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Abstract: A better understanding of background tropospheric ozone delivers multiple benefits. Robust
estimates of regional background ozone assist policy makers to understand the limits to reducing ozone by
controlling anthropogenic emissions alone and assist in characterising changes in the atmospheric environment
and its composition. Long time series of background ozone measurements can also help quantify the influence
of human activity on the global and regional atmosphere. Background tropospheric ozone measurements
representative of continental air masses are however scarce in Australia, limiting our knowledge of background
atmospheric composition. Here we use k-means clustering to identify a cluster of measurements from the long-
term monitoring station at Oakdale, NSW which are likely to be representative of background air. The cluster
is associated with NOx-limited air masses of continental origin. From this analysis we estimate background
ozone representative of Eastern Australia. We find recent (2017-2022) mean ozone mixing ratios of 28.5 ppb
and identify a statistically significant («=0.05) trend in the mean of +1.8 (1.0 — 2.8) ppb/decade. Our methods
demonstrate that some long-term monitoring stations within or near urban areas can provide suitable
conditions and datasets for regional Global Atmosphere Watch monitoring.

Keywords: background ozone; k-means clustering; ozone trends; air quality monitoring

1. Introduction

Ground level ozone (Os) is an air pollutant that can impact human health, vegetation, materials,
and amenity [1-3]. It is a secondary pollutant formed by complex chemical reactions occurring
between volatile organic compounds (VOCs) and reactive nitrogen (NOy) in the presence of sunlight.
Ozone precursor emissions have many sources both natural and anthropogenic. Naturally occurring
ozone is often termed “background ozone” (see below). Understanding background ozone is critical
in assisting policy makers to understand what is achievable through emissions reduction programs
and to design effective, well-targeted, policies and programs. Better understanding of background
ozone also assists in the development of chemical transport models [4].

Ozone production occurs through complex reaction chains but can be conceptualised simply as
a product of reactions between hydroxyl radicals (-OH), VOCs, carbon monoxide (CO) and oxides of
nitrogen (NOx = NO + Os) in the presence of UV-radiation (hv). Ozone concentrations in a region are
a function of local emissions, and aged ozone and precursor emissions transported into the region.
We can define oxidant (OX = Os + NOz) as a combination of local (OX1) and regional contributions
(OXr) where OX = OXi + OXr. OX has two identifiable contributions, NOx -independent (or regional)
contribution and NOx -dependent (or local) contribution [5].

In natural settings the production of ozone is limited by the availability of NOx, i.e., is NOx-
limited [6], however there is ample evidence that in many regions there are sufficient natural sources
of NOx to produce “background” or “natural” ozone levels in the range of 20-45 ppb [7]. This has
been important in the Northern Hemisphere where inter- and intra-regional transport of air pollution
impacts local pollution [8-11].

In the Northern Hemisphere, the USA Environmental Protection Agency’s (USEPA) Clean Air
Act considers background ozone in standard making [12]. The USEPA defines policy relevant
background (PRB) ozone as the distribution of ozone that would occur in the continental USA in the
absence of anthropogenic emissions from the USA, Canada, and Mexico [13]. In the European Union
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(EU) Directive 2002/3/EC regional background ozone concentrations are determined using suburban
stations upwind of the highest concentrations of ambient ozone [14].

In contrast to the Northern Hemisphere, background ozone has been less scrutinised in
Australia. This may be due to a more limited understanding of background ozone in Australia due
to a perceived lack of inter-regional transport in the Southern Hemisphere and an absence of trans-
boundary conflicts related to air pollution management. There is a lack of background ozone
monitoring in Australia or the Southern Hemisphere [7,15], however inter-regional and trans-
hemispherical transport of NOx is only a small contributor to ozone levels in Australia [16].
Nevertheless, a better understanding of background ozone in Australia can assist policy makers in
setting achievable ozone standards and well-targeted emissions reduction policies [15].

The aim of this study is to develop new understanding of the trends in regional background
ozone levels in Eastern Australia using data from a long-term semi-rural, performance monitoring
station (Oakdale, New South Wales). This station meets the definition of a site relevant for
background ozone measurements under EU Directive 2002/3/EC

1.1. Background ozone monitoring in Australia

In Australia, background concentrations of tropospheric ozone have not been extensively
studied [15]. There have been measurements in rural and regional communities including stations,
in the Latrobe Valley, Victoria [17], Ovens, Victoria and Manjimup, Western Australia [18] and
Gunnedah, NSW [15]. Baseline marine ozone is also measured at the Cape Grim Global Atmosphere
Watch (GAW) baseline station [19].

At Cape Grim monthly average baseline ozone is between 14 — 30 ppb with maximum
concentrations in winter and minimums in summer [19]. Annual average ozone is around 25 ppb
over the period 1982-2017 with no significant trend [20]. (Note: Throughout this paper we present
results as mixing ratios stated as parts per billion by volume (ppb) rather than nmol/mol).

In the Latrobe Valley, “the behaviour of ozone is explained largely in terms of natural
background atmospheric processes” [17] and 85% of high ozone days in the Latrobe Valley coincided
with high pressure systems over the Tasman Sea [21], similar to synoptic classifications for high
ozone in Sydney [22,23]. This indicates that strong advection from the continental land mass impacts
on ozone production during these conditions. From 1995-2019 the annual median of the daily
maximum ozone at Traralgon has ranged between 21-29 ppb [24].

Rural ozone levels from a two-year smoke monitoring campaign at Ovens, Victoria and
Manjimup, Western Australia [18] reported annual average ozone at Manjimup of ~19 ppb, with
summer minimum and maximum concentrations in Winter/Spring. Ozone was influenced by long-
range transport of smoke during spring, domestic woodsmoke in winter and from photochemical
destruction of ozone in the marine boundary layer during summer. At Ovens, reported annual
average ozone of 17 ppb with maximums in summer and minimum concentrations in winter.
However, at Ovens ozone was influenced by local emissions due to smoke trapped under nocturnal
temperature inversions in winter or bushfire smoke in summer and hazard reduction burns in
autumn.

1.2. Statistically inferred background ozone in NSW

In the absence of direct measurements at suitable background locations, several approaches have
been proposed to assess possible background signals within non-background monitoring data. A
study of non-photochemical night-time background ozone [25] inferred background ozone at sites in
the Sydney region. They found that background ozone in Sydney was between 16-21 ppb and noted
an increasing trend for the period analysed.

More recently, [15] used k-means clustering to infer background ozone levels for the 2018-2020
at a newly installed rural station, Gunnedah, NSW. They found that background ozone mixing ratios
were 36-39 ppb for airmasses of continental origin, i.e., when the ambient air likely had little impact
from local emissions sources. This study further demonstrates the utility of this approach by applying
the techniques to a long-term ozone monitoring dataset from Oakdale, Sydney. We summarise key
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ozone metrics (mean, max, quantiles, etc) and assess for any trends within this cluster over the period
1996-2022 (details in Section 2). The study advocates that long-term monitoring stations within or
near urban areas can provide suitable conditions and datasets for regional Global Atmosphere Watch
monitoring (Section 3).

2. Data and Methods

2.1. Measurement site and regional context

Oakdale (pop. 2028) is a small rural community on the western outskirts of Sydney, approx. 65
km southwest of the central business district. The station (34° 3' 6"S, 150° 29' 53"E) is situated on
farmland on the western edge of the Sydney Basin at an altitude of 457 metres (Figure 1). The station
was established in 1996 to assess transport of ozone from the basin under the regional sea breeze
circulation, firstly as a campaign station before transitioning to a permanent station in 2003. It is now
a core component of the NSW Government’s Air Quality Monitoring Network (AQMN) and
monitoring plan.

=}
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Figure 1. Location of Oakdale (a) and the monitoring compound (looking NE) (b).

West of the station is the world-heritage listed Greater Blue Mountains region (10300 km?),
including the Blue Mountains, Nattai, and Kanangra-Boyd National Parks. Emissions from this sector
(Blue Mountains, Oberon, Upper Lachlan areas) are totally dominated by natural emissions (92% or
17.8 kt p.a. VOC and 75% or 2.7 kt p.a. NOx) (https://www.epa.nsw.gov.au/your-environment/air/air-
emissions-inventory).

There are coal-fired power stations WNW of the station. Mt Piper power station is a 1400 MW
station with two boilers. It is approx. 88 km WNW of Oakdale. Wallerawang power station was a
1000 MW station with two units located approx. 82 km WNW of Oakdale. Wallerawang operated
from 1957 until April 2014. Both stations have operated with low-NOx burners since 1993. In 2013
these stations together emitted 38.0 kt NOx while in 2021 Mt Piper emitted 18.0 kt.
(https://www.dcceew.gov.au/environment/protection/npi).

East of the station is the Sydney Basin with a population of 5.2 million people. Sydney’s basin
topography and coastal setting can trap air pollution under certain synoptic - local meteorological
configurations. Katabatic flow drains from the Blue Mountains towards the coast accumulating
emissions. Sea breezes can then transport this contaminated air mass back over urban areas where
fresh emissions are added. This local land-sea circulation may persist for several days at times,
especially when coincident with certain synoptic conditions such as a high-pressure system centred
in the Tasman Sea [22,23].
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The predominant wind in Oakdale is westerly or south-westerly in all seasons except summer
(Figure 2). In summer, the regional sea breeze circulation predominates, transporting pollutants from
the eastern part of the basin to Oakdale.

The estimated population within 25km of the station is approximately 100,000 people (>99% of
those to the eastern sector), within 10km the population is ~6,000. The TOAR database (Schultz et.
al. 2017, https://join.fz-juelich.de) assesses nearby (25 km radius) land use categories as: evergreen
broadleaf forest 64.7 %, woody savannas 17.6 %, grasslands 6.4 %, croplands: 5.1 %, cropland/natural
vegetation mosaic 2.3 %, water 1.2 %, and urban and built-up 1.0 %.
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Figure 2. Seasonal wind roses. Note predominant winds of westerly drainage flows in cooler months
and ENE sea-breeze in summer.

2.2 Instrumentation, calibration, and maintenance

Monitoring at Oakdale commenced in April 1996, with continuous data collection for ozone,
oxides of nitrogen (NO, NOz, NOx), particles (PM10 — TEOM, nephelometer), and meteorology
(temperature, relative humidity, wind). Ozone is measured by ultraviolet (254nm) photometry (TEI
49C, EC9810, API T400). NOx is measured by chemiluminescence with molybdenum converter (TEI
42C, EC9841, API T200). Instrument sets have been swapped at times (Table 1), with instrument
exchanges occurring after prolonged inter-comparison studies at other sites showed no statistically
significant difference between instrument types.

Table 1. Instrument details for ozone and NOx measurements.

Measurand Instrument Dates

ozone TEI49C (Thermo Inc) 1996/04/01 — 2008/04/11
EC9810 (Ecotech Pty. Ltd.) 2008/04/12 — 2015/12/21
API400T (Teledyne APT) 2015/12/22 — present

oxides of nitrogen TEI42C (Thermo Inc) 1996/04/01 — 2008/04/11
EC9841 (Ecotech Pty. Ltd.) 2008/04/12 — 2015/12/21
API200T (Teledyne API) 2015/12/22 — present

particles (visibility) M903 (Radiance Research) 1996/04/01 — approx. 01/2005
M9003 (Ecotech Pty. Ltd.) approx. 01/2005 - 2011/11/18
Aurora 1000G (Ecotech Pty. Ltd.) 2011/11/19 — present

The glass manifold sampling inlet is at 3m height and draws sample air continuously via a
blower pump. Sample is then drawn from the manifold by individual instruments using their internal
pumps (flow rate 0.5 Ipm) through 0.635 mm Teflon/PTFE tubing. This sample tubing is ~0.5 m in
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length, resulting in a residence time within the PTFE sample line of ~2 s. On the tubing inline particle
filters (47mm, 5 um) remove particles prior to entering the instrument, and a second particle filter
within each instrument removes any residual particles (i.e., double filtering).

Ozone calibrations are carried out in compliance with Australia Standard AS/NZS 3580.6.1 and
are consistent with the WMO Guidelines for Continuous Measurements of Ozone in the Troposphere
(https://library.wmo.int/doc_num.php?explnum_id=7814). Initial calibrations occur on instrument
commissioning and after all major maintenance activities and include checks of zero and 4 points (50,
100, 200, 400 ppb). Multi-point audits and calibrations occur every 6-months using the same check
points as the initial calibration.

Zero and single-point checks occur daily at 01:00 AEST. For the NOx instrument, NIST
traceable gas (NO) in a multi-component mix is diluted with zero air and provided at known
concentration. Ozone is generated on site at a specific concentration and after a short period of NO
measurement is introduced to the NOx instrument, forming NO: at a known concentration and
assessing instrument gas-phase-titration and converter efficiency. The generated ozone is
simultaneously introduced to the ozone instrument. Ozone measurements and generation are
traceable to Standard Reference Photometer (SRP-21) [26] through transfer standards (Dasibi 1008,
Tanabyte T724).

Routine maintenance is carried out on all instruments in compliance with relevant Australia
Standards (AS/NZS 3580.1.1 — Station Siting, AS/NZS 3580.5.1 — NOx, AS/NZS 3580.6.1 — Ozone,
AS/NZS 3580.14 — Meteorology). This includes monthly inspection cleaning of the sample system,
replacement of external inline particle filters, and leak checks; six monthly — replacement of internal
particle filters, sample line cleaning, UV lamp and scrubber efficiency tests; and annually — clean
reaction cells, replace scrubbers, service sample pumps.

2.3. Data handling

Data validation complies with AS/NZS 3580.19. Data is included in our analysis when it met the
75% data availability criteria set for demonstrating NEPM (expand if first appearing) compliance [27].
That is, a valid hourly average is provided when at least 75% of 1-minute average data are valid and
valid 8-hourly averages are calculated when at least 75% of hourly values in the period are valid. A
daily summary is reported when 75% of hourly samples in the day are valid; a yearly summary is
provided when 75% of days in the year are valid and each calendar quarter has 75% valid days. We
extend this acceptance test to include valid seasons where 75% of days in the season are valid (austral
seasons: summer (Dec-Feb), autumn (Mar-May), winter (Jun-Aug), spring (Sep-Nov)).

The daily span and zero tests for the ozone and NOx instruments result in lost hours. Gaps due
to these tests are typically 1-hour but may be 2-hours long prior to 1999 due to a longer time allocated
for the zero/span check initially. These gaps are filled through linear interpolation when both hours
either side of the missing value are present and valid. If either value is missing the data are not
interpolated.

Data capture rates are typically high, however there have been some extended periods of
missing ozone data due to various reasons (Figure 3). Of most note is data excluded from April 2001
— October 2002 due to issues with power supply and questionable performance of the monitor due to
potential issues with sample tubing.

Overall valid hourly ozone measurements were recorded for 94% of the period (24,637 valid
hours). This delivered summary datasets with 8315 (89%) valid days, 264 valid months (85%) and 83
valid seasons (80%).
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Figure 3. Daily average 1-hour ozone. Note missing data Apr 2001 — Oct 2002.

VOCs at high concentrations can interfere with ozone measured using UV photometry [28]. All
ozone instruments used at Oakdale have operated with solid manganese dioxide catalytic scrubbers,
hence our measurements are susceptible to interferences from VOCs at high concentrations. There
are very few anthropogenic sources of VOCs in the vicinity, however within smoke plumes VOC
levels can be large and may impact on the ozone measurements. To minimise these impacts on our
analysis we exclude periods impacted by smoke events from bushfires or hazard reduction burning.
We do this by excluding data from the analysis where coincident nephelometer measurements are
high (bsp > 2.1 Mm-1), a strong marker of bushfire/hazard reduction burning smoke.

Commercial NOx monitors such as those we use at Oakdale, can see interferences from other
reactive nitrogen species such as nitrous acid (HONO), nitric acid (HNOs), nitric acid anhydride
(N20s), alkyl nitrates (RONQOz), peroxyacetyl nitrates (PAN), ammonia (NHs3) and nitrate aerosols
[29]. The NOx we report here is more accurately NOy = NO + NO:z + NOz, where NOz = HONO +
HNOs + N20s + RONO2 + PAN + other N species.

2.4. Identifying background ozone

Background ozone has many definitions: policy relevant (US EPA), baseline [30], night-time [25],
daytime [31] and warm-season [32]. An extensive overview of the different terms and approaches to
calculating background is found in [30].

In this study we interpret background ozone similarly to [33] who use principal component
analysis to identify and assess baseline ozone in North America across 97 non-urban sites. Recently
[15] applied k-means clustering (analogous to principal component analysis from [33]) to identify
background ozone at Gunnedah, Australia.

The k-means algorithm is an iterative clustering process that groups together data with similar
characteristics, here ozone and meteorology. Initially, k points are randomly chosen from the
observation set. These points act as centroids for each k cluster. Observations are then assigned to the
group of the closest centroid (based on standardised Euclidean distance). Once all observations have
been assigned to a group, new k centroids are chosen and the the process repeated until convergence,
i.e, the centroids do not move and the standardised Euclidean distance within the groups is
minimised. We implement the algorithm within the openair R package [34,35].

The method helps identify clusters where the influence of local emissions is minimised, and
background ozone contributions are maximised. Here we use the term “background ozone” to refer
to regional background, that is ozone levels that are typically representative of a broad region and
that are little influenced by anthropogenic emissions within the region.

2.5. Trend identification and quantification

The standard nonparametric Mann-Kendall (M-K) test for trend is appropriate and well-suited
to test the presence of trend in the air quality summary statistics data. It is simple, robust, does not
require prior knowledge of the ozone distribution and has been used extensively in the air quality
literature. M-K tests whether data series with time (x versus t) tend to increase or decrease (i.e.,
monotonic change) [36].
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If a statistically significant trend was found the slope of the trend was estimated using Sen’s non-
parametric method [36].

3. Results

We commence by describing the full ozone record at the site, including analysis of seasonal,
weekday and diurnal variations. To assist in interpretation, we break the data into four periods:
1996/97-2002/03, 2002/03-2010/11, 2010/11-2017/18, 2017/18-2021/22, noting that the first period covers
five years of data only due to missing data. Seven-year periods are selected to approximate the long-
term frequency of central pacific EI-Nino events found by [37], i.e., approximately 4 events per 30
years. We note however that while this choice is based in the physical climate and is supported
through previous work on synoptic classification in eastern Australia [23,38], our temporal sub-
setting is somewhat arbitrary, as the main goal is simply to assist in analysis and investigation of the
results.

We also assess for trends in the full ozone, NOz, and OX datasets to assess overall photochemical
characteristics at the site. Trend analysis includes annual averages, daily maxima, and quantiles
(median, 25th, 75th and 95th percentiles).

3.1. Annual, seasonal, day-of-week and diurnal variations

Over the entire observation set, mean ozone mixing ratio was 25.2 ppb. Annual (Jul-Jun) mean
anomalies, that is, the variation of the annual mean from the mean of the full observational period
(1996-2022), vary from -4.0 ppb in 1996/97 through to +3.4 ppb in 2006/07. Anomalies broadly coincide
with the El Nifio-Southern Oscillation, with typically below average concentrations during La Nifa
years and higher than average during El Nifio events as classified by the Oceanic Nifio Index (Figure
4).

05 anomaly (ppb)

1996/97 2001/02 2006/07 2011/12 2016/17 2021/22

Figure 4. Annual mean ozone anomalies (base 1996-2022, bars with missing data narked x) and the Oceanic
Nifo Index (ONI, boxes, https://psl.noaa.gov/data/correlation/oni.data).

Diurnal ozone profiles were similar across all periods but with some variation. Peak ozone is
typically observed between 1200-1800 with mean concentrations of 31.3 ppb and minimum
concentrations mid-morning 0000-0800 (20.8 ppb). Lower night-time concentrations were observed
during 1996-2003 (18.9 ppb) while daytime concentrations in that period were comparable to recent
years. Higher daytime peak concentrations were seen during 2003-2010 (32.7 ppb) (Table 2).

Table 2. Summary of mean ozone and NO2 mixing ratios (ppb) for all observations.

Valid . Warm season Cool season Peak day-time Night-time
Annua
Period ozone (Oct-Mar) (Apr-Sep) (1200-1800) (0000-0700)
days 03 NO2 03 NO: 0s NO: 03 NO: 03 NO2

1996-2003 | 1760 23.6 2.8 24.3 3.4 22.9 2.2 30.9 2.1 20.7 3.2
2003-2010 | 2344 26.3 2.0 26.5 2.3 26.1 1.8 32.7 1.7 23.7 2.3
2010-2017 | 2507 24.4 1.7 24.9 2.0 24.0 1.3 30.2 1.4 22.1 1.8
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23.6 1.5
22.5 2.2

There is little variation in ozone concentrations throughout the week, however there is some
indication of a weekend effect, particularly in the early years of the record (Figure 5b). We observe
1996-2003 showing statistically significant weekend effect (based on overlap of the 95% confidence
intervals in the mean). Over the entire period mean weekday ozone concentrations were 25.0 ppb
with mean weekend concentration of 25.6 ppb.

Seasonal variations show higher ozone concentrations from Aug-Dec (mean 27.6 ppb). A
springtime peak is evident in Sep-Oct (28.6 ppb) across all periods. The mean difference between the
springtime peak and the autumn minima (MAM) was 5.6 ppb and ranged from 5.1 ppb (2003-2010)
to 6.2 ppb (2010-2017).
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Figure 5. Summary of diurnal (a), weekly (b) and monthly (c) ozone mean mixing ratios.

As expected from the emissions profiles of the surrounding region, observed NO2 concentrations
are typically very low. Across all available data, mean NO: concentrations are 2.0 ppb. Further,
analysis of the diurnal and weekday NO: profiles (Figure 6) show only small variations in monthly
concentrations with maxima in Dec-Jan (2.5 ppb) and minima in Jun-Aug (1.3 ppb). There is little
weekday/weekend variation in NO2 with weekday mean concentrations (2.1 ppb) slightly higher than
weekends (1.7 ppb). Diurnal profiles show a peak in the evening. Together with slightly higher
concentrations in summer and during the week, this implies that the evening peak may be due to
transport of air from the Sydney basing during sea breeze events.
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Figure 6. Summary of (a) diurnal, (b) weekly and (c) monthly NO2 mean mixing ratios.

NO: concentrations are notably higher in the 1996-2003 period (Table x). This may be due to the
higher NOx emissions in the Sydney basin prior to the banning of leaded petrol and the introduction
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of US'90 (1999) and EURO 2 (2004) vehicle emissions standards. NO:2 concentrations continue to fall
as motor vehicle NOx emissions decline.

3.2. Identifying a background cluster

The EU Directive supports the assessment of background ozone in the vicinity of an urban
conglomeration if it is sited upwind of the urban area. The complex topography of the Sydney basin
and its coastal location means that identifying stations that are purely upwind of the city is difficult
due to synoptic and mesoscale processes within the region. For example, at Oakdale regional westerly
to south-westerly flows dominate in winter leading to a clear designation as an upwind site. In
contrast, during summer the sea-breeze/land-breeze circulation means that Oakdale is both upwind
and downwind of the city depending on the predominant synoptic conditions and the time of day.

We apply k-means clustering to categorise ozone at Oakdale into several clusters. This is
comparable to clustering of back trajectories but using local wind speed, wind direction and
concentrations to group similar conditions rather than air mass origins [39]. We substitute k-means
clusters for the principal components used by [33] and test clustering with 3 < k < 8 (Figure 7). We
identify a cluster of ozone in the sector of ~235° — 325° with wind speeds >~2 ms-1 and associated
with low NO: (Figure 8). Many of the observations in this cluster are commonly assigned to the same
cluster regardless of the values of k. We therefore assess that a likely optimal clustering for classifying
background ozone occurs at Oakdale with k = 4.

3 clusters 4 clusters 5 clusters
0

cluster

6 clusters 7 clusters

W

O~NO NP WN =

Figure 7. Results for k-means cluster analysis for 3 <k <8.

Table 3 summarises mean ozone and NO: mixing ratios for each cluster (k=4). Mean Os for all
hours in the background cluster (Cluster 4) is 25.9 ppb. Warm season (Oct-Mar) mean background
Osis 27.2 ppb and mean NO2 is 1.3 ppb.


https://doi.org/10.20944/preprints202305.1302.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 May 2023

d0i:10.20944/preprints202305.1302.v1

10
Table 3. Summary of mean mixing ratios (ppb) for each cluster (k=4).

Annual Warm season | Cool season | Peak daytime | Night-time

Cluster Observations background (Oct-Mar) (Apr-Sep) (1200-1800) (0000-0700)

hours % Os NO:2| O3 NO2| Os NO2| O3 NO:2{| Os NO2

1 1645 1% | 261 07 | 239 07 | 273 06 | 266 06 | 253 08
2 119074 63% | 22.9 2.2 22.1 24 23.8 2.0 25.8 1.6 20.7 2.7
3 23231 12% | 345 2.5 35.9 2.6 30.3 22 36.1 24 21.9 3.3
4 (background) | 46322 24% | 25.9 0.9 27.2 1.3 254 0.8 27.3 0.7 24.6 1.1

The clustering also identifies a cluster (no. 3) that has considerably higher Os and lower NO:
than the background cluster. Average warm season (2.6 ppb) and annual (2.5 ppb) NO: is higher than
the background cluster (1.3 and 0.9 ppb respectively) while warm season (35.9 ppb) and annual (34.5
ppb) Osis also greater than background. Cluster 3 represents transport of air masses from the Sydney
basin, particularly in the warm season under NNE sea breeze events. There is some variation within
the background cluster through the period (Table 4). There is a lower number of observations in the
background cluster for 2017-2022 due to fewer years and screening out of significant amounts of data
due to bushfires (Sep 2019 — Feb 2020) and hazard reductions burns.

Table 4. Summary of mean mixing ratios (ppb) within the cluster identified as representing regional

background.

Annual Warm season Cool season Peak daytime Night-time

Period " background (Oct-Mar) (Apr-Sep) (1200-1800) (0000-0700)
(hours) Os NO: Os NO: 0Os NO: 0Os NO: Os NO:

1996-2003 | 11521 | 23.1 1.6 243 2.0 22,6 15 23.1 1.6 21.9 2.0
2003-2010 | 13538 | 27.2 0.9 28.0 0.9 27.0 0.8 27.2 0.9 25.9 1.0
2010-2017 | 12825 | 25.7 0.5 27.6 0.8 25.1 0.5 25.7 0.5 24.6 0.6
2017-2022 6313 28.5 0.2 29.7 0.4 28.1 0.2 28.5 0.2 27.9 0.3
1996-2022 | 44197 | 25.9 0.9 26.9 1.1 25.5 0.8 259 0.9 24.6 1.1

15

T T
20 25 30 35 40 45
Mean O; (ppb)

T —-.
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1 15 2

25 3
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Figure 8. Ozone and NO2 mean mixing ratios within the background cluster.
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Within the background cluster there is little variation in ozone concentrations throughout the
week. Diurnal variations are evident, but their amplitude is lower compared to the entire
observational dataset. The seasonal signal of the background cluster is like the overall dataset, with
ozone maxima in Sep-Oct and minima in Mar-May (Figure 9).
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Figure 9. Summary of diurnal (a), weekly (b) and monthly (c) background ozone mean mixing
ratios.

3.3 Trends in background ozone

Following the identification of a cluster of measurements likely representative of background
air masses, we test for any trends and their significance. Firstly, we summarize the annual (Jul-Jun)
hourly ozone measurements within the background cluster. Figure 10 shows the distribution of
hourly measured background ozone. Here we plot the interquartile range (box), the median (dash
within the box), mean (red square), and represent the 5th and 95th percentiles as the upper and lower
whiskers. The lines show significant trends in the 5th and 95th percentiles and the annual mean.
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Figure 10. Distribution of hourly mean background ozone mixing ratios.

We apply the M-K test for monotonic change on the annual statistics for the background ozone
distribution. If a significant trend (at a=0.05) is identified, we use the Sen estimator to quantify that
trend. Table 5 summarises the trend analysis. We find significant increasing trends in the 5th, 25th,
50th (median) and 75th percentiles, the annual mean, and the annual standard deviation of
background ozone. We also find that the trend in the 95th percentile is significant if we set a=0.1.
There is no significant trend in the annual maximum 1-hour background ozone at the 0.1 significance
level.
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Table 5. Annual trends in distribution statistics of hourly background Os and NO2. Significance at
different  values: 0.01 ***, 0.02 **, 0.05 ¥, 0.1+, no significance ---.
Background Os Background NO:
Statistic Sen’s slope and 95% Sen’s slope and 95%
Z-test |Significance| confidence interval | Z-test [Significance| confidence interval
(ppb/year) (ppb/year)

Annual mean 3.34 i 0.18 (0.10 - 0.28) -5.28 ot -0.06 (-0.07 to —0.05)
Median 2.97 ** 0.14 (0.00 - 0.22) -3.90 ot -0.05 (-0.07 to —0.00)
Standard deviation | -3.34 o —0.08 (-0.12 to -0.04) | -5.88 b —0.06 (-0.08 to —0.05)
5th percentile 4.59 ok 0.41 (0.29 - 0.53) 0.07 -—- ---
25t percentile 3.87 i 0.25 (0.14 - 0.36) -0.96 - -
75t percentile 2.12 * 0.09 (0.00 - 0.20) -3.73 b -0.06 (-0.10 to —0.00)
95t percentile 1.67 + 0.15 (0.00 - 0.31) -5.28 o -0.17 (-0.21 to -0.13)
Annual maximum | -0.28 - -— -5.02 ok —0.58 (-0.82 to —0.44)

The distribution of background ozone is narrowing, with the standard deviation of hourly ozone
declining by 0.8 (0.4 — 1.2) ppb per decade. Much of this trend is seen through greater increases in the
lower end of the distribution rather than in peak ozone concentrations. The 5th percentile is
increasing at 4.1 (2.9 — 5.3) ppb per decade and the 25th percentile at 2.5 (1.4 — 3.6) ppb per decade,
while the 95th percentile is increasing at 1.5 (0.0 — 3.1) ppb/decade and there is no significant trend in
annual maximums. Mean annual background ozone at Oakdale is increasing by 1.8 (1.0 — 2.8)
ppb/decade.

Even though NOx emissions from the background sector are low, they are non-trivial
particularly in the early years of the record. Assessment of the annual distribution of NO2 mixing
ratios identifies several aspects that can help explain some of the observed increases in background
ozone. The M-K test identifies significant reductions in annual maximum, mean, median, standard
deviation and the 95th and 75th percentiles. No trend was found in the 5th and 25th percentiles as
these are near zero throughout the record. Annual mean background NO:z mixing ratios are declining
by 0.6 (0.5 -0.7) ppb/decade. Annual 1-hour maxima have declined by 5.8 (4.4 — 8.2) ppb per decade
while the 95th percentile of observations is declining by 1.7 (1.3 — 2.1) ppb/decade (Figure 11). These
significant declines in the higher NO2 mixing ratios within the background air may signify that earlier
in the record emissions from the distant power stations may be identifiable within the background
cluster.

We hypothesize that some of the increases in background ozone are likely due to reduced NOx
emissions from the distant power stations and more broadly from lower motor vehicle emissions in
the wider region. As NOx emissions from these sources reduce, the effects of NO titration on regional
background ozone diminishes. From 2004 onwards, mean NO:z mixing ratios in background air have
been <1.2 ppb and the 95th percentile of hourly NO: measurements have been <3.0 ppb and from
2014 (the Wallerawang station’s closure) mean NOz2 is 0.3 ppb and the 95th percentile is 1.1 ppb.
Hence, while there still may be some contribution from the power station sources, this contribution
is diminishing.
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Figure 11. Annual mean ozone (red), NO: (black) and 95th percentile of NO: (blue dashed) in
background air.

4. Discussion

The GAW mission statement [40] highlights the multiple benefits that a better understanding of
background tropospheric ozone can provide. For example, robust estimates of regional background
ozone supports policy makers to understand the limits to reducing ozone by controlling
anthropogenic emissions alone. The GAW reactive gases network [41] acknowledges that “long-term
observations of reactive gases in the troposphere are important for understanding trace gas cycles
and the oxidation capacity of the atmosphere, assessing impacts of emission changes, verifying
numerical model simulations, and quantifying the interactions between short-lived compounds and
climate change”.

The GAW global and regional networks provide critical information on global and regional
tropospheric ozone. However, within Australia the only long-term monitoring for GAW reactive
gases is from Cape Grim, a baseline station focussed on the Southern Ocean marine environment.
There are no GAW stations in Australia that focus on regional background reactive gases of
continental origin. Most Australian jurisdictions have focussed on ozone measurements in city/urban
environments, limiting our understanding of Australian regional background ozone.

Consequently, there is a lack of evidence to support robust estimates of Australian background
ozone. This impacts on a range of outcomes. For example, it
1. limits the ability of epidemiologists to assess the impacts of anthropogenic ozone on

communities,

2. limits the ability of ecologists and agronomists to robustly estimate the impacts of ozone on
natural ecosystems, vegetation and crops,

3. hampers further understanding of the background atmospheric environment within Australian,
and

4.  constrains the improvement of chemical transport models within the Australian context.

The GAW Reactive Gases Scientific Advisory Group (SAG) has acknowledged this lack of
background ozone measurements in the southern hemisphere. SAG activities [40] aim to
promote/facilitate the expansion of reactive gases observations in under-sampled regions, e.g., the
Southern hemisphere, and to improve integration of observations of reactive gases from national and
regional air quality monitoring networks and GAW stations on all spatial scales.

In this study, we have attempted to use the unique siting and regional characteristics of the
Oakdale station to identify background air parcels and then estimate the concentrations of key
reactive gases ozone and NOz. Oakdale is a long-term station that is well-sited and is operated under
a rigorous, documented and audited, quality assurance program. Ozone measurements from
Oakdale are directly traceable to SRP21 and NO/NO:2 measurements to SRP21 and NIST certified
standards. We have used these characteristics and statistical methods to identify a background sector
for Oakdale that would likely adhere to GAW requirements for a regional station.
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More formally assessing GAW requirements for regional stations [42], Oakdale meets the
following:

5. itis regionally representative and is normally free of the influence of significant local pollution
sources or at least frequently experiences advection of pollution-free air from specific wind
directions. We use k-means clustering to identify a regional background signal that occurs 24%
of the time. Within this cluster we show that NO titration from local emissions is low (mean NO:
<1.2 ppb and since 2014 mean NO:2 <0.3 ppb.)

6. a commitment by the responsible agency to long-term observations of at least two variables in
at least one GAW focal areas. Oakdale has operated since 1996 and is a core component of the
NSW AQMN and its ongoing plan. Oakdale monitors reactive gases (O3, NOx), aerosols (PM2.5
mass, PM10 mass, light scattering) and UV radiation.

7.  greater than 90% data capture. Since 2002 data recovery rates are >96%.

8.  Standard meteorological in situ observations. Temperature, relative humidity, horizontal wind,
and pressure are measured at the station.

Additionally, the GAW QA requirements (requirements 5 — 7, not shown) are also met, and the
network that Oakdale is part of is independently accredited by the National Association of Testing
Authorities. Currently data from Oakdale are available through TOAR database [20] (https://toar-
data.org/) and the NSW air quality data services (https://www.dpie.nsw.gov.au/air-quality/air-
quality-data-services). Data are not submitted to a GAW World Data Centre or GAWSIS, but this is
under consideration.

Trend analysis on ozone within the Oakdale background cluster identified statistically
significant trends. The distribution of background ozone is narrowing, driven by greater increases in
the lower end of the distribution rather than in peak ozone concentrations. The 5th, 25th and 95th
percentiles are all increasing but at differing rates (4.1, 2.5, 1.5 ppb/decade respectively). Mean annual
background ozone at Oakdale is increasing by 1.8 (1.0 — 2.8) ppb/decade.

Using TOAR data [43], find that in the southern hemisphere, there is little evidence for an
increase of ozone from the historical to the modern period. Focussing on recent trends at baseline
southern hemisphere sites, significant trends in ozone at Cape Grim (0.6 ppb/decade, 1982-2010),
Cape Point (1.9 ppb/decade, 1983-2011) and Arrival Heights (2.9 ppb/decade, 1997-2008) were found
[44]. However, there are only nine southern hemisphere sites included in their analysis.

The night-time background ozone trend reported in Western Sydney of 4.3 ppb/decade based
on data from 1998-2005 [25], is significantly higher than our assessment of 1.8 ppb/decade for
background air at Oakdale. This is the only analysis that we are aware of that attempts to quantify
background ozone in Australia besides the Cape Grim measurements, highlighting the need for
further monitoring and analysis of Australian background ozone.

5. Conclusions

Extending the work of [15], we use k-means clustering on a long-term dataset from Oakdale,
NSW to identify a measurement cluster that likely represents background air in eastern Australia of
continental origin. The cluster is characterised by winds from the SW-NW sector, with wind speeds
>2 ms-1 and associated low NO.. Early in the record we observe higher peak NO2 measurements
within the cluster and attribute this to some transport of emissions from distant power stations (~82
km to the NNW). Emissions from these power stations declined significantly from 2014 and now
mean NO: concentrations in the background cluster are ~0.2 ppb, indicating little impact of local NOx
emissions.

Focusing on the most recent period (2017-2022) we find annual mean background ozone of 28.5
ppb. We find a statistically significant (a=0.05) trend in the mean of +1.8 (1.0 - 2.8) ppb/decade. Within
the background cluster there is no attributable weekday/weekend effect. There is some variation in
the diurnal signal (amplitude of 4 ppb) and some seasonality with minima observed in the Austral
autumn (Mar-May).

These estimates are near or slightly higher than other published results from rural or
background monitoring in Australia (e.g., Gape Grim 25 ppb, Latrobe Valley 21-29 ppb, Manjimup
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19 ppb, Ovens 17 ppb) but lower than recent observations from Gunnedah (36-39 ppb). Our results
do not support previous conclusions on background ozone in Australia of 45 ppb [45]. Further
investigation of the representativeness of our results for Australian continental air masses is required.
We intend to apply our method to other suitable long-term ozone monitoring stations in Australia
(e.g., Mutdapilly QLD, Rolling Green WA).

Recently the Merriwa air quality monitoring station has been expanded to provide Os, NO, NOz,
S0, CO, black carbon, PM2.5/PM10, light-scattering, AOD and mixed layer height measurements
from a relatively more remote location [46]. The data from this station, and ongoing monitoring at
Gunnedah, and regional centres in NSW (Albury, Wagga Wagga, Tamworth) will be used to further
assess continental background and regional ozone levels in NSW where appropriate. These data will
assist to refine and further validate the method that we have applied for background ozone
identification here.
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