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Abstract

Ground-level ozone (O,) is an air pollutant of major health and environmental concern. The Johannesburg-Pretoria megacity in South
Africa is the industrial and economical capital of the country with more than 10 million inhabitants experiencing poor air quality. In
2004, the City of Johannesburg (CoJ) began monitoring trace gases to assess ground-level O, pollution. Here, we use CoJ’s publicly
available air quality data, and present the first long-term data analysis of O,, nitric oxide (NO), nitrogen dioxide (NO,), NO, and carbon
monoxide (CO) in the City from 2004 to 2011 at three air quality monitoring sites: Buccleuch, Delta Park and Newtown. We quantified
CoJ’s South African National Ambient Air Quality Standards (NAAQS) exceedances for O,and NO,, and demonstrate the City’s substantial
0, and NO, air pollution problem. O, mixing ratios peak in the early afternoon as expected due to photochemical production. To
estimate O, production rates, we summed O, and NO, diurnal profiles to obtain O _mixing ratios at each site. This analysis provided
insight into missing volatile organic compound (VOC) reactivity as well as primary NO, emissions information necessary for developing
tropospheric O, pollution mitigation strategies. Furthermore, CoJ experiences high O, mixing ratios on weekends due to lower NO,
traffic emissions titrating the O,, thereby providing evidence of a VOC-limited regime for O, production. Seasonal peak O, occurs
in the austral spring, a maximum that we link to increases in water (H,0) concentrations which in turn increases radical chemistry
leading to O,. In addition, wintertime VOC and aerosol emissions from biomass burning over the winter add important precursors for
0, formation once radical chemistry is initiated during the first rain events in early spring. In all, this study will help inform air quality
modelling and policy work on air pollutants in the City of Johannesburg, South Africa.
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Introduction

Ground-level ozone (0,) is a major component of photochemical
smog (Jacobs, 1999). It can negatively impact human health and
the environment by causing oxidative stress in the human lungs
and/or in plant stomata (Monks et al., 2015; Sillman, 2003). O, is
astressoron agricultural crops, and consequently on the world’s

0, is termed a secondary pollutant because it is formed in the
atmosphere from precursor gases such as nitrogen oxides (NO )
and volatile organic compounds (VOCs) in the presence of
sunlight (Jacobs, 1999; Pusede et al., 2015). However, O, has a
non-linear dependence on the concentrations of its precursors
and thus is notoriously difficult to manage and mitigate. NO

food supply (Mills et al., 2018; Wilkinson et al., 2012). O, has been
labelled as the most difficult pollutant to bring into compliance
with air quality standards (Jacobs, 1999).

and NO, interconvert rapidly in the atmosphere and their sum
is denoted as NO_(Figure 1). Daytime photolysis of NO, leads to
the production of an O atom (Reaction 1) which then goes on to
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react with abundant oxygen molecules to form O, (Reaction 2)
and involves a third body molecule, most likely N, (Figure 1). O,
is also destroyed by NO to regenerate NO,, thus forming a null
cycle (Reaction 3), traditionally termed the photo-stationary
state (Jacobs, 1999). We subsequently refer to Reaction 3 as O,
titration. However, if NO is converted back into NO, by peroxy
radicals (RO,) (Reaction 5), the latter originating from oxidation
of VOCs often by OH radicals or direct photolysis (Reaction 4), O,
production ensues (Figure 1). It is the regeneration of NO, from
Reaction 5 instead of from Reaction 3 that leads to O, production
P(0,) and therefore to ground-level O, pollution.

Understanding the termination reactions that remove RO,
and NO, radicals from this cycle are important in assessing O,
production. In an area with elevated NO, mixing ratios, NO, can
irreversibly react with OH to form nitric acid, HNO, (Reaction
6), which is soluble and will be washed out by wet deposition
(Figure 1). The other termination pathway occurs in low NO,
regions when RO, (including HO,) radicals self-react to from
ROOR (including H,0,) and O, (Reaction 7) (Figure 1). The latter
pathway is negligible in urban areas where considerable NO,
mixing ratios are expected. Furthermore, we define the sum
of 0, and NO, as O, used as proxy for total oxidants in the
atmosphere (Geddes et al., 2009). NO_and VOC emissions can
vary considerably depending on location, yet O, pollution is
typically a regional problem due to the transport of precursors
from their emission points, further complicating its source
apportionment.

Tropospheric O, mixing ratios in southern Africa remain high,
often exceeding air quality standards. A lack of spatiotemporal
monitoring as well as elevated precursor emissions (Mills et
al., 2018) hinders abilities to mitigate O, pollution. South Africa
is one of the few countries on the African continent to have
comprehensive air quality legislation (Schwela, 2012). The
National Environmental Management: Air Quality Act (Act 39
of 2004) (AQA) enacted in 2004 identifies near-surface O, as a
criteria pollutant. The National Ambient Air Quality Standards
(NAAQS) for O, was set in 2009 at 61 ppb (120 pg/m?) for an
8-hour running average, with 11 allowable hourly exceedances
per year (Sonjica, 2009). In South Africa, air quality priority areas
can be declared for specific regions which consistently exceed
standards, or are expected to exceed in the near future, and
which require specific air quality management actions from a
national level to improve air quality (Legislation, 2005). There
are currently three air quality priority areas within South Africa,
namely the Vaal Triangle Airshed Priority Area (VTAPA) (van
Schalkwyk, DEAT, 2006), the Highveld Priority Area (HPA) (van
Schalkwyk, DEAT, 2007) and the Waterberg-Bojanala Priority
Area (WBPA) (DEA, 2012). A southern portion of the city of
Johannesburg falls within the VTAPA, while the HPA borders the
city to the east (Figure 2). The WBPA is approximately 75 km to
the north of the city.

The City of Johannesburg (CoJ) is a rapidly growing urban
area within the Gauteng Province of South Africa and is also
the most populous city within the province (Figure 2). It is a
noticeably higher altitude city at an elevation of 1750 m a.s.l. It

is the most economically active in the country, contributing 17%
to the country’s GDP (Parks Tau and Fowler, 2016). Amidst this
economic activity and development, CoJ experiences degraded
air quality due to emissions from sources such as a rapidly
increasing commercial and private vehicle fleets, household fuel
combustion of coal, wood, liquefied petroleum gas and paraffin,
mine tailing dumps, and various other industries (Figure 3)
(CSIR and Airshed Professionals, 2019). Additionally, emissions
emanating outside the city boundaries can also impact the
urban air quality, such as a 420 MW pulverized coal fired power
plant (Kelvin Power Station) outside the north-eastern edge of
the city, as well as pollutants emitted in the adjacent priority
areas. Emissions from adjacent priority areas include those from
13 of the country’s 15 coal-fired power stations with an installed
nominal capacity of 38.5 GW. In addition, CoJ is impacted by
large-scale biomass burning that occurs in southern Africa
in the austral winter and early spring, from June to October
(Archibald et al., 2010; Giglio et al., 2006). NO_is emitted through
high temperature combustion from sources such as vehicles
and coal-fired power stations; as well as natural sources such
as lightning strikes (Maseko et al., 2021). VOC emissions have
a variety of sources to the atmosphere, which may be natural
(biomass burning or biogenic) or anthropogenic, including
from transport, industrial and residential sectors. Indeed, an
air quality study in South Africa attributed continental O, to
biomass and residential burning (Laban et al., 2018). From the
Irene O, sondes launch station 15 km north-east of CoJ, biomass
burning and long-range transport are known to have important
impacts on the variability and magnitude of column O, (Diab et
al., 2004; Raghunandan et al., 2007; Thompson et al., 2007; Witte
et al., 2017). However, there has been less research on ground-
level O, mixing ratios in Johannesburg and surrounding regions;
though there have been some long-term measurements of O,
in South Africa (Balashov et al., 2014; Krohm, 1993; Rorich and
Galpin, 1998).
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Figure 1: The mechanism for O, production involves NO , VOCs and
sunlight. The individual reactions are labelled according to the reactions
in the text. Importantly, Reaction 3 is the O, titration reaction (Jacobs,
1999).
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Figure 2: Maps of the study area within the context of the African continent, of South Africa and the Highveld Area as well as of Johannesburg. The three
air quality monitoring stations, Buccleuch, Delta Park and Newtown are depicted as red triangles within Johannesburg. The population density (2015) is

represented by the color scale.

0% 3% ) ) 0%
® Biogenic

8%
® Biomass
¥ Households
® Landfills

Vehicles

B [ndustry

VOC emissions

NOXx emissions

Figure 3: Johannesburg emissions share by sector and O, precursor of
total tonnage per year (CSIR and Airshed Professionals, 2019).

Literature on ground-level O, mixing ratios in and around CoJ
is primarily based on previous passive sampling measurements
of monthly O, mixing ratios with some continuous monitoring
(Zunckel et al., 2004). Indeed, in the 1980s, O, levels were
already known to be unusually high, with a recorded peak
of 302 ppbv in the spring of 1984 in Johannesburg (Stevens,
1987). Furthermore, there were 84 exceedances of the previous
US EPA hourly standard (80 ppbv) for the time period between
1984-winter 1985 (Stevens, 1987). In that study, emissions from
traffic were identified as a key contributor to NO_pollution.
However, between 2005-2007, monthly averages of O,
measured by passive sampling, ranged between 0 and 43 ppbv
at a rural site (Josipovic et al., 2010). Lourens et al. in 2011
saw few exceedances of the NAAQS in O, and NO,_ from passive
sampling between 2007 and 2008, but did observe an anti-
correlation between high spring O, mixing ratios and low spring
NO,, likely indicative of a VOC-limited regime. A study of ground-
level O, data of 1990-2007 in the Mpumalanga Province (east of
Johannesburg) found no statistically significant trend in annual
0,, and only one station exhibited a slight negative trend (-0.92
ppb/yr) in spring O, averages (Balashov et al., 2014). In addition,
four out of five stations studied in Mpumalanga Province showed
sensitivity to ENSO in December-May, with El Nifio amplifying
0, formation (Balashov et al., 2014). Measurement sites in the
VTAPA, which include the Diepkloof site in the southern part of
CoJ, recorded exceedances of the NAAQS as well as a seasonal
increase in springtime O, (Govender and Sivakumar, 2019).
Most of these studies conclude that further research in the
Johannesburg-Pretoria Megacity area is needed.
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Figure 4: Mixing ratios of O_(O, +NO,) as a function of air mass
transport of a plume containing NO, NO, and O.. As a polluted air
mass travels downwind of its emission source, along the x-axis, O,
and NO, concentrations interconvert, and so O, calculations allow the
visualization of the sum of gas phase oxidants. Note that point source
increases in NO, can also lead to increases in O,

CoJ installed an air quality monitoring network in 2004 to
quantify the extent of its air quality problem in its metropolitan
area. Since then, air quality data including ozone (O,), nitrogen
oxides (NO and NO,) and carbon monoxide (CO) have been
measured in real time. In this study, we looked at a dataset
from 2004 to 2011 of hourly O, mixing ratios and its precursors,
namely NO, NO,, NO_and CO, measured at three different
monitoring sites within CoJ. Importantly, we quantify O, the
sum of NO, and O,, to estimate the photochemical production
of O, on aregional scale (see Figure 4). To mitigate tropospheric
O, pollution, we must develop strategies to lower O, production
rates, and O represents a good proxy for this rate (Geddes et
al., 2009; Sokhi et al., 2021). To be clear, high O, mixing ratios
do not equate to high O, production rates because of the non-
linear formation of this secondary pollutant (see Figure 9 for
examples). Since O, and NO, interconvert rapidly between each
other and form a null cycle (R1, R2 and R3 in Figure 1), changes
in either one of these pollutants do not necessarily translate
into changes in ozone production (see Figure 4). Furthermore,
as a polluted air mass travels downwind of its emission source,
0, and NO, concentrations continue to interconvert, and so O,
calculations allow the visualization of the sum of gas phase
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oxidants (Figure 4). We recommend considering O, chemistry
for O, pollution mitigation strategies. Through this analysis, we
aim to better understand O, pollution within the city to better
characterize the pollution and its drivers, and thus inform air
quality management.

Methods

Description of studied area

The City of Johannesburg (CoJ) is surrounded by other populous
cities (e.g. City of Tshwane), as well as heavily industrialized
areas. Specifically, Ekurhuleni Metropolitan Municipality and
Mpumalanga Province lie to the east, and the Vaal Triangle lies
to the south (Figure 2). The southern part of Johannesburg falls
within the Vaal Triangle Airshed Priority Area, and the Highveld
Priority Area borders the city to the east (Figure 2). The recently
declared Waterberg-Bojanala Priority Area is to the north and
northeast of Johannesburg. Thus, transboundary pollution
from these priority areas is a concern for the city.

Monitoring stations

Dataset length and availability

The hourly air quality and meteorological data from four
monitoringsites, Buccleuch, Delta Park, Newtown and Alexandra
(Figure 2) were acquired through the South African Air Quality
Information Systems (SAAQIS; https://saagis.environment.gov.
za) with permission from CoJ. O, was measured at the Alexandra
site from 2004 to 2008, but the data collection ended in 2008.
Since the Alexandra time-series represented only 3.5 years of
data, we omitted this site from our analysis. Therefore, only
three air quality monitoring sites, Buccleuch, Delta Park, and
Newtown, were chosen for this study for their O, measurement
availability from 2004 to 2011. After 2011, the data availability
dropped significantly, and we therefore focus our analysis on
the continuous time-series of pollutants between 2004-2011.

Relative humidity (RH) and dewpoint temperature data for the
seasonal analysis were not available at Buccleuch, Delta Park
or Newtown, and so we used RH, temperature and dewpoint
temperature data from the Global Hourly Integrated Surface
Database hosted by NOAA. We used weather data from 2004-
2011 at the nearby location of OR Tambo International Airport
considered part of the broader CoJ metropolitan area.

Site descriptions

The Buccleuch, Delta Park and Newtown sites are influenced
by traffic, residential, and urban environments, respectively.
The Buccleuch site (26.0453°S; 28.0991°E) is located at the
interchange of three major highways (4 - 6 lanes per direction),
the N1, N3 and M1, in the northern part of the city (Figure 2).
According to the South African National Roads Agency Limited
(SANRAL) vehicle counts, over 146 million vehicles passed
through the interchange in 2016, with peak volumes seen at
either 08:00 or 16:00 (The South African National Roads Agency
LTD, 2016). This amounts to an average daily traffic of 403 590

vehicles per day which is comparable for major metropolitan
areas around the world. For context, the Springfield Interchange
on the Capital Beltway around Washington DC in the United
States saw 430 000 vehicles per day in a 2008 estimate
(Washington Post, 2007). Additionally, the interchange between
Highway 401 and Highway 400 in Toronto, Canada is considered
to be Canada’s busiest interchange, with a peak flow over 400
000 vehicles per day in 2004 (Nikolic et al., 2005). Thus, the
Buccleuch interchange may be considered to have particularly
high volumes of vehicles.

The Delta Park site (26.125°S; 28.0086°E) is situated in the
middle-class residential suburb of Blairgowrie. The station
itself is located in a semi- to sparsely vegetated park with an
approximately 1 km? area. According to the South African
National Land Cover 2018 dataset, the dominant vegetation
types in the park are dense forest, woodland and natural
grassland (GeoTerralmage, 2018). The nearest busy road is a four
lane arterial road (Jan Smuts Avenue) 1.6 km to the north-east.

The Newtown site (26.2052°S; 28.0321°E) is located in downtown
Johannesburgin the central business district at an office parking
lot, 145 m to the east of the double decker section of the M1
highway.

Instrumentation for trace gas analysis

0, measurements were made with Thermo 49C UV photometric
0, analyzer (Thermo Fisher Scientific, Franklin, MA, USA), and
NO, NO, and NO, data were from measurements made with the
Thermo 42C chemiluminescent gas analyser (Thermo Fisher
Scientific, Franklin, MA, USA)). These instruments both use U.S.
EPA Designated Methods and show equivalency to the South
African monitoring standards.

We further verified our dataset for the reported BTEX
(benzene, toluene, ethylbenzene and xylene) interferences
to O, measurements (Xu et al., 2018). We conclude that this
interference is unlikely in this study for 2 reasons. (1) BTEX
compounds are co-emitted with CO but in our study, CO was
anti-correlated with O, in CoJ’s VOC-limited regime for O,
production. In other words, the higher recorded mixing ratios
of O, occurred when CO, and thus BTEX, were lower, thereby
avoiding a bias in high O, mixing ratios due to interference. (2)
0, measurements at Buccleuch, the traffic site, show a clear
photochemical diurnal profile, further supporting the validity of
the O, measurements despite a high BTEX environment which
would likely have peaked during morning and evening traffic
(see CO diurnal profile in Figure 8A).

We also note that alkyl nitrates, such as peroxyacetyl nitrate
PAN, and HONO were also likely measured by the NO,_analyzer,
and thus these measurements are likely an overestimate of NO,
(Wooldridge et al., 2010). Meteorological measurements at each
site included wind speed, wind direction, temperature, relative
humidity, solar radiation and atmospheric pressure data,
although at times these datasets were incomplete. Buccleuch
and Newtown also had available intermittent CO data measured
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by a Thermo Model 48C CO analyser. Finally, Buccleuch had
incomplete BTEX data and it was deemed unusable for data
analysis. This study looks at the available data from July 2004
to December 2011, after which time, the data completeness
decreases dramatically and thus is unreliable.

Data analysis

Data quality control

These monitoring stations are intended to be continuous;
however numerous issues relating to instrumentation errors,
technical problems and power-failures have resulted in
incomplete datasets throughout the 2004-2011 study period.
Although the data can be publicly requested, we unfortunately
do not have access to instrument logs, logbooks or flagged data.
Consequently, our data quality control focused on obvious
invalid data such as multi-day identical values (unrealistic for
short lived species), negative values (nonsensical) and infinity
values (“inf”, nonsensical). Note that we did first look for baseline
drifts which could have occurred due to lack of calibrations, but
there was no obvious drift to account for (see Figures S1and S2).
The hourly concentrations were rounded to the nearest integer
for 0, and NO, and to the nearest tenth of a decimal for CO.

To further substantiate the data quality control analysis, diurnal
plots for all pollutants were generated with raw versus quality
controlled data, to ensure no significant differences were
introduced during our quality control. For example, diurnal
profiles of CO at Buccleuch showed no difference in mean,
concluding that our quality control methods have not altered
the overall dataset (Figure S3).

Data completeness

Data completeness varied between years and months but did not
show a significant difference between weekdays and weekends.
Furthermore, no clear difference in data completeness was
observed between seasons and hours of the day, indicating that
despite incompleteness, the quality-controlled data showed
good representativeness. In all, data availability over the 8-year
period across sites binned hourly ranged between 58.8-77.3%
for 0,, 54.3-64.1% for NO, and 40.5-66.4% for CO, all with
standard deviations of less than 5.2% (Table S6).

Statistical analysis

The quality-controlled datasets were checked for normal
vs lognormal distributions. All inspected pollutant data
showed lognormal distribution, indicating that the data was
skewed to lower concentrations, which is typically observed
in environmental and air quality observations (Limpert et al.,
2001). Indeed, high values were observed, although at lower
frequencies. Diurnal cycle plots are used to demonstrate daily
profiles of O, and its precursors.

Statistics for the seasonal analysis were conducted in Rusing the
Simple linear regression method, with the Im() function from the
stats package. We report R? values of the regression models for
quantifying how much variability of the monthly mixing ratios

of the trace gases can be explained by the change of time. We
also report the p-values of the trend slopes, with p-value <0.01
considered to represent a significant trend.

We attempted to look at trends in O,, NO, and O, over our study
period, but the dataset is too short to draw conclusions (Figure
S11).

Air quality exceedance calculations

0, and NO, exceedances were calculated based on the NAAQS
for South Africa. An O, exceedance is an 8-hour running average
concentration above 61 ppbv, with an annual allowance of
11 hourly exceedances. The prescribed O, exceedance is not
limited to one exceedance per day, like the WHO (World Health
Organization, 2021) and US EPA standards (US EPA, 2020), but
rather any 8-h running average that exceeds 61 ppbv. Therefore,
multiple exceedances per day can occur in South Africa. NO,
exceedances are defined as those above 106 ppbv and 21 ppbv
for hourly and yearly averages, respectively. 88 NO, hourly
exceedances per year and zero NO, yearly exceedances are
allowed by the NAAQS.

H,0 concentrations calculations
The partial pressure of H,0 was calculated using the dew point
temperature as input into the Tetens equation (mbar):

Prz20 = 0.61078 x exp(17.27 x dewpointT/(dewpointT + 243.04)) x 10

The saturation vapour pressure of H,0 was also calculated using
the ambient recorded temperature within the Tetens equation
and subsequently converted into H,O partial pressure using the
RH data. Both methods corroborate the partial pressure of H,0.
The concentration of H,0 was then calculated using:

PH204v
N, ==
H20 RT

where A is Avogadro’s number, Ris the gas constant and T is the
ambient temperature in K. H,0 concentrations are reported in
molecules/cm3.

Data analysis software
Finally, plots were generated using either R version 3.4.1 or IGOR
version 7.

Results and discussion

O, exceedances in Johannesburg

0, mixing ratios from three air quality monitoring sites show
exceedances according to South Africa NAAQS (Figure 5). The
number of yearly O, exceedances from 2004-2011 at Buccleuch,
Delta Park and Newtown ranged between 0 - 121, 20 - 427 and
6 — 75, respectively, out of a possible 8 760 hours (Figure 5 and
Table S1). Note that since NAAQS exceedances are calculated on
an hourly basis in South Africa, multiple exceedances per day are
possible. Because of variable data completeness, the number
of O, exceedances likely represent a lower bound (Figure 5).
Clearly, CoJ has a substantial and quantifiable ground-level O,
pollution problem, particularly at Delta Park.
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Figure 5: Number of O, exceedances per year at Buccleuch, Delta Park and Newtown over the study period. The O, exceedances were calculated using
8-h running averages of O, at each monitoring station. The data completeness percentage is plotted as the grey bars and helps interpret the number of
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Figure 6: Time series of 8-h running average of O, mixing ratios at Delta Park from September-October 2005 during an excessively high O, pollution
period. Red line represents the South African NAAQS. The 2015 US EPA standards (70 ppbv as the fourth-highest daily maximum 8-hour concentration,
averaged across three consecutive years) and 2021 WHO guidelines (100 ug/m?, or 50 ppbyv, 8-hour daily maximum) are presented as references.

There are clear differences in the number of O, exceedances per
site. O, exceedances occurred at Delta Park every year, with 478
recorded exceedances in 2005. Delta Park is a residential site and
was initially intended to be an urban background site, however,
it clearly experiences the highest O, pollution, concurrently with
lower NO, concentrations. On the other hand, at Buccleuch, a
heavily traffic influenced site, few annual O, exceedances were
observed. This low frequency of exceedance at Buccleuch is
attributed to NO titrating O, mixing ratios through Reaction 3 in
Figure 1. At Delta Park, this titration does not occur to the same

extent, leading to higher O, mixing ratios. Newtown is an inner-
city site near a busy road and experiences O, exceedances near
the NAAQS; however not as many as at Delta Park. Of note, a
concerning sustained high O, pollution period occurred at Delta
Park from September to October 2005 (Figure 6, Table S1). 8-h
running average O, exceeded the 61 ppbv set by NAAQS, 51 out
of 61 days during the spring of 2005 (Figure 6). Delta Park isin a
residential area within Johannesburg, and we expect these high
0O, mixing ratios had non-negligible effects on the health of the
residents in the spring of 2005.
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CoJ is not the only city in South Africa to experience large Diurnal profiles of O..NO and CO

numbers of O, exceedances of the NAAQS. At the Marikana - : 3 x - -
o 3 - o : Hourly diurnal profiles of O,, NO_and CO display strong time-

monitoring station located in a mining area northwest of CoJ, of-day dependence at the sites (Figure 8 and refer to Tables

0, exceedances of NAAQS more than 322 times per year were $3, S4, S5 and S6). O, peaked in the afternoon as expected,

measured between February 2008 and May 2010 (Venter et al., coinciding with peak solar irradiance necessary for its

2012). These exceedances were attributed to regional air masses photochemical production. The lowest O, mixing ratios were
bringing O, precursors to the monitoringsite. In the Mpumalanga recorded during morning rush hour around 7:00AM, concurrent
Province monitoring sites in the Highveld Priority Area (see with high NO traffic emissions titrating O, from R3 in Figure 1
Figure 2), annual O, exceedances across five sites for 2012-2014 (Figure 8). Increasing O, mixing ratios overnight were perhaps
were between 17-761 per year (Lukey, Peter et al., 2011). The due to the entrainment of residual O, above the shallow
Vaal Priority Area also experienced notable exceedances over nocturnal boundary layer. O, mixing ratios were consistently
the period of 2007-2017, but were not numbered (Govender anti-correlated with traffic emitted NO, as expected from the
and Sivakumar, 2019). This large number of exceedances in the formation mechanism of O, from the photolysis of NO, (R1 and
areas surrounding Johannesburg highlights that O, pollution is R2 in Figure 1). At all sites, the evening peak in NO, coincided
an issue across the region. with slightly higher NO,, indicative of a shallower boundary

. layer trapping pollutants and/or of a change in emission
N02 exceedances In JOhaanSbu Fg sources. Despite these similarities, Buccleuch, Delta Park and
Newtown and Buccleuch have high exceedances of the NO, Newton had important differences in diurnal profiles of these

annual NAAQS (21 ppbv), with yearly averages of NO, mixing criteria pollutants.
ratios up to 49.7 ppbv and 42.3 ppbv, respectively, over the
8-year study period (Figure 7 and Table S2). The available data Buccleuch’s diurnal profile showed remarkably high NO, mixing

ranged from 0% to 96% completeness, and thus is important ratios, peaking around 250 ppbv every morning from traffic
to consider when analysing the annual averages and number emitted NO (Figure 8A). Over 400 000 vehicles pass by the
of exceedances calculated (Figure 7). Nonetheless, Buccleuch Buccleuch interchange on average per day (See Figure S10 for
and Newtown appeared to consistently exceed the annual diurnal variation in hourly traffic counts) (The South African
NAAQS for NO,, whereas Delta Park showed no exceedances in National Roads Agency LTD, 2016). NO clearly remains the major
NO, regardless of the data fraction available. Since the lifetime component of NO_throughout the day as expected for this traffic
of NO, in the boundary layer is relatively short (approximately site (Figure 8A). Furthermore, the CO/NO ratio is slightly lower
6 hours in summer time), it is often co-located with its sources, in the evening from 7:00 PM to 11:00 PM, indicating a change
which in this case are majorly traffic emissions (see Figure 3) in source emissions from traffic to other types of incomplete
(Pusede et al., 2015). combustion sources (Figure 8A). In addition, domestic coal
CLEAN AIR JOURNAL © 2023. The Author(s). Published under a
Volume 33, No 1, 2023 7 Creative Commons Attribution Licence.
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combustion in nearby low-income settlements for cooking and
heating could be contributing to the nighttime (from 11:00 PM to
5:00 AM) increased ratio of CO/NO_ at Buccleuch.

Delta Park O, mixing ratios are distinctively high with an average
of 48 ppbv at 2:00 PM over the 8-year period (Figure 8B). Lower
NO, mixing ratios contribute to higher O, levels at Delta Park,
because less O, titration is occurring (R3). Of note, the morning
rush hour peak of NO_ at this station saw similar contributions
from NO and NO,, suggesting localized NO traffic emissions are
low, reaching only 25 ppbv in the morning (Figure 8B). Average
O, mixing ratios peaked an hour later at Delta Park in comparison
to the other stations. We hypothesize that in the presence of less
NO, compared to Buccleuch and Newtown, O, production can
peak later in the day at Delta Park (Figure 8).

Air pollutants at Newtown have intermediate mixing ratios
between Buccleuch, a highly traffic influenced site, and
Delta Park, a residential site (Figure 8). Newtown is located
in downtown CoJ in an office parking lot, and experiences
influences from medium to heavy traffic on the M1, 145 m to the
west and light traffic from the immediate street. The morning
rush hour signal at Newtown is similarin timing and composition
to Buccleuch’s, albeit in lower absolute concentrations (Figure
8). Newtown’s diurnal profile also supports intermediate
exceedances in both O, and NO,_(Figure 5 and S1). Finally, CO
mixing ratios follow an anthropogenic emission profile related
to traffic emissions similar to Buccleuch.

Ox (NO, + 0,) chemistry to estimate O,

production

The observed anticorrelation between O, and NO, in Figure
8 is difficult to interpret due to the dual role of NO, (1) as an
0, precursor (R1 and R2 in Figure 1) and (2) as a temporary
0, reservoir (R3 in Figure 1). In other words, since O, and NO,
interconvert rapidly between each other and form a null cycle
(R1, R2 and R3 in Figure 1), increases in O, are not necessarily
proportional to chemical O, production (Figure 4). Nonetheless,
mitigation of regional O, pollution depends strongly on
controlling and understanding O, production rates (Geddes
et al., 2009). We therefore use O, as the sum of NO, and O, to
address this rapid interconversion and, assuming negligible
direct sources of NO,, we can use changes in O _over time as a
proxy for chemical O, production from VOC oxidation (R4 and R5
in Figure 1 and Figure 4) (Clapp and Jenkin, 2001; Mazzeo et al.,
2005; Sokhi et al., 2021).

The multi-year average diurnal profile of O_is different at each
location (Figure 9). During daytime, we can assume that the
rise in O_is solely driven by chemical O, production, since NO,
mixing ratios are relatively constant (Figure 8). We can therefore
approximate average O, production rates from the change in
O, over time (A[O,]/At). In other words, the steeper the slope of
the O _between 8:00 AM and 1:00 PM, the faster the rate of O,
production (Figure 9). At Buccleuch, Delta Park and Newtown,
the estimated multi-year average O, production rates were
3.3 ppb h?, 3.5 ppb h* and 2.7 ppb h?, respectively from 2004
to 2011 (Figure 9). We hypothesize that at the traffic site, there
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Figure 8: Multi-year averaged diurnal profiles at Buccleuch (A), Delta
Park (B) and Newtown (C) with available data presented in Figure 5

and S1. Of note, axes on the three graphs are set to identical values for
comparison. Standard deviations are not included here for clarity, but
are presented in Tables S3, S4 and S5 for Buccleuch, Delta Park and
Newtown, respectively. The data completeness for this figure is presented
in Table S6 and shows consistent data availability throughout all the
hours of the day. The data points are presented at the half hour as the
average of the full hour.

must be high VOC reactivity to drive high O, production rates
in the presence of peaks of 250 ppbv of NO_(Figure 8). We can
further infer that the oxidative capacity at Buccleuch is highest.

Weekend O, effect and evidence of a VOC-

limited regime

At all three sites, higher O, mixing ratios were observed
during the weekend, a previously documented observation
in cities termed the “weekend effect” (Figure 10) (Murphy et
al., 2007, 2006). During the weekend, lower NO mixing ratios
are reported at Newtown (blue arrow in Figure 10), concurrent
with higher O, mixing ratios (red arrow in Figure 10). Govender
and Sivakumar, (2019) also noticed that O, mixing ratios were
higher on Saturdays and Sundays in the Vaal Priority Area. This
observation at the same site may be evidence of a VOC-limited
regime for O, production, but requires accounting for a decrease
in the temporary titration effect of near-field NO sources.
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approximate O, production rates. The peak O, production in the springtime is earlier and steeper than the multi-year average, which also includes
springtime data. P(0)) is estimated to be equivalent to P(0,) during the linear increase between 8:00 AM and 1:00 PM.
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Figure 10: O, (in red), NO, (in blue) and O (in grey) data at Newtown over the study period plotted as a function of day and separated into weekday
(crosses) and weekend (triangles) diurnals. O _is shown to highlight the absence of a titration mechanism. We conducted this analysis for Newtown only
for consistency with our O, production analysis in Section 8.

We looked at O_(NO, + O,) diurnal profiles during the weekday
and weekend at Newtown as a proxy for O, production rates.
Interestingly, O, mixing ratios are lower on weekends than on
weekdays by 8 ppbv (grey arrow in Figure 10). Assuming that

VOC reactivity is not strongly dependent on day of the week
(given local emissions are dominated by household activities
as seen in Figure 3), this weekend O _decrease can be explained
by two scenarios. First, O, production rates in the region are
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Figure 11: Box and whisker plots of monthly O, mixing ratios at Buccleuch, Delta Park and Newtown as well as monthly H,0 concentrations at OR Tambo
airport, colour coded by season where blue is summer (DJF), red is autumn (MAM), grey is winter (JJA) and green is spring (SON). The line is the median
and the box limits show the 25" and 75 percentile and the lower and upper whiskers the 1°t and 99" percentile. Corresponding monthly and seasonal
solar irradiance data, although with incomplete datasets for Delta Park and Newtown, show an austral springtime and summer maxima, indicating that
solar irradiance is not the only driving factor in the clear springtime O, high in Johannesburg (Figure S5).

NO -limited, leading to O_decreasing with decreasing in NO,
emission. Or second, there is a significant direct source of NO,
in the NO,_emissions which confound the use of O _as a proxy for
O, production. In the following section, we use a mathematical
model to argue that O, production rates in this region are highly
VOC-limited and we therefore reject the first scenario. The most
likely culprit for the weekend O, behaviour is direct emissions
of NO, from diesel fuels (Carslaw, 2005). In situations of NO,
direct emissions, we advise caution in interpreting O, changes
over time as indicative of O, production rates. It is noteworthy
that the weekend effect analysis which looked at changing O,
and NO, mixing ratios, provided insight into likely NO, direct
emissions at Newtown.

Seasonality of O,

O, mixing ratios displayed a clear seasonality in CoJ (Figure 11),
consistent with findings from the 2000 SAFARI field campaigns
(Swap et al., 2002a) as well as from sites in north-eastern South
Africa (Govender and Sivakumar, 2019; Laban et al., 2018).
Buccleuch, Delta Park and Newtown experienced the highest
ground-level O, mixing ratios in the springtime, and notably
the highest values were recorded at Delta Park (Figure 11). The
seasonality of NO at all sites peaked in the wintertime, consistent
with a shallow winter boundary layer and increased burning of

domestic fuel for heating (Figure S6). NO, mixing ratios did not
have as clear of a seasonality, although they peaked slightly
during the wintertime (Figure S7). However, the magnitude
of the NO, mixing ratios is different between each site with
implications for O, production (Figure 8, S7, S8 and S9). Indeed,
O, mixing ratios also peaked in the spring at all sites (Figure S9),
indicative of higher O, production rates.

We also isolated average springtime O _mixing ratios as a
function of time-of-day to estimate changes in O, production
in the spring (Figure 9). Clearly, springtime O_increased at all
stations and during each hour of the day compared to annual
means (Figure 9, dashed lines). At Buccleuch, Delta Park and
Newtown, the average estimated O, production rates from the
calculated instantaneous O, production rates during the spring
are 4.8 ppb h?, 3.7 ppb h* and 3.1 ppb h, respectively (Figure
9). These values are all higher than the calculated P(O,) values
using the data from all seasons, indicating that O, production
rates may be faster in the spring. Springtime O, highs are
therefore consistent with (1) increased O, production and with
(2) increased O, even during the nighttime. The following
section explores potential mechanisms leading to increased O,
production rates.
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Figure 12: Timeseries of 3-day running means of O, mixing ratios at Buccleuch, Delta Park and Newtown as well as H,0 concentrations at OR Tambo
airport (JNB) east of CoJ. The H,0 concentrations were calculated using the dew point temperature reported hourly at OR Tambo airport in the broader
Johannesburg area to the east of the three stations. The H,0 concentrations were also corroborated by the RH and T data at the same station. There is
a remarkable connection between the onset of increasing H,0 concentrations in the late winter and high O, mixing ratios, highlighted by the springtime

green shaded regions.

Mechanism for springtime increased O,
production rates and the role of RH

High O, mixing ratios in the spring over CoJ may be attributed
to meteorological effects, such as solar irradiance, relative
humidity, temperature, stratospheric intrusions, etc. In addition
to enhanced photochemical production, large synoptic effects
may also impact springtime O, in CoJ by bringing in air masses
with different precursors, such as biomass burningevents (Laban
et al., 2018; Swap et al., 2002b). In comparison to South Africa,
North American and European cities have documented peak
seasonal O, in summertime correlated to peak solar irradiance
(Petetin et al., 2018; Pusede et al., 2015). Peak summertime
0, across the United States has also been shown to correlate
with low relative humidity through a mechanism involving dry
deposition to leaf stomata (Kavassalis and Murphy, 2017). On the
other hand, springtime O, has recently been shown to correlate
with relative humidity in the interior of South Africa (Laban et
al., 2020). Finally, there is evidence of springtime O, highs in
the western US due to stratospheric intrusions of high altitude
cites (Lin et al., 2012). There is the possibility that springtime O,
caused by stratospheric O, intrusions could also be relevant for
CoJ, which lies on the Gauteng plateau at 1750 m a.s.l. Mkololo
et al., (2020) identified these phenomena using sonde data at a
site approximately 30 km northeast of Delta Park, indicating the
potential of O, intrusions in CoJ. Here, we further explore the
mechanisms behind the seasonality of O, with data available at
the monitoring sites.

CoJ has a dry winter season and a wet summer season,
although summertime cloud cover often occurs in the evenings
accompanied by thunderstorms. We had access to solar
irradiance (Figure S5) and temperature at Buccleuch, Delta Park

and Newtown as well as dew point temperature data from a
nearby location which we used to calculate H,0 concentrations
(Figure 12) to investigate a seasonal meteorological effect on O,.

Minor role of solar irradiance and temperature

The seasonality of the solar irradiance shows that springtime
irradiance is similar to summertime, and slightly higher than
in wintertime (Figure S5, where the Buccleuch data is the most
complete and reliable). This observation suggests that increased
irradiance is not the primary driver of increased O, mixing
ratios in the spring. Furthermore, O, exceedances at Buccleuch
were not found to correlate with temperature (Figure S4), and
thus temperature is unlikely to be responsible for seasonal O,
variability (Wilkinson et al., 2012).

Intermediate role of O, precursor emissions

Next, we considered O, precursor emissions. Veld fires
are common during the dry winters in CoJ and emit large
concentrations of aerosols (Hersey et al., 2015; Segakweng et
al., 2022). In fact, biomass burning has been identified as the
instigator for high O, events such as those over Pretoria 12
Sept 1985 (Pillay et al., 1994) and in the Vaal Priority Area on
2 June 2013 (Feig et al., 2014). There is also recent evidence of
an aerosol-inhibited regime where O, mixing ratios are reduced
due to heterogeneous chemistry (Ivatt et al., 2022). Particulate
matter concentrations in CoJ are highest in the wintertime
(Hersey et al., 2015) concurrently with the lowest O, mixing
ratios and thus this aerosol-inhibited mechanism would be
worth exploring for South Africa. However, if biomass burning
was responsible for increased O, production, we would have
expected the seasonality of O, to start peaking in mid-winter,
which is clearly not observed. So why is the onset of high O _and
high O, only in August-September?
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Figure 13: Timeseries of 30-day running means of O, and of estimates of P(HO ) based on H,0 concentrations. The shaded green areas indicate

springtime (SON).

Major role of H,0 concentrations

We found the most interesting meteorological phenomena in
the H,0 data, where the H,0 concentrations drop by a factor
of 6 in the springtime (Figure 12). We used RH and dew point
temperature data from OR Tambo International Airport situated
just east of the CoJ, and available by the Global Hourly Integrated
Surface Database hosted by NOAA. CoJ experiences dry winters,
with seasonal H,0 concentrations dropping to ~5 x 10'* molec/
cm? in August (Figure 12). Since water vapour is necessary for
OH radical production and consequently for the initiation of VOC
oxidation leading to O, formation, it is likely that wintertime O,
production is suppressed by slow initiation chemistry. To verify
this hypothesis, we estimated the production of HO, (P(HO,))
radicals using Eq.1 (see Sl), and subsequently used this value
to estimate OH radical concentrations (Eqg. 2 in the SI) (Figure
13). The calculation of OH radicals require CO and NO data and
so we did this analysis for the Newtown station only, using the
H,0 concentrations from OR Tambo. We find a clear correlation
between the onset of P(HO ), the increase in OH radicals and the
increase O, in the spring (Figure 13).

Therefore, despite the presence of VOC and NO, precursors,
low O, production rates occur in the wintertime due to the low
oxidative capacity, including low OH radical concentrations,
of the atmosphere to initiate VOC oxidation and to drive R4
in Figure 1. However, when the first spring rain events occur
in September, and average H,0 concentrations increase, the
rate of R4 increases, kickstarting O, production rates. All the
necessary precursors are then present and abundant; VOC and
NO, concentrations are high in the wintertime polluted shallow
boundary layer, and facilitate radical chemistry propagation
leading to O,. Thus, we suggest that springtime 03 production
rates increase in CoJ because of sharp increases in RH in the
spring, leading to increases in OH radical products and thus to
increases in radical initiation rates (R4 in Figure 1).

Laban et al., 2020 observed an anti-correlation between RH and
0, by Pearson correlations over the year at sites in the interior of
South Africa. In our dataset, RH and O, are also anti-correlated
(Figure S12). We further emphasize the importance of measuring
H,O concentrations rather than RH in order to estimate P(HO ).

Conclusion and outlook

Exceedances

We conducted a study on ground-level ozone (0,) and its
precursors in the City of Johannesburg looking specifically at
three different sites, Buccleuch, Delta Park and Newtown, in
traffic-, residential- and urban-influenced areas, respectively,
from 2004-2011. O, and NO, yearly exceedances showed inverse
correlations; stations with large O, exceedances showed low
NO, exceedances and vice versa. Indeed, Delta Park station is
located furthest away from NO point emissions in a residential
area and experienced a high number of O, exceedances. A clear
weekend effect was also observed at all locations where NO
concentrations, associated with transport, were significantly
reduced by up to 80 ppbv on weekends, which led to higher
0, mixing ratios. The hourly continuous data of O, mixing
ratios presented in this study are informative for potential
health impacts of O, pollution in South Africa, an impact only
qualitatively captured by previous monthly passive sampling
data.

VOC-limited regime

The air quality monitoring data at the three distinctively different
sites suggest a VOC-limited regime for O, production across the
entire city. Identifying Johannesburg’s O, production rate and
regime allows us to speculate on the most effective mitigation
strategies for air quality. Reducing NO_ concentrations by
mandatory catalytic converters on engine exhausts for example

CLEAN AIR JOURNAL
Volume 33, No 1, 2023

© 2023. The Author(s). Published under a
Creative Commons Attribution Licence.



Research article: Tropospheric ozone pollution in Johannesburg, South Africa

Page 13 of 16

would in fact increase O, production kinetics (assuming CO and
VOC emissions are unaffected) near the highways. Rather, a
more effective short-term strategy in reducing O, in the city may
be to reduce anthropogenic CO and VOC emissions. Yet, VOC
measurements in Johannesburg do not exist in the literature; a
clear gap to be addressed for effective air quality management
in Johannesburg. Decreasing VOC emissions alongside NO,
emissions would lead to a more effective strategy to reducing O,
production in Johannesburg. As the urban plume moves further
away from CoJ, less NO, will be converted to NO and thus less
0O, will be formed (R1 in Figure 1). Additional measurements at
rural receptor sites in the City’s outflow are needed to improve
our understanding on the City’s regional impact.

Springtime O, and the role of H,O

We are proposing that increases in H,O concentrations during
the first springtime rains in CoJ initiate spring-time ozone
air pollution episodes. Radical chemistry is slow during dry
winters despite the presence of O, precursors such as VOCs
from biomass burning and NO_from traffic emissions in a low
boundary layer. There is a clear correlation between the onset
of rainfall in CoJ and the onset of P(HO ) production (Figure
13), despite the presence of an anti-correlation between RH
and O, as observed here (Figure $12) and by Laban et al. 2020.
We therefore hypothesize that changes in climate in CoJ in
a warming future could lead to significant changes in ozone
pollution in CoJ and in South Africa.

In all, this study further highlights the importance of long-term
monitoring data in general to better understand and hence
address air pollution in the hope of improving air quality, and
human exposure to airborne pollutants.
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