38.50 1.37e-16

Significant at 95% confidence level.

Table 5.7: Seasonal statistical analysis of TCO and surface Oz comparison from

2005 to 2016.
Multiple R R square % R square  P-value
(a). Summer
TCO OMI-TOMS vs. surface O3 0.40 0.16 16.51 0.01
TCO OMI-DOAS vs. surface Os 0.42 0.17 17.33 0.01
TCO AIRS vs. surface Oz 0.36 0.13 13.07 0.03
TCO MERRA-2 vs. surface Oz 0.46 0.21 1.18 0.00
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(b). Autumn

TCO OMI-TOMS vs. surface O3 0.42 0.17 17.55 0.01
TCO OMI-DOAS vs. surface O3 0.45 0.20 20.08 0.00
TCO AIRS vs. surface Oz 0.24 0.06 5.93 0.15
TCO MERRA-2 vs. surface O3 0.49 0.24 23.97 0.00
(c). Winter
TCO OMI-TOMS vs. surface O3 0.32 0.11 10.69 0.05
TCO OMI-DOAS vs. surface Os 0.26 0.07 7.01 0.12
TCO AIRS vs. surface O3 0.23 0.05 5.45 0.17
TCO MERRA-2 vs. surface O3 0.34 0.12 12.06 0.04
(d). Spring
TCO OMI-TOMS vs. surface O3 0.46 0.21 2151 0.00
TCO OMI-DOAS vs. surface O3 0.36 0.11 11.26 0.04
TCO AIRS vs. surface O3 0.51 0.27 26.55 0.00
TCO MERRA-2 vs. surface Os 0.52 0.27 27.36 0.00

5.5 Summary

e Our observations show a negative trend in day-time while a positive trend was observed in
night-time data subsets.

e Based on 2014, 2015 and 2018 observations, wind changes could potentially be the reason
for the observed surface Oz increase. However, further investigation is required from 2019
onwards because of 2017 data gap and dominant south-easterlies observed in 2016.

e It is evidenced from wind and Rn??? concentration roses that south-easterlies brings clean
air to the station. Hence Rn??? roses show low concentrations in the southern sector and
high concentrations observed in the northern sector.

e Solar radiation plays a critical role in Oz formation and destruction. Hence, slightly high
standard deviations were observed during the day and in months with strong solar radiation.
While slightly low standard deviations were observed at night and in months with less solar
radiation.

e Weekdays and weekend trends show almost similar results. Therefore, we conclude that
the observed Oz increase at Cape Point is not driven by the weekend effect.
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In general, the percentage r square obtained between satellites TCO and surface Oz shows

less than 39% variance in TCO accounted for surface Oz at Cape Point. Although the results

are significant at 95% level except in winter, the correlation is week between TCO and

surface Os.

Moreover, further investigation is required on:

O3 data from other southern hemisphere stations need to be analysed for trends in
order to know if the current O3 increase is the southern hemisphere phenomenon.
Os data from Cape Town stations such as Goodwood and Molteno need to be
analysed for trends in order to know if the current Oz increase is related to 2017
Cape Town drought.

Long-term changes in the wind characteristics and its impact on tropospheric O3
concentrations.

NOx trend analysis will be conducted as soon as enough NOx data is available.
The effect of STE on surface Oz remains a gap that need to be investigated in future
studies.

The future study will investigate the impact of meteorology and dynamic factors on

the identified extreme maximum and minimum surface O3 events.
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CHAPTER 6: SUMMARY AND RECOMMENDATIONS

This chapter gives a summary on the studies conducted using Irene vertical Oz profiles (2000 to
2015), Stellenbosch Dobson spectrophotometer TCO observations (2017 and 2018) coupled with
satellites (OMI-TOMS, OMI-DOAS, AIRS and MERRA-2) TCO observations. In addition, this
chapter gives a summary of annual, seasonal and weekday-weekend Oz changes observed by using

2000 to 2018 Cape Point surface O3 data (all-day, day-time and night-time).

6.1 Summary

Ozonesondes data was used to identify high Oz events over Irene. Days with Oz exceeding the
monthly 90" and 95" percentile composites were selected and investigated if the observed O
increase was related to STE. In addition, PV was used to identify stratospheric air masses. Two
categories were used to identify high Os events of stratospheric origin. The first category used the
monthly 95" percentile composite and 2 PVU. The second category used the monthly 90™
percentile composite and 2 PVU. Events exceeding these thresholds were classified as high Os
events and were associated with stratospheric origin because high PV only exists in the
stratosphere. More events were identified by using the monthly 90" percentile composite and 2
PVU while less events were identified by using the monthly 95" percentile composite and 2 PVU.
PV charts showed that there are more high O3 events over Irene that could be identified by using
a PV threshold of less than 2 PVU. Such events are indicated in PV charts in chapter 3. These
events were observed in all seasons between 7 km and 11 km. However, they were more dominant
in winter and spring. In addition, Os changes at different altitudes were investigated by calculating
annual composites for the medians, 5" and 95" percentiles. A positive increase of 0.07+0.22,
0.02+0.17 and 0.07+0.27 ppb/year was observed at 7-9 km for the medians, 5" and 95" percentiles,
respectively. A negative Oz decrease of -2.38+3.28 ppb/year was observed at 13-15 km for the
95" percentiles while medians and 5™ percentiles O decrease was observed from 16-18 km layer.
More Os decrease was observed at 22—-24 km for the medians (-16.16+21.83 ppb/year), 5" (-
21.19+27.39 ppb/year) and 95" percentile (-14.81+21.82 ppb/year). In general, linear trend
analysis showed O3 decrease in the lower stratosphere while Oz increase was observed in the lower
troposphere in all seasons. High standard deviation was observed in altitudes closer to the

tropopause.
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This chapter also presents summary of Stellenbosch Dobson#035 TCO validations conducted
by using OMI-TOMS, OMI-DOAS and AIRS satellite observations. In addition, MERRA-2
assimilation data was compared with Dobson#035 TCO observations. Validation between
Dobson#035 TCO observation and satellite TCO observations was done by calculating percentage
difference, percentage error and correlation coefficient. Daily percentage differences between
Dobson#035 and satellites TCO observations varied within +2%. However, in some days, the
percentage difference was lower than -2% or higher than 2%. A correlation coefficient of 0.97 was
observed between OMI-TOMS and Dobson#035 TCO observations. The likely reason for this
good agreement could be related with the retrieval algorithm adopted between OMI-TOMS and
Dobson spectrophotometer. MERRA-2 shows a correlation coefficient of 0.95 when compared
with Dobson#035 TCO observations. The obtained good correlation between MERRA-2 and
Dobson#035 could be related to the OMI observation method that is used by MERRA-2 for Os
assimilation. OMI-DOAS showed a correlation coefficient of 0.85 while a correlation coefficient
of 0.92 was observed between AIRS and Dobson#035 TCO observations.

Lastly, this chapter presents a summary of all-day, day and night-time Oz changes conducted
using 2000 to 2018 surface O3 data measured at Cape Point. The later years, 2017 and 2018 were
excluded in trend analysis due to high Oz mole fractions observed in these years. Annual, seasonal
and weekday-weekend changes were calculated by using linear trend regression and Theil-Sen
trend analysis. Linear trend regression showed an increase of 0.24 ppb/year, 0.28 ppb/year and
0.19 ppb/year for all-day, night and day-time, respectively. On the other hand, Theil-Sen analysis
showed an increase of 0.40%/year, 0.67%/year and 0.02%/year for all-day, night and day-time,
respectively. Slightly high Os mole fractions were observed in day-time dataset relative to night-
time. This could be related to photochemical reactions that takes place during the day. While
slightly low Oz mole fractions at night could be related to Oz destruction by NO and deposition
processes that takes place during this time. The observed extreme maximum surface Oz events
coincides with high CO mole fractions and NOAA HYSPLIT backward trajectories show
continental air masses that comes up the country. On the other hand, extreme minimum surface O3
events coincides with low CO mole fractions and NOAA HYSPLIT backward trajectories show
clean air from the Atlantic Ocean. The relationship between satellites and surface Oz was
conducted by using TCO observations obtained from OMI-TOMS, OMI-DOAS, AIRS and
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MERRA-2. The statistics between satellites and surface Os was conducted by using linear

regression method. A correlation coefficient of 0.56, 0.49, 0.56 and 0.62 was obtained between
OMI-TOMS vs. surface Oz, OMI-DOAS vs. surface Os, AIRS vs. surface Oz and MERRA-2 vs.
surface Os, respectively.

6.2 Conclusions

Based on the findings from the objectives of this study, the following can be concluded:

High O3 of stratospheric origin can reach down to 7 km over Irene. However, the majority
of these events occurred between 9 km and 10 km and only few events reached down to 7
km region.
The observed positive O3 changes in the lower troposphere could be related to manmade
activities.
High standard deviation closer to the tropopause could be related to STE and other
atmospheric dynamic factors occurring in tropopause region.
O3 decrease observed in the lower stratosphere over Irene was more dominant in winter and
spring seasons.
In general, the percentage difference between satellites and Stellenbosch Dobson TCO
observations varied between +2%.
Despite the small differences between Dobson and satellites TCO observations, there is a
good correlation coefficient between satellites (MERRA-2, OMI-TOMS, AIRS and OMI-
DOAS) and Stellenbosch Dobson TCO observations.
Os increase at Cape Point was observed in all data (all-day, day and night-time data) subsets.
However, the main reason for the observed increase is not yet clear.
Os increase at Cape Point could be influenced by:
- Changes in winds and other meteorological parameters.
- Changes in regional or hemisphere Oz souces and sinks.
In general, the observed extreme maximum surface O3 events at Cape Point could be related
to the arrival of polluted air to the station that is influenced by anthropogenic activities. While
extreme minimum surface Os events occurred under clean air masses that originate from the

Atlantic Ocean.
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e TCO observations obtained from MERRA-2 correlates better with surface O3 measurements
as compared with the correlation of OMI-TOMS vs. surface Oz, OMI-DOAS vs. surface Os,
AIRS vs. surface Os.

6.3 Limitations of the Study

o The current Dobson technique requires manual operation and result to non-continuity of
TCO observations during the day. This limits the understanding of diurnal TCO behavior in South
Africa.

o Some of the high Oz events were not identified over Irene due to data gaps in ozonesondes
launches.
o NOyx and other Oz precursor measurements are important to understand surface Os changes

(seasonal fluctuations and long term trends). The absence of NOy measurents at Cape Point during

the study period limits the conclusions that can be drawn from the observed Oz changes.
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6.4 Recommendations

o It is recommended to continue with ozonesondes launches and conduct more studies on
STE statistical analysis.

o Depending on the availability of funds, it is recommended to have a Brewer instrument in
South Africa in inorder to conduct continous TCO observations that will enable to study TCO
behaviour throughout the day.

o It is recommended to use other Southern Hemisphere GAW surface O3z data to investigate
the annual, seasonal and weekday-weekend changes in all-day, day and night-time data subsets.

o Furthermore, long-term trend analysis from closer stations such as Molteno and Goodwood
is required to investigate if the observed Os increase at Cape Point is caused by regional changes
or related to 2016 to 2017 drought.

o In addition to surface O3 data, NOx and meteorological parameters (wind, solar radiation
and temperature) can add more value on the study.

o It is recommended to investigate the effect of meteorology and PV on the observed Cape

Point extreme maximum and minimum surface Oz events.
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