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Executive summary

Air pollution is the leading environmental risk factor worldwide. World Health Organization
(WHO) estimates show that around seven million deaths are attributable to air pollution.
People with pre-existing respiratory and heart conditions, diabetes, the young, and elderly
people are particularly vulnerable to air pollution effects. Each year, air pollution causes
more than 300 premature deaths in Auckland and results in increased numbers of reduced
activity days and hospital visits, and higher usage of medications. It is estimated that the
social cost of air pollution in Auckland is $1.07 billion per year. Air pollution can affect the
atmosphere and climate directly through the warming and cooling properties of some
pollutants.

Auckland sits on an isthmus between the Tasman Sea and the South Pacific Ocean. With no
landmass close to the east or west of the city, there is a relatively clean and reliable airflow
in Auckland, helping remove air pollutants emitted across the region. Despite this, some
anthropogenic activities in Auckland create pollution levels that can exceed national and
international standards and impact people’s health.

Transport, home heating, and industrial emissions are the main anthropogenic sources of air
contaminants in Auckland. Auckland Council is responsible for the management of air
quality in the region. The council is required to monitor air quality under the Resource
Management Act 1991 and the National Environmental Standards for Air Quality (NESAQ). To
achieve this, the council continuously collects air quality data to assess compliance and
provide information to aid policy development and evaluation. The data the council collects
enables us to quantify ambient air quality in the region and note spatial and temporal
variations. Key air contaminants monitored in Auckland are particulate matter (PMyand
PMays), black carbon, carbon monoxide (CO), nitrogen dioxide (NO,), ozone (Os), sulphur
dioxide (S0,), and volatile organic compounds.

Data and information from the Auckland air quality monitoring network is reported in
multiple ways. Monthly reports are regularly published on the Knowledge Auckland website,
www.knowledgeauckland.org.nz. Data is available on the RIMU Environmental Data Portal,

www.environmentauckland.org.nz and technical reports are produced in specific reporting
years. This is the annual data report for 2021 data and its assessment against the NESAQ,
Auckland Unitary Plan air quality target, and the revised 2021 WHO air quality guidelines.
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Key findings:

e No breach of national air quality standards occurred in 2021.

e Auckland’s air quality in 2021 slightly improved by 0.34% compared to the previous
year. This improvement could be due to the COVID-19 restrictions.

e The average PMy, concentration of Auckland in 2021 increased by 1.3% compared to
2020 but did not exceed the new 2021 WHO air quality guideline of 15 ug/m?®. Queen
Street monitoring site exceeded the WHO annual guideline by 24%.

e The average PMys concentration of Auckland in 2021 increased by 6.7% compared to
2020. This increase was over the 2021 WHO air quality guideline of 5 ug/m?.
Auckland's target for 24-hour average PM,sconcentration was exceeded on one
occasion during winter at Pakuranga

e Overall, concentrations of particulate matter peak in the afternoon and night hours
and mostly increase later in the week with the highest concentrations typically
occurring on Wednesday to Friday.

e The annual mean NO, concentration for Auckland in 2021 is the lowest recorded since
2006. The annual mean concentration significantly decreased by 16.7% compared to
2020. However, Auckland’s overall annual average NO, concentration exceeded the
2021 WHO air quality guideline of 10 pg/m?3. The WHO 24-hour guideline for NO, was
exceeded on many occasions at Queen Street, Customs Street, Khyber Pass Road,
Takapuna and Penrose.
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Glossary of terms, acronyms, and abbreviations

Term

Meaning

Aerodynamic diameter

Used to describe the behaviour of a particle as it moves around
in the air; it compares the behaviour with that of a spherical
particle of unit density

Aerosol

A mixture of particles suspended in the atmosphere

Air pollutant/contaminant

Any substance in the air that could harm humans, animals,
vegetation, or other parts of the environment when present in
high enough concentrations

The presence of one or more air pollutants in high enough

Air pollution concentrations to cause harm
Air quality is the degree to which air is suitable or clean enough
Air quality for humans, animals, or plants to remain healthy

Air quality index (AQI)

Score out of 100, based on dividing a pollutant concentration
by a relevant standard. It can be used to approximate relative
impact of different pollutants

A geographic area established to manage air pollution within
the area as defined by the national environmental standard for

Airshed air quality (NESAQ).
The external air environment (does not include the air
Ambient air environment inside buildings or structures)

Anthropogenic sources

Sources resulting from human activity (not natural sources)
such as combustion of fuels

BAM

Beta attenuation monitor

Benzene

Benzene is an aromatic organic compound which is a minor
constituent of petrol (about 2% by volume).

Black carbon

Is an air pollutant made up of tiny soot-like particles
discharged into the atmosphere from
combustion processes.

Benzene, toluene, ethylbenzene and xylenes. A group of

BTEX volatile organic compounds
CO Carbon monoxide, a type of air pollutant
An exceedance defines a period of time during which the
concentration of a pollutant is greater than the appropriate air
Exceedance quality criteria.

Ground-level ozone

At ground level, ozone is considered an air pollutant that can
seriously affect the human respiratory system. It is a major
component of photochemical smog.

MfE

Ministry for the Environment

MoH

Ministry of Health

Monitoring site

A facility for measuring the concentration of one or more
pollutants in the ambient air; also referred to as ‘monitoring
station’.

NESAQ

National Environmental Standard for Air Quality

NO,

Nitrogen dioxide, a type of air pollutant.
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Term Meaning
Oxides of nitrogen. NOx is principally formed by the oxidation
NOx of nitrogen contained in air at high combustion temperatures.
Pb Lead
Particulate matter is made up of a mixture of various sizes of
solid and liquid particles suspended in air; a type of air
PM pollutant.
Particulate matter with an aerodynamic diameter of 10
PMo micrometres or less; a type of air pollutant
Particulate matter with an aerodynamic diameter of 2.5
PMys micrometres or less; a type of air pollutant.

Pollution rose

A graphic tool used to get a view of how wind direction and a
pollutant are typically distributed at a particular site.

Relative humidity

Is a ratio, expressed in per cent, of the amount of atmospheric
moisture present relative to the amount that would be present
if the air were saturated.

SO, Sulphur dioxide, a type of air pollutant.
Stats NZ Statistics New Zealand
TSP Total suspended particulates; a type of air pollutant.
USEPA United States Environmental Protection Agency
Volatile organic compounds — chemical compounds that have
high enough vapour pressure to exist at least partially as a gas
VOCs at standard atmospheric temperature and pressure.
WHO World Health Organization
A graphic tool used to get a view of how wind speed and
Wind rose direction are typically distributed at a particular site.
Microgram of pollutant (1 millionth of a gram) per cubic metre
ug/m? of air, referenced to temperature of 0°C (273.15 K) and absolute

pressure of 101.325 kilopascals (kPa).
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1 Introduction

Air pollution is the leading environmental risk factor worldwide. World Health Organization
(WHO) estimates show that around seven million deaths are attributable to the joint effects
of ambient and household air pollution (WHO, 2018, 2021). On average, a person inhales about
14,000 litres of air every day, and the presence of contaminants in this air can adversely affect
people’s health. People with pre-existing respiratory and heart conditions, diabetes, the
young, and elderly people are particularly vulnerable to these effects (MfE and Stats NZ, 2014).
Each year, air pollution causes more than 300 premature deaths in Auckland and results in
increased numbers of reduced activity days and hospital visits, and higher usage of
medications. It is estimated that the social cost from air pollution in Auckland is $1.07 billion
per year (Kuschel et al., 2012). Air pollution can affect the atmosphere and climate directly
through the warming and cooling properties of some pollutants. Indirectly, air pollution can
change rainfall and the reflectivity and distribution of clouds. Particulate matter and ground-
level ozone are two examples of air pollutants that affect our atmosphere and climate (MfE
and Stats NZ, 2014).

Auckland sits on an isthmus between the Tasman Sea and the South Pacific Ocean. With no
landmass close to the east or west of the city, there is a relatively clean and reliable airflow in
Auckland, helping remove air pollutants emitted across the region. Despite this, some
anthropogenic activities in Auckland create pollution levels that can exceed national and
international standards and impacts people’s health (Kuschel et al., 2012; Sridhar, 2013; Dirks
et al., 2017; Talbot and Crimmins, 2020).

Transport emissions are the main anthropogenic source of air contaminants in Auckland.
Residential wood burning and industry also make important contributions to air pollutant
levels (Xie et al., 2019; Davy et al., 2017; Talbot and Crimmins, 2020; MfE and Stats NZ, 2021).
Key air contaminants monitored in Auckland are particulate matter (PM;o and PM,s), black
carbon, carbon monoxide (CO), nitrogen dioxide (NO,), ozone (Os), sulphur dioxide (SO»), and
volatile organic compounds (such as benzene). See Appendix A for a full list of Auckland
specific air contaminate sources.

Auckland Council is responsible for the management of air quality in the region. The council
is required to monitor air quality under the Resource Management Act 1991 and the National
Environmental Standards for Air Quality (NESAQ). To achieve this, the council continuously
collects air quality data to assess compliance and provide information to aid policy
development and evaluation. Auckland Council is required to publicly report any breach of
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NESAQ. The data the council collects enables us to quantify ambient air quality in the region
and note spatial and temporal variations.

Data and information from the Auckland air quality monitoring network are reported in
multiple ways. Monthly reports are regularly published on the Knowledge Auckland Website,
data is available on the RIMU Environmental Data Portal, Land, Air, and Water Aotearoa
(LAWA) website, and technical reports are produced in specific reporting years. This is the
annual data report for 2021 data and its assessment against the NESAQ, Auckland Unitary
Plan air quality target, National Ambient Air Quality Guidelines, and the revised 2021 WHO air
quality guidelines.

This report provides a summary of the 2021 data and assesses it against the NESAQ standard,
Auckland Unitary Plan air quality target, and the revised 2021 WHO air quality guidelines. A
separate technical report on air quality trend analysis (2006 to 2021) is in preparation.
Assessment of the impact of COVID-19 restrictions on Auckland’s air quality was conducted
by Xie (2021a, 2021b) and Boamponsem (2021).

1.1 Why do we monitor air pollutants?

Auckland Council continuously collects air quality data to assess compliance with national
standards and provide information to aid policy development and evaluation. The data the
council collects enables us to quantify ambient air quality in the region and note spatial and
temporal variations. This supports the understanding of whether national or regional air
quality standards, targets, objectives, and environmental outcomes are being met.

The national environmental standards for air quality (NESAQ) sets five ambient air quality
standards for carbon monoxide (CO), particulate matter (PMyo), sulphur dioxide (SO,), nitrogen
dioxide (NO,), and ozone (Os). Further ambient air quality targets are scheduled by the
Auckland Unitary Plan (Table 1). Objectives and policies of the Auckland Unitary Plan require
Auckland Council to have regard to these targets to minimise potential health risks (Talbot
and Crimmins, 2020).

The ambient standards are the minimum requirements that outdoor air quality should meet
in order to guarantee a set level of protection for human health and the environment. The
table below provides details of the standards:

The specific objectives of the air monitoring programme are to:

e determine the level of contaminants in designated airsheds to compare with NESAQ
and Auckland Unitary Plan - Air quality targets

e provide air quality information for policy and strategy development

e assess and evaluate the effectiveness of policies and plans based on air quality trends

e support state of the environment reporting
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e generate data for air quality research and modelling

e infer typical air pollution exposure levels experienced by Auckland’s population and
assess potential health risks

e ensure that there is a good scientific understanding of pollutant levels, trends and
sources

e better understand ambient meteorological conditions and provide input into air
emissions modelling

e aid the application and processing of resource consents.

e provide information for local and national organisations such as Auckland Transport,
and New Zealand Transport Agency (NZTA).

Table 1. Comparison of 2021 WHO air quality guidelines to NESAQ and Auckland ambient air quality
target.

NESAQ number
of exceedances
Time Auckland 2021 WHO allowed per
Pollutant period NESAQ target® AQ guideline® year Units
Annual NA 10 5 - pg/m?
PMys
24 - hour NA 25 15 - pg/m?
Annual NA 20 15 - pg/m?
PMo
24 - hour 50 NA 45 1 ug/m?
0 8 - hour® NA 100 100 - ug/m?
3
1-hour 150 NA NA 0 ug/m?
Annual NA 40 10 - ug/m?
NO, 24 - hour NA 100 25 - ug/m?3
1-hour 200 NA 200 9 pg/m?
SO, 24 - hour 350 120 40 9 ug/m?
1- hour NA 30 35 - mg/m?
CO 8 - hour 10 NA 10 1 mg/m?
24 - hour NA NA 4 - mg/m?
2 Auckland
ambient
air quality
target

99" percentile (i.e. 3-4 exceedance days per year)
€ 99" percentile (i.e. 3-4 exceedance days per year) for 24-hour guidelines
ug/m?: micrograms per cubic metre

mg/m?: milligrams per cubic metre
NA : Not available
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1.2 Monitored air contaminants

a. Particulate matter (PM,s and PMy,)

Particulate matter is a term used for a mixture of solid particles and liquid droplets found in
the air (US EPA, 2021; MfE & Stats NZ, 2021). We monitor two types of particulate matter -
PMo: larger particles (but still small enough that they can be inhaled), 10 micrometres (um),
or less in aerodynamic diameter. PMJs: finer particles, 2.5 micrometres or less in aerodynamic
diameter.

The burning of wood for home heating is a major contributor to particulate matter
concentrations in Auckland. These are identified in winter peaks in PM; and PMss
concentrations and bottom-up emission inventories (Metcalfe et al., 2018; Xie et al., 2019).
Secondary sulphates are also a significant particulate source. For Auckland, these will
generally originate from oceanic biogenic gas emissions such as dimethyl sulphate, which are
then stabilise as fine particulates within the atmosphere (Davy et al.,, 2017; Talbot and
Crimmins, 2020).

In Auckland, combustion-derived particulates make up 44% of total particulate
concentrations (PMas and PMy, combined) (Davy et al., 2017; Talbot and Crimmins, 2020).
Transport emissions are the major source of PM,s across the Auckland region, most notably
within urban centres and alongside major arterial routes (Talbot & Lehn 2018). Non-exhaust
transport sources of PMyo, brake and tyre wear, and unsealed road dust, are deposited rapidly
due to gravitational force but are often resuspended into the atmosphere through vehicle
induced air turbulence alongside roads (Xie et al., 2016; Talbot and Crimmins, 2020; MfE &
Stats NZ, 2021).

The PMyq size fraction is predominantly released from natural sources such as soil and rock
abrasion released as dust (Carslaw et al., 2010). There is also a notable contribution across
the Auckland region from sea salt, which can make up the majority of PM;, mass during
summertime (Davy et al., 2017; Talbot and Crimmins, 2020; MfE & Stats NZ, 2021).

In New Zealand and around the world, the most significant human health impacts from poor
air quality are associated with exposure to particulate matter (Health Effects Institute, 2018;
MfE & Stats NZ, 2021). There is considerable evidence that inhaling PM is harmful to human
health; smaller particle sizes, such as PM,s and finer. PMys can be particularly harmful because
these particles can become trapped in the small airways deep in the lungs. When particles are
very fine they can enter the bloodstream and penetrate organs in the body (EFCA, 2019; Talbot
and Crimmins, 2020; MfE & Stats NZ, 2021).

Short- and long-term exposure to PM, even at low levels, can lead to a range of health impacts
especially in vulnerable people (the young, the elderly, and people with existing respiratory
conditions). At the less-severe end, it can cause temporary and reversible effects such as
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shortness of breath, coughing, or chest pain. There is strong evidence of more severe effects,
such as illness and premature death from heart attacks, strokes, or emphysema (where the air
sacs in the lungs are damaged) (MfE & Stats NZ, 2021).

Exposure to PM can also lead to lung cancer and exacerbate asthma. Research findings point
to possible links with diabetes and atherosclerosis (the accumulation of fat, cholesterol, and
other substances on artery walls, reducing blood flow) as a result of increased inflammation
caused by PM (WHO, 2013; MfE & Stats NZ, 2021).

The WHO (2013) reported that PMsys acts as a delivery mechanism into the bloodstream for
hazardous semi-volatile pollutants and that there are no safe exposure thresholds below
which health risks are not present (WHO, 2013; Talbot and Crimmins, 2020).

b. Nitrogen oxides (NOx)

NOx is principally formed by the oxidation of nitrogen contained in the air at high combustion
temperatures. Vehicle traffic is a major source of anthropogenic NOx emissions and nitrogen
dioxide (NOy) in particular has been identified as an indicator pollutant for motor vehicle
pollutants. Most NOx (approximately 95%) is emitted as nitric oxide (NO) at the point of
discharge. Nitric oxide (NO) is generally considered not harmful to human health. The
remaining 5% of NOx is NO, and is known to negatively affect human respiratory function.
Nitric oxide (NO) will normally convert to NO, depending on the presence of atmospheric
oxidants, mainly ozone (O3). Atmospheric oxidants increase the rate of conversion of NO to
NO, (Crimmins, 2018; Moore 2019).

Nitrogen dioxide (NO») is a gas primarily generated by burning fossil fuels, mainly by motor
vehicles (particularly diesel vehicles) but also from industrial emissions and home heating
(MfE & Stats NZ, 2021). NO, is emitted almost entirely from anthropogenic activities (except
for a small contribution from volcanic emissions) (Xie et al., 2014). Concentrations of NO, are
highest along busy road corridors, especially routes that are used by buses and heavy goods
vehicles (Longely et al., 2014; Talbot and Crimmins, 2020). Emissions of NO, have reduced due
to improved engine technology and fuel quality, however, many improvements have been
offset by higher traffic volumes, more distance travelled, and intensification along transport
corridors. In addition, vehicles are getting heavier, with larger engines (MfE & Stats NZ, 2021).

There are health impacts from short-term and long-term exposure to NO,. Short-term
exposure to high concentrations of NO, causes inflammation of the airways and respiratory
problems and can cause asthma attacks. Short-term exposure may also trigger heart attacks
and increase the risk of premature death. Long-term exposure may cause asthma to develop
and lead to decreased lung development in children. It may also increase the risk of certain
forms of cancer and premature death. NO, also contributes to brown haze in Auckland, which
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is associated with an increase in hospital admissions (US EPA, 2016; MfE & Stats NZ, 2014,
2021).

Nitrogen dioxide also contributes to the formation of ground-level ozone and secondary
particulate matter (when gases in the atmosphere react in the presence of sunlight), both of
which can have adverse health impacts (MfE & Stats NZ, 2021).

NO, can have ecological impacts. It can cause injury to plant leaves and reduce growth in
plants that are directly exposed to high levels (US EPA, 2008). In the atmosphere, NO, can
combine with water to form nitrate, which has been shown to cause acidification and have
adverse effects on freshwater ecosystems. It can also affect ecosystems by acting as a nutrient
(Payne et al., 2017; MfE & Stats NZ, 2021).

¢c. Carbon monoxide (CO)

Carbon monoxide (CO) is a colourless, odourless gas formed by both natural processes (such
as volcanic activity and wildfires) and anthropogenic activities (mostly from motor vehicles,
home heating, and industry). CO is caused by the incomplete combustion of fuels, especially
in petrol-fuelled motor vehicles (Sridhar, 2013; MfE & Stats NZ, 2014)

Exposure to CO has significantly reduced since the introduction of emission standards in the
year 2000, which required catalytic converters (an exhaust emission control device that
converts toxic gases and pollutants into less-toxic pollutants) to be installed in most vehicles
(Bluett et al., 2016; MfE & Stats NZ, 2021)

Carbon monoxide (CO) can have a range of health effects even after short-term exposure to
relatively low concentrations. When inhaled, CO enters the bloodstream and attaches to
haemoglobin in red blood cells, which transport oxygen around the body. This reduces the
amount of oxygen that body tissues receive and can have adverse effects on the brain, heart,
and general health. Exposure to low levels can causes dizziness, nausea, weakness, confusion,
and disorientation. Higher levels can cause collapse, loss of consciousness, coma, and death
(US EPA, 2010; MfE & Stats NZ, 2021). A long-term guideline does not exist as most of the
adverse health problems are associated with high short-term concentrations (MfE & Stats NZ,
2014).

d. Ground-level ozone (0O3)

Ozone (O3) is a colourless gas found naturally in the outer atmosphere but is a pollutant when
formed at ground level from reactions with other pollutants produced by motor vehicles,
industrial activities, and domestic sources. Ozone helps screen out harmful ultraviolet
radiation in the upper atmosphere. Ground-level ozone forms when nitrogen oxides and
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volatile organic compounds combine in the presence of sunlight (Sridhar, 2013; MfE & Stats
NZ, 2021).

Exposure to high concentrations of ground-level ozone can cause respiratory health issues
and is linked to cardiovascular health problems and increased mortality. People most at risk
include children, older adults, people with asthma, and people who spend a lot of time
outdoors. Exposure to ground-level ozone may also be associated with effects on the nervous
and reproductive systems, and other developmental effects (WHO, 2013; MfE & Stats NZ, 2014,
2021).

Only a short-term guideline and standard exist as most of the adverse health problems are
associated with high short-term concentrations. High concentrations occur away from where
pollutants that form ozone are emitted. This is because it takes time for the chemical reactions
to occur, by which stage the chemicals have dispersed away from their source. The increased
duration and intensity of sunlight in summer make this primarily a summer issue (MfE & Stats
NZ, 2014).

e. Sulphur dioxide (50.)

Sulphur dioxide is a colourless gas with a sharp, distinctive odour. It is produced from the
combustion of fossil fuels that contain sulphur, such as coal and oil (used for home heating,
industry, and shipping). Industrial sources include milk powder production, thermal electricity
generation, petrol refining, smelting of mineral ores, production of fertilisers, and steel
manufacturing. Natural sources include geothermal activity and volcanoes (Sridhar, 2013;
Talbot et al., 2017; MfE & Stats NZ, 2014, 2021).

Levels of SO, have rapidly declined across the Auckland airshed since national regulations
reduced the sulphur content of diesel and petrol (Talbot and Crimmins, 2020). At high levels,
SO, can have human health and ecological impacts. When inhaled, SO, is associated with
respiratory problems such as bronchitis. It can aggravate the symptoms of asthma and chronic
lung disease and irritate the eyes (MfE & Stats NZ, 2014, 2021).

S0, can also interact with other compounds in the air to form sulphate particulate matter, a
secondary pollutant. Sulphate PM is associated with significant health effects because of its
small size and acidity. It is also a cause of haze, which impairs visibility (MfE & Stats NZ, 2021).
In ecosystems, SO, can damage vegetation, acidify water and soil, and affect biodiversity (US
EPA, 2017; MfE & Stats NZ, 2021).
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f. Black carbon

Soot generated from combustion processes is a common type of PMys particle in urban areas.
These ‘black carbon’ particles (BC) can be emitted from combustion sources (particularly
diesel, coal and wood) and are known to be hazardous to human health (Janssen et al., 2011).
As solar energy is absorbed by the dark particles, BC is also an atmospheric warming pollutant
and has been identified as having the second greatest global warming impact (to carbon
dioxide) over the industrial era (Bond et al., 2013).

The major contributors to black carbon in Auckland are diesel transport modes such as buses
and trucks, and wood combustion for home heating (Crimmins et al.,, 2019, Talbot and
Crimmins 2020). In Auckland, combustion sources are dominated by motor vehicle emissions
and solid fuel fires for domestic heating (Davy et al., 2017)

&g. Volatile organic compounds (VOCs)

Volatile organic compounds (VOCs) are organic compounds that are both naturally occurring
and human-made (such as benzene and 1,3-butadiene). Benzene is a colourless, flammable
gas produced by motor vehicles and domestic fires (Sridhar, 2013). Benzene and
benzo(a)pyrene are pollutants that are associated with health problems ranging from
respiratory irritation to cancer (MfE & Stats NZ, 2014). Benzo(a)pyrene (BaP) can irritate the
eyes, nose, and throat, and is associated with lung cancer (MfE & Stats NZ, 2014). BaP in New
Zealand is largely emitted from the combustion of fuels, such as wood and coal from home
heating. Vehicle emissions and some industrial processes also emit BaP. Some industrial
activities emit benzene (MfE & Stats NZ, 2014).

h. Total suspended particulate (TSP) and associated lead (Pb) content

Lead (Pb) is a metal found naturally in the environment as well as in human-made products.
Historically, the major source of lead emissions has been from fuels used by motor vehicles,
specifically, leaded petrol (Sridhar, 2013). Pb can have adverse effects on the nervous system
and can impair mental development in children and hearing (MfE & Stats NZ, 2014). Pb can be
emitted from some industrial discharges, such as at metal smelters, houses, or other
structures where lead-based paint is being or has been, removed without the proper safety
precautions (MfE & Stats NZ, 2014).
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2 Methods

2.1 Auckland air quality monitoring network

Continuous instrumental ambient air quality monitoring has been performed in the Auckland
region for many decades and Auckland Council has data from 1964 to date. This dataset is the
longest continuous air quality dataset in New Zealand. The current Auckland ambient air
quality monitoring network comprises 10 fixed and permanent sites. Carbon monoxide (CO) is
measured at one site, nitrogen dioxide (NO,) at eight sites; particulates at nine sites; ozone
(O3) at one site; lead (in total suspended particles) at one site, sulphur dioxide (SO,) at two
sites, and black carbon at two sites. Passive monitoring of Benzene, toluene, ethylbenzene and
xylene (BTEX) is also undertaken at Newmarket (Intersection of Crowhurst Street and
Mountain Road West) and Penrose.

The sites range in their scope and represent a variety of sources and exposures (from
suburban residential areas to peak traffic areas. Some sites are set up to monitor a single
pollutant while others measure a suite of pollutants most on a continuous basis. Seven of the
sites have co-located meteorological equipment and house the analysing equipment in air-
conditioned sheds. In addition to the 10 permanent sites, are two mobile monitoring stations.
These units are deployed on an ad-hoc basis across the region on an ‘as needs’ basis.

Continuous meteorological monitoring is undertaken at seven sites because information on
local meteorology is essential for understanding pollutant sources, short-term events,
chemical reactions, the trends in data, and why exceedances occur (Sridhar, 2013; Peterson
and Giles 2014). Meteorological parameters measured include; ambient temperature (AT),
wind speed (WS), wind direction (WD), and relative humidity (RH). The type of meteorological
sensors and mast height for each site are provided in appendix L. The sites are funded by the
Auckland Council while data collection and equipment maintenance are performed by the Air
Quality Department of Watercare Services Limited. Source apportionment modelling that
quantifies the contribution of sources to particulate matter is conducted by GNS Science.
Figure 1 presents a map of the current monitoring sites.

Over the years since the commencement of air monitoring, the nature of monitoring and
overall objectives have evolved. This reflects international trends in monitoring, including
increasing concern with smaller particles and hazardous air pollutants, improved
instrumentation, and an improved understanding of air quality in Auckland. The main changes
that have affected the monitoring network over the past 25 years include a shift to monitoring
smaller particles, change in focus for gaseous pollutants, concern about photochemical smog,
move to more frequent and continuous monitoring, changes in air quality guidelines and
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standards, and understanding sources of air pollution. Equipment and standard methods have
changed and improved over the years, leading to the associated improvement in data quality
and reliability (Peterson and Bronwen Harper 2006; Sridhar, 2013; Peterson and Giles, 2014)
Table 2 provides characteristics of the current monitoring sites.
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Figure 1. Auckland Council air quality monitoring sites.
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Table 2. Monitoring sites pollutants, meteorological parameters measured.

Meteorological

Si Established | Pollutants
ite . parameters Pollutant sensors used
date monitored .
measured on site?
NOx — API 200E Gas Analyser, PM1o —
Thermo FH62C14 Beta Attenuation
PM1o, PM2s Monitor, PM2s — MetOne ES642
Glen Eden® 2005 and NO2, WS, WD, AT, RH Nephelometer (non-regulatory)
PM1o— Thermo FH62C14 — Beta
Attenuation Monitor
PM1oand PM2.5— MetOne ES642 Nephelometer
Pakuranga® 1998 PMz.s WS, WD, AT, RH (non-regulatory)
Ozone — Thermo 49i Gas Analyser
NOx — API 200E Gas Analyser
PMj1o — Thermo FH62C14 Beta Attenuation
Monitor
PM1o, PM2s, PM25 — Thermo 5014i Beta Attenuation
Patumahoe 1996 NO2, and O3 | N/A Monitor
PM1o — Thermo FH62C14 Beta Attenuation
Monitor
CO - API 300E Gas Analyser
NOx — API 200E Gas Analyser
PM1o, CO, BTEX — Passive Samplers, Monthly
Khyber Pass NO2,and sampling (Mountain Road West and
Road 1995 VOCs N/A Crowhurst St)
PMj1o — Thermo FH62C14 Beta Attenuation
Papatoetoe® 2017 PMjo WS, WD, AT, RH Monitor
NOx — API 200E Gas Analyser, SO2 — API
T100 Gas Analyser
PM1o — Thermo FH62C14 Beta Attenuation
Monitor
PM1o, PM2s, PMzs — Thermo 5014i Beta Attenuation
NO2, SO, Monitor
TSP/Lead, TSP/Lead — Department of Health Medium
Penrose® 2000 and VOCs WS, WD, AT, RH Volume Sampler, VOC — Passive Sampler,
NOx — API T200 Gas Analyser
PM1o — Thermo FH62C14 Beta Attenuation
PM1o, PM2ss, Monitor,
Takapuna® 1995 and NO> WS, WD, AT, RH PM2.s - Teledyne T640 PM Mass Monitor,
PMio — T640 Teledyne PM Mass Monitor
Queen PM1o, PM2s, PM2s - T640 Teledyne PM Mass Monitor
Street® 1998 and NO2 WS, WD, AT, RH NOx — API 200E Gas Analyser
NOx - API 200E Gas Analyser, PM1o —
PMyo, black Thermo FH62C14 Beta Attenuation
carbon, and Monitor, Black carbon — Magee AE33
Henderson® 1993 NO2 WS, WD, AT, RH Aethalometer
NOx — API T200 Gas Analyser
SOz — API T100 Gas Analyser
PM2s — MetOne ES642 Nephelometer
(non-regulatory)
PM:25, black Black Carbon — MetOne 1060
carbon, Aethalometer
Customs NO2, and
Street 2020 SO2 N/A

NB: N/A implies not applicable

WS : wind speed, WD : wind direction, AT : ambient temperature, RH : relative

humidity

aAll meteorology parameters are measured in real time with Vaisala Weather Transmitter WXT520

®Meteorological mast height = 6

m

‘Meteorological mast height = 10 m
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2.2 Data collection and analysis

Ten minutes average concentrations of air contaminants and meteorological variables are
continuously measured by the sensors and instruments deployed at the 10 monitoring sites.
Each instrument is connected to a data logger which transmits raw data to the council’s
Hydrotel cloud database system. The Air Quality Unit at Watercare Services Limited manages
the network on behalf of the council and have in house quality control procedures for data
collection and management in accordance with the Ministry for the Environment’s Good
Practice Guide for Air Quality Monitoring and Data Management 2009 (Ministry for the
Environment, 2009). Daily contaminants raw data are screened for exceedances of the
national standards, invalid values (such as invalid concentrations logged due to instrument
error), and then subsequently validated. Watercare Services Limited notifies the council when
an exceedance of a standard occurs. Data stored in Hydrotel is treated as raw data until the
data is validated and quality assured.

Data from the BTEX passive monitoring and TSP gravimetry and lead content analysis are
received periodically on MS Excel spreadsheets from Watercare Services Ltd.

In this report, most graphs were plotted using MS Excel and the Openair R package (Carslaw
& Ropkins 2012). Inferential statistical analysis was conducted using IBM SPSS version 20.
Wind roses were generated using Kristers Aquisnet REP software. The parametric
independent-samples t-test (or independent t-test) in SPSS was used to compare mean
differences between sites and years (2020 and 2021). The seasons are defined as follows -
Summer: December, January, and February, Autumn: March, April, and May, Winter: June,
July, and August, Spring: September, October, and November.
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3 Results

3.1 Weather conditions/meteorological differences

Auckland region experiences a subtropical climate. It has a mild climate with few extreme
temperatures. Although this is partly due to the relatively low latitudes and elevations in the
region, the extensive surrounding ocean also has a modifying effect on its temperatures.
Auckland region experiences mean annual temperatures between 14 °C and 16 °C, with eastern
areas generally warmer than western areas (Chappell, 2013; Boamponsem et al., 2017).

Weather conditions can influence temporal changes in air pollution levels. Air contaminants
concentrations can vary over time according to emission source, meteorology and human
behaviour. Some contaminants (e.g., PMy and PM,s) can rise above or near normal levels,
possibly due to irregular wet and windy weather conditions which increase the contribution of
non-traffic sources (e.g., dust or sea salt) (Xie, 2020). Particulate matter generated with
different size ranges and chemical composition can in turn undergo atmospheric reactions
and be affected by location specific meteorological factors including ambient temperature,
relative humidity, and wind speed (Baldwin et al., 2015; Davy and Trompetter 2021).

Consequently, seasonal differences affect temporal variations of air contaminants in the
Auckland region. Meteorology contributes significantly to increasing air pollution levels during
winter. Cold winter nights under high atmospheric pressure can create temperature inversions
close to the ground; these inversions greatly reduce the dispersal of pollutants (Ancelet et al.,
2014; MfE, 2014; Talbot et al., 2017).

a. Ambient temperature

The overall average temperature of Auckland in 2021 significantly increased by 1.3%
compared to 2020 (from 16.02 £ 4.1°C t0 16.2 £+ 4.1 °C) (p<0.05). As shown by Figure 2, the
pattern of temperature variations in 2021 was similar to the previous year. All the average
annual ambient temperatures across the sites significantly increased compared to 2020
(p<0.05). Appendix B presents the temperature descriptive statistics for each site.
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Figure 2. Monthly average ambient temperature measured at six monitoring sites - 2021 compared to
2020. Error bars represent the standard errors of the mean.

b. Relative humidity

The overall average relative humidity of Auckland in 2021 significantly increased by 2.1%
compared to 2020 (from 68.0 + 13.4% to 69.4 + 13.0%) (P<0.05). The pattern of ambient
relative humidity variations in 2021 was similar to the previous year (See Figure 3). Apart from
Pakuranga, which significantly had an increased relative humidity, all the other sites had a
marginal increase which was not statistically significant. Appendix B presents the relative
humidity descriptive statistics for each site.
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Figure 3. Monthly average relative humidity measured at six monitoring sites - 2021 compared to 2020.
Error bars represent the standard errors of the mean.
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3.1.1 Wind speed direction

Wind roses are graphical charts that characterise the speed and direction of winds at a
monitoring site. They are presented in a circular format, where the length of each "spoke"
around the circle indicates the amount of time that the wind blows from a given direction. The
colours along the spokes show categories of wind speed (Figures 4 to 6). A wind rose is a very
useful way of summarising meteorological data. It is particularly useful for showing how wind
speed and wind direction conditions vary by year (Carslaw and Ropkins, 2012). By visually
inspecting wind roses we can get an overview of the general prevailing wind direction and
speed of a site in a specified duration.

The general patterns of wind speed and direction for all the monitoring sites in 2021 were quite
comparable to the previous year. Wind rose diagrams showing the general frequency
distribution of the wind speed and direction during 2020 and 2021 for six sites are provided in
figures 4 to 6.
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Figure 4. Wind roses for Penrose and Pakuranga.

Wind speeds are split into the intervals shown by the scale in each panel. The grey circles
show the per cent frequencies. The plots on the left are for 2020 data while the right plots
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Figure 5. Wind roses for Takapuna and Queen Street.

wind speeds are split into the intervals shown by the scale in each panel. I'he grey circles show the per cent
frequencies. The plots on the left are for 2020 data while the right plots are for the 2021 data.
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Figure 6. Wind roses for Glen Eden and Henderson.
Wind speeds are split into the intervals shown by the scale in each panel. The grey circles show the per cent
frequencies. The plots on the left are for 2020 data while the right plots are for the 2021 data.
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3.2 Auckland’s air quality data - 2021

Auckland is not regarded as a polluted airshed under the national air quality standards
(NESAQ). The region’s geographic location provides a reliable airflow that aids to eliminate air
pollutants. Despite this advantage, Auckland still experiences air pollution in particular
locations and at certain times of the year. The recent state of Auckland’s environment report
indicated that overall air quality is good and improving (Auckland Council Research and
Evaluation Unit, 2021).

Occasionally, exceptional events result in air pollutant concentrations to exceed the national
standard or target limits. For instance, in October 2019, the smoke from the New Zealand
International Convention Centre building site fire led to the PM;q and PMysconcentrations at
the Queen Street monitoring site exceeding the NESAQ and the Auckland targets. In December
2019, the Australian dust storms and bushfires led to a PMy, exceedance detected at three
sites (Papatoetoe, Penrose and Patumahoe). See Appendix A for a full list of Auckland specific
air pollution sources.

3.2.1 Particulate matter (PM,,)

The average PMy, concentration of Auckland in 2021 increased by 1.3% compared to 2020
(from12.29 + 8.69 pg/m°t012.74 + 8.69 ug/m?) (p<0.05). However, this increase did not exceed
the new 2021 WHO air quality guideline of 15 pg/m3. It is important to note that on the
individual sites level, Queen Street exceeded the WHO annual guideline by 24%. As in the
previous year, the Khyber Pass Road monitoring site recorded the lowest annual PM;; mean
concentration of 11 ug/m?3, while Queen Street recorded the highest level of 19 pg/m?. Further
investigation is needed to ascertain the reason Khyber Pass Road’s PMi, annual average
concentration was lower than the rural site (Patumahoe). Figure 7 presents the variation of
PM;o concentration across the nine monitoring sites.
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Figure 7. PM,, annual mean concentrations at nine sites - arranged in increasing order from left to right.

Error bars represent the standard errors of the mean. Map b (right) shows sites and their 2021 annual mean PMyq
concentration in brackets.

The annual PMy, concentrations recorded at Patumahoe, Penrose, and Glen Eden sites were
statistically significantly (p<0.05) lower than the previous year (See Appendix C). Conversely,
the annual PMy concentrations measured at Queen Street, Pakuranga, Papatoetoe,
Henderson, and Takapuna sites were significantly higher than the previous year (p<0.05). The
marginal decrease in the annual PMy, concentration at Khyber Pass Road was not statistically
significant.

It is important to note that even though at times there were hourly spikes in PM;, mean
concentrations in most of the sites, there was no exceedance of national standard and the
2021 WHO air quality 24-hour guideline (See Appendix D). A box and whisker diagram
depicting the hourly mean concentrations across the sites is given by Figure 8.
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x markers are the means, and circles are outliers.

Similar to findings by Talbot et al. (2017), daily PM:, emissions were higher in winter probably
due to the use of solid fuels for home heating (See Figure 9). In summer, transport is the main
anthropogenic source of daily PM;, emissions. Afternoon concentrations are generally lower
than those of the evening due to increased mixing in the atmosphere (Figure 10). As the ground
cools in the evening, so the atmosphere becomes more stable, and concentrations increase
with less dispersion. Weekday concentrations are higher than weekends due to increased
traffic (Talbot et al., 2017).
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Figure 9. Temporal variations in Auckland PM,, annual mean concentrations. Error bars represent the
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As indicated in section 3.1, PMy, concentrations may vary from site to site depending on
meteorological conditions and other factors. PMyo pollution rose charts are useful in showing
which wind directions dominate the overall concentrations as well as providing information on
the different concentration levels. Figures 11 and 12 indicate that different dominant wind
speeds and directions occur at each monitoring site. For example, Figure 11 shows that the
highest PMyo concentrations arrive at the Penrose site mostly from the southwest sector while
that of Queen Street are from the southeast sector. It is interesting to note that the patterns
of PMyo pollution roses at all the sites in 2020 and 2021 were identical.
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Figure 11. PM,, pollution roses for Penrose, Queen Street and Takapuna sites.
Higher PMio concentrations are associated with predominant prevailing wind direction as follows: Penrose:
southwest, Queen Street: southeast, and Takapuna: south westerly. The plots on the left are for 2020 data while
the right plots are for 2021 data.
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Source apportionment studies have found that the key contributing influences on PMy
concentrations in Auckland are (in decreasing degrees of importance): marine aerosol, motor
vehicle exhaust emissions, residential wood burning, and crustal matter. Emissions from
transport and home heating are the main anthropogenic sources of PMyo in Auckland (Davy et
al., 2017).

Auckland regional emissions of PMy, from wood burning were estimated at approximately 12
tonnes per winter day or approximately 1200 tonnes per year in 2016 (Metcalfe et al., 2018). It
was estimated that on-road motor vehicles contribute 647 tonnes/year of PMyo. Total regional
emissions of PMyo from the transport sector in 2016 were estimated as 1991 tonnes/year (51%
unsealed road dust, 32% motor vehicles, 9% offroad vehicles) (Sridhar and Metcalfe, 2019).
Emissions from motor vehicles represent 32% of total regional PM;, emissions from transport
in the Auckland region. Within the Auckland urban airshed, emissions from motor vehicles
account for 71% of total PMyq anthropogenic emissions. (Sridhar and Metcalfe, 2019; Xie et al,,
2019).

Crustal matterisa minor contributor to PMyo concentration at all sites and is largely dependent
on the nature of local dust-generating activities (Davy et al., 2017). At some sites, there is a
minor contribution to PMy concentrations from local industrial activities (E.g., Penrose).
Industrial point sources within Auckland’s urban area are estimated to have discharged 47.6
tonnes of PMy in 2016 (Crimmins, 2018). Emissions from ships are impacting the PMy, levels
measured at Auckland city centre sites (Davy et al., 2017).

In Auckland, natural sources (e.g., sea spray) significantly contribute to PMy, concentration
(approximately 50%). This natural background concentration is challenging to manage (Davy,
2021; Talbot and Crimmins, 2020).

3.2.2 Particulate matter (PM,;)

The average PMys concentration of Auckland in 2021 increased by 6.7% compared to 2020
(from 5.66 £ 4.15 ug/m°to 6.04 + 5.11 ug/m?®) (p<0.05). This increase was over the 2021 WHO air
quality guideline of 5 pug/m®. Patumahoe monitoring site had the lowest annual PM.s mean
concentration of 4.6 pg/m?, while Queen Street recorded the highest mean of 7.6 pg/me. Apart
from Penrose, all the monitored sites registered annual mean concentrations higher than the
previous year. All the differences in annual mean concentrations were statistically significant
(p<0.05) (See Appendix C). Figure 13 presents the variation of PMysannual concentration for
four monitoring sites.
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Figure 13. PM,sannual mean concentrations at four sites - arranged in increasing order from left to
right.

Error bars represent the standard errors of the mean. Map b (right) shows sites and their annual
mean PM,sconcentration in brackets. Please note that further data analysis was not performed
on Glen Eden, Pakuranga, and Customs Street due to less than 75% data coverage in 2021 (PM,s
instrument failure occurred between August and December 2021)

As with PMy, there were occasional hourly spikes in PMss mean concentrations in all the sites
(See Appendix E). On 24" June 2021, a 24-hour PMys mean concentration of 26.5 ug/m® was
recorded at Pakuranga. This slightly exceeded the Auckland Unitary Plan target of 25 ug/mé2.
This exceedance is likely due to home heating. The annual PMys averages for Penrose,
Takapuna, and Queen Street sites were higher than the more stringent WHO air quality
guideline of 5 ug/m®. A box and whisker diagram showing the distribution of hourly mean
concentrations across the sites is presented in Figure 14.
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Figure 14. Boxplot of PM, s hourly mean concentration measured at four sites.

Boxes represent 25" (bottom of the box) and 75" (top of box) percentile, central line through the box is the
median, bars outside the box (whiskers) represent the 1.5x interquartile range, x markers are the means,
and circles are outliers.

In the same manner as PMyo, PM,s concentrations were higher in winter most likely due to the
increase in the use of home heating systems. Overall, concentrations peak in the afternoon
and night hours (See Figure 16). Overall, between the hours 12 noon and 6 pm, higher average
PM2.5 values were recorded in 2021 than in 2020. This is likely due to increased source
contribution from motor vehicles. Concentrations of PM,s tend to increase later in the week
with the highest concentrations typically occurring on Wednesday to Friday (Figure 15).
Weekday concentrations are slightly higher than weekends most probably due to increased
human activities.
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Figure 15. Temporal variations in Auckland PM.sannual mean concentrations. Error bars represent the
standard errors of the mean.

2020 m2021

=N wo ko0 N0
©O O o o o o o o o

0.0

Hourly mean concentration (ug/m?3)

12 3 456 7 8 91011121314151617181920212223 0
Hour of the day

Figure 16. Time variations in Auckland PM, s hourly mean concentrations. Error bars represent the
standard errors of the mean.

Unlike PMyo, anthropogenic emissions dominate PMys concentrations (approximately 70%)
(Davy, 2021). Research by Davy and Trompetter (2021) shows that tailpipe particulate matter
emissions from fuel combustion are primarily less than 2.5 um, with most in the ultra-fine size
range (<0.1um). They also found that the contribution of diesel-fuelled vehicles to PMysat the
Takapuna site was 90% of the total (diesel + petrol) motor vehicle burden (Davy and
Trompetter, 2021). Whereas emissions of some pollutants have been reduced due to improved
engine technology and fuel quality, many improvements have been offset by higher traffic
volumes, more distance travelled, and intensification along transport corridors. In addition,
vehicles are getting heavier, with larger engines (MfE and Stats NZ, 2021).

Similar to PMyo, source attribution studies have identified five common source contributors to
PMysin Auckland. These are biomass burning, motor vehicles, secondary sulphate, marine
aerosol (sea spray), and crustal matter. Biomass burning and motor vehicle emissions are the
main anthropogenic sources of PMys across all sites in Auckland (Davy et al., 2017; Talbot et
al., 2017). About 45% of PMys comes from wood burning used for home heating (Xie et al.,
2019). For sites near harbours such as Queen Street and Takapuna, marine aerosol is a
significant contributor to PM,s(Davy et al., 2017; Talbot and Crimmins, 2020).

Auckland’s regional emissions of PMys are estimated at approximately 12 tonnes per winter
day or approximately 1220 tonnes per year (Metcalfe et al., 2018). Overall, it was estimated
that 275 tonnes of PMys were emitted from stacks and other industrial point sources in 2016
(Crimmins, 2018).

PMys pollution rose plots show that the predominant wind direction where the PMgs
contaminants are originating from are similar to the previous year. Figure 17 shows the PMys
pollution roses for three sites where wind speed and direction are monitored.
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Figure 17. PM_ s pollution roses for Queen Street, Takapuna, and Penrose sites.
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Higher PMys concentrations are associated with predominant prevailing wind direction as follows: Queen Street:
southeast, Takapuna: southwest, and Penrose: southwest. The plots on the left are for 2020 data while the right plots

are for the 2021 data.
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3.2.3 Nitrogen dioxide (NO,)

The annual mean NO, concentration for Auckland in 2021 is the lowest recorded since 2006.
The mean annual NO, concentration for 2021 significantly decreased by 16.7% (from 18.58 %
22.0 ug/m3to 15.47 + 17.5 pg/m?®) compared to 2020 (p<0.05). However, Auckland’s overall
annual average NO, concentration exceeded the 2021 WHO air quality guideline of 10 ug/m?.
As in the previous year, the Patumahoe monitoring site recorded the lowest annual NO, mean
concentration of 3.0 ug/m?, while Customs Street registered the highest of 42.0 ug/m?. Figure
18 presents the variation of NO, concentration across the monitoring sites.

The annual NO, mean concentrations recorded at Penrose, Queen Street, Customs Street,
Khyber Pass Road, and Henderson sites were statistically significantly (p<0.05) lower than the
previous year (See Appendix C). However, the marginal increase in the annual NO, mean
concentration at Patumahoe, Glen Eden, and Takapuna was not statistically significant
(p>0.05).
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Figure 18. NO, annual mean concentrations at eight sites - arranged in increasing order from left to right.

Error bars represent the standard errors of the mean. Map b (right) shows sites and their annual mean NO,
concentration in brackets.

A box and whisker diagram showing the distribution of the hourly mean concentrations across
the sites is given in Figure 19. It is worth noting that even though there were occasional hourly
spikes in NO, mean concentrations in all the sites, there was no breach of national standard.
On the contrary, on 26 occasions, Auckland exceeded the new 2021 WHO air quality 24-hour
guideline for NO, (See Appendix F). Figure 20 presents the annotated calendar plot of the daily
NO, mean concentrations indicating the days where the measured values reached or exceeded
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the WHO guideline of 25 ug/m?. In more than half of the days in 2021, the two Auckland city
centre sites recorded 24-hour average NO, concentrations more than the 2021 WHO guideline
(See Appendix F; Figures F7 and F9).
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Figure 19. Boxplot of NO, hourly mean concentration measured at eight sites.

Boxes represent 25" (bottom of the box) and 75 (top of box) percentile, central line through
the box is the median, bars outside the box(whiskers) represent the 1.5x interquartile range,
x markers are the means, and circles are outliers.
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Figure 20. Calendar plot for NO, overall Auckland concentrations in 2021 with annotations highlighting
those days where the concentration of NO, were equal or greater than the 2021 WHO guideline of 25
pg/m?3. The numbers show the NO, 24-hour mean concentration in pg/m?.

The highest NO, concentrations were recorded in winter (Figure 21). Reduced pollution
dispersion during the cold winter months is known to increase overall concentrations along
with increased emissions from colder engines (Talbot and Crimmins, 2020). Concentrations
of NO, tend to increase from mid-week with the highest concentrations typically seen on
Wednesday to Friday. In the same manner as the findings reported by Talbot and Crimmins
(2020), the overall, concentrations peak in the morning and evening likely due to ‘rush hour’
traffic peak, evident in Figure 22 with the increase between 7am and 9am, and 5pm and 9pm.
Weekday concentrations are slightly higher than weekends most likely due to increased traffic
volume.
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Figure 21. Temporal variations in Auckland NO, annual mean concentrations. Error bars represent the
standard errors of the mean.
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Figure 22. Time variations in Auckland NO, hourly mean concentrations. Error bars represent the
standard errors of the mean.

Overall, it was estimated that 2606 tonnes of NOx were emitted from stacks and other
industrial point sources in 2016. Within the Auckland urban boundary, industry is estimated
to have emitted 775 tonnes of NOx in 2016. The combustion of any fuel generates a range of
nitrogen oxides (NOx), as nitrogen in the air is oxidised in the combustion process. For
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industrial combustion processes, the majority of NOx is emitted as nitrogen oxide (NO), which
is generally considered not to be harmful to human health or the environment at typical
ambient concentrations. However, over time in the presence of sunlight, atmospheric ozone
and/or organic compounds, NO is oxidised to the hazardous air pollutant NO, (Crimmins,
2018).

In 2016 estimate 15,473 tonnes per year of NOx were emitted from transport (67% motor
vehicles, 17% aircraft, 15% off-road vehicles). It was estimated that on-road motor vehicles
contribute 10,251 t/yr of NOx (Sridhar and Metcalfe, 2019).

In 2016, an estimate of 20,520 t/yr of NOx were emitted into Auckland air (85.6% transport,
1.3% domestic, 13.1% industry) with 58.4 per cent from the urban area. Within the Auckland
Urban Airshed, emissions from motor vehicles account for 71 per cent of total NOx emissions
(Sridhar and Metcalfe, 2019; Xie et al., 2019).

As indicated in section 3.1, NO, concentrations may vary from site to site depending on
meteorological conditions and other factors. NO, pollution rose charts are useful in showing
which wind directions dominate the overall concentrations as well as providing information on
the different concentration levels. Figures 23 and 24 indicate that different dominant wind
speeds and directions occur at the monitoring sites. For instance, Figure 24 shows that the
highest NO, concentrations arrived at the Penrose site mostly from the southwest sector while
that of Queen Street are from the southeast sector. In the same manner as the other
contaminants, patterns of NO, pollution roses at all the sites in 2020 and 2021 were very
similar.
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Figure 23. NO, pollution roses for Queen Street, Penrose, and Takapuna sites.
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Figure 24. NO, pollution roses for Henderson and Glen Eden sites.

Higher NO, concentrations are associated with predominant prevailing wind direction as follows:
Henderson: south, and Glen Eden: southeast. The plots on the left are for 2020 data while the right
plots are for 2021 data.

3.2.4 Sulphur dioxide (SO,)

The average SO, concentration of Auckland in 2021 significantly increased by 39% compared
to 2020 (from 1.09 £ 1.99 pg/m3to 1.52 £ 1.99 ug/m?®) (p<0.05). The reason for this increase is
not clear. Further investigation is needed. As found in 2020, the annual SO, mean
concentration at Customs Street was higher than at the Penrose site. The increase in the 2021
SO, annual mean concentrations at both sites were significantly higher than the previous year
(p<0.05) (see Appendix C). Figure 25 presents the variation of SO, annual concentrations for
the two sites.
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Figure 25. SO, annual mean concentrations at Customs Street and Penrose sites. Error bars represent
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As with air particulates and NO,, there were occasional hourly spikes in SO, mean
concentrations at both sites. However, none of the sites exceeded the national standard and
WHO guidelines (See Appendix G). A box and whisker diagram showing the distribution of
hourly mean concentrations across the sites is presented in Figure 26.
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Figure 26. Boxplot of SO, hourly mean concentration measured at Customs Street and Penrose.
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Boxes represent 25" (bottom of the box) and 75 (top of box) percentile, central line through
the box is the median, bars outside the box (whiskers) represent the 1.5x interquartile range,
x markers are the means, and circles are outliers.

In general, SO, concentrations peak in the morning and late afternoon probably due to traffic
(Figure 27) with the increase between 7am and 9am, and 5pm and 9pm. This was probably
due to traffic patterns. Weekday SO, concentrations are slightly higher than weekends due to
the timing of peak traffic hours. The highest SO, concentrations were recorded in winter and
spring. Concentrations of SO, tend to increase later in the week with the highest
concentrations mostly seen on Wednesday to Friday (See Figure 28). Higher traffic volume is
the likely contributing factor.
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Figure 27. Time variations in SO, hourly mean concentrations. Error bars represent the standard errors
of the mean.
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Figure 28. Temporal variations in Auckland SO, annual mean concentrations. Error bars represent the
standard errors of the mean.

In the same manner as particulates and NO», SO, concentrations may vary from site to site
depending on meteorological conditions and other factors. SO, pollution rose charts are
important in showing which wind directions dominate the overall concentrations as well as
providing information on the different concentration levels. Figure 29 shows that the highest
SO, concentrations were at the Penrose site mostly from the southwest sector. It is interesting
to note that the pattern of SO, pollution roses at the Penrose site in 2020 and 2021 was very
similar.
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Figure 29. SO, pollution roses for Penrose site.

Higher SO, concentrations are associated with the southwest predominant prevailing wind
direction. The plot on the left is for 2020 data while the right plot is for 2021 data.
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Emission inventory estimates have shown that every year about 2657 tonnes of SO, are
emitted into Auckland’s air (59.2% transport, 1.5% domestic, 39.3% industry) with 29.6% from
the urban area (Xie et al., 2019). The 2016 estimate indicated that the transport sector emitted
196 tonnes of SO, per year into Auckland’s air (62% aircraft, 37% motor vehicles) (Sridhar and
Metcalfe, 2019). The combined total of all other industrial point sources of SO, discharges is
estimated to be 11.1 tonnes/year, predominantly from starch manufacturing, asphalt
production, and the combustion of biogas that occurs at landfills and the region’s two major
wastewater treatment plants (Crimmins, 2018).

3.2.5 Carbon monoxide (CO)

The average CO concentration at Khyber Pass Road site decreased by 8.3% compared to 2020
(from 0.24 £ 0.16 mg/m3to 0.22 £ 0.19 mg/m?) (p<0.05). Interestingly even though there were
occasional hourly and 8-hour running means spikes in CO concentrations, there was no
exceedance of national standard and 2021 WHO air quality guideline (See Appendix H). Figure
30 compares the annual CO concentration for 2021 and 2020. A box and whisker diagram
depicting the hourly mean concentrations is presented in Figure 31.
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Figure 30. CO annual mean concentration. Error bars represent the standard errors of the mean.
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Figure 31. Boxplot of CO hourly mean concentration.

Boxes represent 25" (bottom of the box) and 75" (top of box) percentile, central line through
the box is the median, bars outside the box (whiskers) represent the 1.5x interquartile range,
x markers are the means, and circles are outliers.

The

highest CO concentrations were measured in winter. Concentrations of CO tend to be

uniform in the weekday (See Figure 32). In general, CO concentrations were highest in the
morning and late afternoon likely due to peak traffic, as presented in Figure 33 with the
increase between 7am and 9am, and 5pm and 9pm. Weekday CO concentrations are

signi
cont

ficantly higher on weekdays than on weekends. Higher traffic volume is the likely
ributing factor.
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Figure 32. Temporal variations in CO annual mean concentrations. Error bars represent the standard

errors of the mean.
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Figure 33. Time variations in CO hourly mean concentrations. Error bars represent the standard errors
of the mean.

Emission inventory data indicates that 65,757 tonnes/year of CO was emitted into Auckland’s
air (66.8% transport, 28.1% domestic, 5.2% industry) with 65.6% from the urban area (Xie et
al., 2019). The 2016 estimate showed that the transport sector emitted 45,185 tonnes of CO
per year into Auckland’s air (91% motor vehicles, 4% lawnmowers, 3% aircraft) (Metcalfe et
al., 2018). In winter, domestic sources overtake transport as the dominant source of CO. This
is because transport and industrial activities are constant throughout the year, however
domestic home heating occurs mainly over the winter season only (Xie et al., 2019).

3.2.6 Ground level ozone (0:)

The average O; concentration at Patumahoe in 2021 decreased by 8.9% compared to 2020
(from 40.4 + 0.16 ug/m® to 36.8 + 13.8 ug/m?) (p<0.05). Figure 34 compares the annual ozone
concentrations for 2021 with 2020. As shown by Figure 35 (and Appendix 1), there were
occasional hourly mean spikes in Os; concentrations, however, they did not cause any
exceedance of national standard and 2021 WHO air quality guidelines. A box and whisker
diagram depicting the hourly mean concentrations is given in Figure 35.
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Figure 34. Ozone annual mean concentrations. Error bars represent the standard errors of the mean.
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Figure 35. Boxplot of ozone hourly mean concentration.

Boxes represent 25" (bottom of the box) and 75" (top of box) percentile, central line through
the box is the median, bars outside the box (whiskers) represent the 1.5x interquartile range,
x markers are the means, and circles are outliers.

The highest O; concentrations were measured in winter (Figure 36). In general, ozone
concentrations were highest in the afternoon as shown in Figure 37, with an increase between
Tpm and 4pm. Concentrations of O; were found to be uniform on weekdays. Unlike most air
contaminants examined in this report, the average Os; concentrations on weekends were higher
than on weekdays. It isimportant to note that O; concentrations increase with decreasing NOo,
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a predictable inverse relationship given the relationship between NO, and O3 in the presence
of sunlight (Xie et al., 2014; Talbot and Crimmins, 2020).
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Figure 36. Temporal variations in ozone annual mean concentrations. Error bars represent the
standard errors of the mean.
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Figure 37. Time variations in ozone hourly mean concentrations. Error bars represent the standard
errors of the mean.

3.2.7 Black carbon

The annual black carbon concentration measured at Customs Street in 2021 was significantly
lower than the previous year (from 1339 £ 1390 to 1138 £ 1200 ng/m?®) (p<0.0.5). On the contrary,
the annual black carbon concentration recorded at Henderson was significantly higher than
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the previous year (from 552 + 798 to 617 £ 1026 ng/m®) (p<0.0.5). The probable reason for the
different behaviours at the two sites is not clear. Further investigation is needed. When data
from the two sites are combined, the mean annual black carbon concentration for 2021
significantly decreased by 7.1% (from 932 + 1191 ng/m?® to 866 * 1142 ng/m®). Figures 38 and 39
present the variation and distribution of black carbon concentrations for the two sites.
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Figure 38. Black carbon annual mean concentrations for Henderson and Customs Street sites. Error
bars represent the standard errors of the mean.
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Figure 39. Boxplot of black carbon hourly mean concentration measured at two sites.
Boxes represent 25" (bottom of the box) and 75" (top of box) percentile, central line through

the box is the median, bars outside the box (whiskers) represent the 1.5x interquartile range,
x markers are the means, and circles are outliers.
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Overall, the highest black carbon concentrations were measured in the mornings (between
7am and 9am) and late afternoon (from 5pm to 9pm) likely due to increasing traffic volume
(see Figure 40). Black carbon concentrations on weekdays are slightly higher than on
weekends. The highest black carbon concentrations were recorded in winter (See Appendix
J). Concentrations of black carbon tend to increase later in the week with the highest
concentrations seen between Wednesday and Friday (Figure 41). Higher traffic volume is the
likely contributing factor.

2500

m 2020 m2021

N
o
o
o

=
[
o
o

=
o
o
o

50

o

i

1 2 3 456 7 8 91011121314151617181920212223 0
Hour of the day

Hourly mean concentration (ng/m3)

Figure 40. Time variations in black carbon hourly mean concentrations. Error bars represent the
standard errors of the mean.
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Figure 41. Temporal variations in black carbon annual mean concentrations. Error bars represent the
standard errors of the mean.
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3.2.8 Air quality index (AQI)

Air quality index (AQI) can be used as an indicator of the overall air quality of a given
monitoring site. Auckland AQI model is based on the New South Wales/Victoria method as
described by Reid and Rolfe (2014). It is calculated from the air quality data collected at Queen
Street, Takapuna, Penrose, Glen Eden, Patumahoe, Henderson and Pakuranga. For each of the
six criteria pollutants (PMyo, PMss, NO,, CO, SO, and O3), AQI is the data value expressed as a
percentage of the level specified by the NESAQ or the Auckland target (PMgysonly). A value of
100 represents the value of the standard or target has been reached. AQl is calculated using
the formula below;

M, PM,s NO, CO SO, Os
50 ' 25 ’200° 10’350’ 150

P
AQI =100 * Highest {

For example, if the measured pollutant 1-hour average concentration is 35 ug/m?, and the goal/
NESAQ value is 50 pg/m?3, then AQI value is 70% [i.e., % *100]. A monitoring site’s AQI for a

given hour is the highest of all AQI values. AQI ratings or classes are as follows; 0-33 (very
good), 34-66 (Good), 67-99 (Fair), 100-149 (Poor), 150-199 (Very poor), and 200+ (Hazardous).

The average AQI recorded in Auckland in 2021 slightly decreased by 0.34% compared to 2020
(from 26.39 + 9.99% to 26.30 + 11.31%) (p<0.05). Henderson’s monitoring site had the lowest
annual AQI mean of 22%, while Queen Street recorded the highest mean of 37%. Besides
Queen Street and Henderson, all the monitored sites recorded annual mean AQI lower than
the previous year. Apart from Henderson, all the differences in annual AQI levels observed at
the sites were statistically significant (p<0.05) (See Appendix C). Figure 42 presents the
variation of AQIl annual mean levels for the six monitoring sites.
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Figure 42. AQI annual mean levels for six sites - arranged in increasing order from left to right. Error
bars represent the standard errors of the mean.
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Weekday AQI levels are identical to weekend levels. The highest AQI levels were recorded in
summer (See Appendix J). The spikes in average AQI values for 2021 summer and 2020 winter
could be due to increased source contribution from motor vehicles and home heating,
respectively. AQI levels appeared to increase later in the week with the highest levels mostly
on Wednesday to Friday (See Figure 43). Unlike the previous year, there was little variation in
the mean hourly AQI levels across the hours of the day (Figure 44).
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Figure 43. Temporal variations in Auckland’s AQI annual mean concentrations. Error bars represent the
standard errors of the mean.
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Figure 44. Time variations in Auckland’s AQI hourly mean concentrations. Error bars represent the
standard errors of the mean.
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3.2.9 Volatile organic compounds (VOCs)

All average BTEX concentrations in 2021 from the three monitoring sites were either below the
limit of detection, or where available, were below ambient air quality guidelines. The average
benzene, toluene and, m-, p-Xylene concentrations in 2021 at all the sites were less than the
previous year. As shown in Figure 45, the average benzene concentration at Crowhurst Street
was 2.4 ug/m3, and this is below the Auckland Unitary Plan annual target of 3.6 ug/ms3. There
are no formal guidelines or standards in New Zealand for toluene, ethylbenzene, and xylene
concentrations in ambient air.
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Figure 45. Average concentrations of benzene, toluene and, m-, p-Xylene (for 2020 and 2021).

Results below Limit of Detection (LOD) are displayed as <2. Red bars represent 2021 data. Note due to COVID-19
lockdown in 2021. Passive sampling badges were exposed for only two months instead of three.

3.2.10 Total Suspended particulate (TSP) and lead (Pb) content

Penrose’s TSP mean in 2021 decreased by 11.6% compared to 2020 (from 14.7 £ 2.89%to 13 +
1.74 ug/m?®) (p<0.05). As at the time of writing this report, the results from the lead (Pb) content
analysis at the Hills Laboratory had not arrived. Therefore, a comparison with the 2020
average Pb concentration of 0.0023 pug/m? could not be conducted.

3.2.11 Impact of COVID-19 restrictions on Auckland’s air quality

Auckland came under the level 4 lockdown from midnight 17 August and moved to level 3 from
midnight 21 September 2021. The government changed the alert level to level 3 step 1(3.1) at
midnight 5 October and then to level 3 step 2 (3.2) at midnight 9 November. Assessment of
the impact of the restrictions on air quality was conducted by Xie (2021a, 2021b) and
Boamponsem (2021).
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Boamponsem (2021) analysed the mean hourly concentration of pollutants during COVID-19
alert level 4, week one lockdown (18-24 August 2021), and compared with 2020 lockdown (26
March-1 April 2020) and mean concentrations of the previous two years (18-24 August 2019
and 2020). Xie (2021b) analysed pollutants concentrations averaged over periods of pre-level
4 (1-17 August 2021), level 4 (18 August-21 September 2021), level 3 (22 September-5 October
2021), level 3.1 (6 October-9 November 2021), level 3.2 (10-24 November 2021) and normal (10-
24 November). To adjust for the influence of meteorological conditions, Xie (2021b) also
compared pollutants concentrations averaged over the same period (e.g., 18 August-21
September for level 4) of previous years (up to five years from 2016).

They found that monitored air pollutants concentrations responded to these changes in
restriction levels. Here are the key findings:

e The extent of the impact of the COVID-19 alert level 4 lockdown (week one) depended
on the contaminant and the monitoring site. Concentrations of particulate matter (PMo
and PM,s), NO,, and ozone were significantly lower than the previous two years’
average.

e Generally, average concentrations of particulate matter, ozone (O3), and black carbon
were slightly higher than the 2020 week one lockdown. However, the average
concentration of NO, was slightly lower than the 2020 week one lockdown.

e There was no clear impact of the lockdown on SO,, and CO concentrations.

e During level 4 lockdown, across the region, NO, concentrations which are primarily
associated with vehicle emissions, dropped sharply by 43% of normal levels (compared
to averages of previous five years data) and remained below normal values in level 3.2
(Xie, 2021b)

e PMand PMys concentrations did not show a consistent pattern due to the prevalence
of non-traffic sources. The city centre (Queen Street) site showed a marked drop in NO,
by 58% in level 4 and stayed below normal values in level 3.2 (Xie, 2021b).
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4 Conclusions

Auckland Council is responsible for the management of air quality in the region. The council
is required to monitor air quality under the Resource Management Act 1991 and the National
Environmental Standards for Air Quality (NESAQ). To achieve this, the council continuously
collects air quality data to assess compliance and provide information to aid policy
development and evaluation. Auckland Council is required to publicly report any breach. The
data the council collects enables us to quantify ambient air quality in the region and note
spatial and temporal variations.

Data and information from the Auckland air quality monitoring network is reported in multiple
ways. Technical and monthly reports are regularly published on the Knowledge Auckland
website (www.knowledgeauckland.org.nz). This report provides the 2021 data and assesses it

against the relevant National Environmental Standard for Air Quality (NESAQ), Auckland
Unitary Plan air quality target, and the revised 2021 WHO air quality guidelines.

Here are the key findings:

e No breach of national air quality standards occurred in 2021.

e The average PMyconcentration of Auckland in 2021 increased by 1.3% compared to
2020. However, this increase did not exceed the new 2021 WHO air quality guideline
of 15 ug/mé3. It is worth noting that on the individual sites level, Queen Street exceeded
the WHO annual guideline by 24%.

e The average PM,s concentration of Auckland in 2021 increased by 6.7% compared to
2020. This increase was over the 2021 WHO air quality guideline of 5 ug/m?. The
annual PMys averages for Penrose, Takapuna, and Queen Street sites were higher than
the more stringent WHO air quality guideline. Auckland's target for 24-hour average
PM2.5 was exceeded on one occasion during winter at Pakuranga

e Overall, concentrations of particulate matter peak in the afternoon and night hours
and mostly increase later in the week with the highest concentrations typically
occurring on Wednesday to Friday.

e Theannual mean NO, concentration for Auckland in 2021 is the lowest recorded since
2006. The annual mean concentration significantly decreased by 16.7% compared to
2020. However, Auckland’s overall annual average NO, concentration exceeded the
2021 WHO air quality guideline of 10 ug/m?3. On 26 occasions, the 24-hour average NO»
levels in Auckland exceeded the 2021 WHO air quality guideline.

e The average SO, concentration of Auckland in 2021 significantly increased by 39%
compared to 2020. As found in 2020, the annual SO, mean concentration at Customs
Street was higher than at the Penrose site.

e Asinthe previous year, the highest air particulates and NO, levels were recorded at
the city centre sites (Queen Street and Customs Street).
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e The average CO concentration at the Khyber Pass Road site decreased by 8.3%
compared to 2020. There was no exceedance of the 2021 WHO air quality guideline
for CO.

e The average O; concentration at Patumahoe in 2021 decreased by 8.9% compared to
2020. Though there were occasional hourly spikes in O; mean concentrations, none
was above the 2021 WHO air quality guidelines.

e Allaverage BTEX concentrations in 2021 from the three monitoring sites were either
below the limit of detection or where available, were below ambient air quality
guidelines.

e Ingeneral, most air pollutants peak in the morning and late afternoon probably due to
traffic, with the increase between 7am and 9am, and 5pm and 9pm.

e All key air pollutants were highest in winter probably due to the use of solid fuels for
home heating.

e Except for Oz, weekday (Monday to Friday) air pollutants concentrations are slightly
higher than weekends (Saturday and Sunday) due to increased traffic.

e There was no clear impact of the lockdown on SO,, and CO concentrations.

e During level 4 lockdown, across the region, NO, concentrations which are primarily
associated with vehicle emissions, dropped sharply by 43% of normal levels
(compared to averages of the previous five years’ data) and remained below normal
values in level 3.2. PMyo and PMysconcentrations did not show a consistent pattern
due to the prevalence of non-traffic sources. The city centre (Queen Street) site
showed a marked drop in NO, by 58% in level 4 and stayed below normal values in
level 3.2.
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Appendix A: Sources of air contaminants in Auckland

Site(s)
Pollutant Source impacted References
Davy et al.
(2017), Metcalfe
et al. (2018), Xie
et al. (2019),
Sridhar and
PM, black | Domestic activities - dominated by Metcalfe (2019),
carbon, emissions from solid fuel fires (biomass Talbot and
CO, SO, burning) used for domestic heating Crimmins
NOx, VOCs | during cold days, lawn mowing All sites (2020)
Davy et al.
(2017), Metcalfe
et al. (2018),
Crimmins
(2018), Sridhar
and Metcalfe
PM, CO, Land and air transport - motor vehicles, (2019), Xie et al.
NOo,, black | aviation, rail, road dust (sealed and (2019), Talbot
carbon, unsealed), and Crimmins
SO, VOCs | off-road vehicles and road laying All sites (2020)
Local wind-blown soil or road dust Davy et al.
PM sources All sites (2017)
Katabatic wind flows down the Wairau Davy et al.
PM Valley Takapuna (2017)
Davy et al.
(2017), Talbot
and Crimmins
PM Marine aerosol (Sea spray) All sites (2020)
Secondary particulate matter resulting
from atmospheric gas-to-particle
conversion Davy et al.
processes (sulphate and nitrate species, (2017), Talbot
organic particle species resulting from and Crimmins
PM photochemical reactions) All sites (2020)
Takapuna,
Penrose, Queen
Long range transport of industrial Street, Khyber Davy et al.
PM emissions Pass Road (2017)
Fireworks displays and other special Davy et al.
PM events All sites (2017)
Font et al.
(2014), Davy et
al. (2017),
Talbot and
Short-term road works and Crimmins
PM, NO, demolition/construction activities All sites (2020)
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Site(s)

Pollutant | Source impacted References
Davy et
al.(2017),

Sea transport - ocean going vessels, Peeters (2018),

PM, SO,, harbour vessels, ferries and port cargo Queen Street, Talbot and

CO, NOx, handling Takapuna, Crimmins

VOCs equipment Customs Street | (2020)

Davy et al.
(2017),
Khyber Pass Crimmins

PM, SO, Road, Penrose, (2018), Talbot

NOx, CO, Henderson, and Crimmins

VOCs Local commercial/industrial activities Takapuna (2020)

Davy et
al.(2017), Talbot
Trans-boundary events such as bush fires and Crimmins
PM or dust storms in Australia All sites (2020)
SO, White Island volcano Penrose Davy et al.(2017)
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Appendix B: Meteorological parameters descriptive statistics

Ambient temperature

‘ Annual std.
Site Year mean Deviation
(°C) Significant?* | Change**
2020 15.3 41
Glen Eden Yes N
2021 15.6 4.3
2020 16.3 3.8
Penrose Yes N
2021 16.7 3.9
Queen 2020 16.9 3.6
Yes
Street 2021 17.2 3.7 *
2020 16.0 4.5
Pakuranga Yes N
2021 15.4 5.0
2020 16.0 3.8
Takapuna Yes N
2021 16.2 3.9
2020 15.7 4.2
Henderson Yes N
2021 16.0 4.3
2020 16.0 41
Auckland Yes N
2021 16.2 4.9

Ambient relative humidity

. Annual Std.
Site Year L
mean(%) | Deviation | . .. . o
Significant? * | Change
2020 71.8 13.5
Glen Eden No
2021 72.6 13.0
2020 69.0 12.2
Penrose No
2021 69.8 12.3
Queen 2020 61.3 12.3 N
0
Street 2021 64.7 12.5
2020 69.8 13.4
Pakuranga Yes ()
2021 70.4 12.9
2020 69.1 12.2
Takapuna No
2021 70.4 1.9
2020 70.5 13.4
Henderson No
2021 71.3 13.4
2020 68.0 13.4
Auckland Yes N
2021 69.4 13.0
" Increased

Increased but not significant
Mean difference

*
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t-test results

Appendix C: Mean difference comparison between 2021 and 2020:

Site Pollutant p-value | F-value | Significant? | Change*
Penrose 0.000 2'7.6 Yes N
Customs Street SO, 0.000 352.6 Yes A
Auckland 0.000 82.0 Yes A
Customs Street Black 0.000 126.0 Yes N7
Henderson 0.000 51.7 Yes A
carbon
Auckland 0.000 54.3 Yes N7
Khyber Pass co
Road 0.000 80.5 Yes v
Patumahoe 03 0.388 0.7 No A
Patumahoe 0.367 0.8 No
Penrose 0.000 22.8 Yes v
Queen Street 0.000 65.3 Yes 7
Customs Street 0.000 634.0 Yes v
Glen Eden NO, 0.464 0.5 No
Khyber Pass
Road 0.000 450.6 Yes N7
Henderson 0.000 31.6 Yes v
Takapuna 0.541 0.4 No
Auckland 0.000 1955.1 Yes 7
Patumahoe 0.002 9.3 Yes N7
Penrose 0.001 1.2 Yes \Z
Queen Street 0.000 352.9 Yes N
Glen Eden 0.018 5.6 Yes v
Pakuranga 0.000 16.9 Yes A
Papatoetoe PMio 0.000 88.8 Yes A
Khyber Pass
Road 0.750 0.1 No AV
Henderson 0.000 34.5 Yes A
Takapuna 0.014 6.0 Yes A
Auckland 0.000 274.8 Yes WV
Queen Street 0.000 400.4 Yes N
Penrose 0.007 7.2 Yes WV
Patumahoe PMas 0.000 52.8 Yes A
Takapuna 0.000 48.7 Yes A
Auckland 0.000 403 Yes A
Patumahoe 0.000 83.0 Yes WV
Penrose 0.000 50.4 Yes \
Queen Street 0.000 87.6 Yes N
Glen Eden AQI 0.001 10.4 Yes v
Henderson 0.000 58.9 Yes WV
Takapuna 0.572 0.3 No
Auckland 0.000 156.2 Yes WV
Benzene,
Newmarket and Toluene and 7
Penrose m-, p-Xylene n/a n/a n/a
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Site Pollutant p-value | F-value | Significant? | Change*
Penrose TSP n/a n/a n/a 2
v Decreased
N Increased
Increased but not significant
A Decreased but not significant
n/a Not applicable
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Appendix D: Calendar plots for PM;, 24 hour mean concentration

(The colours represent four categorical scale (ug/m?) as: lowest, low, high, and highest)
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Figure D1. Calendar plot for PMyo concentrations in 2021 -

nine sites combined.
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Figure D2. Calendar plot for PMyo concentrations in 2021 (nine sites

combined). The numbers show the PM;, concentration in pg/m?.
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Penrose site. The numbers show the PM;o concentration
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Appendix E: Calendar plots for PM.s 24-hour mean concentration

(The colours represent four categorical scale (ug/m?) as: lowest, low, high, and highest)
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Appendix F: Calendar plots for NO2 24-hour and 1-hour mean

(The colours represent four categorical scale (ug/m?) as: lowest, low, high, and highest)
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Figure F11. Calendar Plot for NO, overall Khyber Pass Road concentrations in 2021
with annotations highlighting those days where the concentration of NO2 were equal
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Appendix G: Calendar plots for SO.24-hour mean concentration
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Figure G1. Calendar Plot for Customs Street SO, concentrations in
2021. The numbers show the SO, 24-hour mean concentration in
nug/m?. No exceedance of national standard and WHO guideline.
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Appendix H: Calendar plots for CO 1-hour and 8-hour running mean

(The colours represent four categorical scale (mg/m?) as: lowest, low, high, and highest)
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Figure H1. Calendar Plot for Khyber Pass Road 1-hour maximum mean CO
concentrations in 2021.
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Figure H2. Calendar Plot for Khyber Pass Road CO concentrations in 2021.
The numbers show CO 8-hour running mean concentration in mg/m?.
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Appendix I: Calendar plots for O: 1-hour and 8-hour running mean

(The colours represent four categorical scale (ug/m?) as: lowest, low, high, and highest)
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Appendix J: Calendar plots for black carbon max 1-hour mean

(The colours represent four categorical scale (ng/m?) as: lowest, low, high, and highest)
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Figure J1. Calendar Plot for Customs Street black carbon
concentrations in 2021. The numbers show the black carbon 1-hour
maximum mean concentration in ng/m?.
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Figure J2. Calendar Plot for Henderson black carbon
concentrations in 2021. The numbers show the black carbon 1-
hour maximum mean concentration in ng/mq.
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Appendix K: Calendar plots for AQI 24-hour mean value

(The colours represent four categorical scale as: very good, good, fair, and poor)
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Figure K1. Calendar Plot for Auckland (six sites combined) AQI

values in 2021.
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Figure K2. Calendar Plot for Patumahoe AQI values in 2021.

Auckland air quality - 2021 annual data report

89



January-2021

B == 2
0

SSEWMTWTF
May-2021

SENMNTWTF
September-2021
[1]

SSMTWTF

S5 M

February-2021
[a[4]

S5 M
June-2021
[1[z2]

TWTF

SEMTWTF
October-2021

TWTF

March-2021
[2][a]

SSENMTWTF
July-2021

SENMNTWTF
Movember-2021
[1[2][s]a]

SSMTWTF

April-2021

Poor(100-148)

SSMTWTF
‘Gﬁg.“ﬂ.'z.uzi. Fair(67-99)

H: IEEEE

- [1s [1a ] ] ]z

» AEEEEE

e sl ] Good(34-86)

SENMTWTF
December-2021
[1[2]

Very good(0-33)

SSNMNTWTF

Figure K3. Calendar Plot for Takapuna AQI values in 2021.
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Figure K5. Calendar Plot for Henderson AQI values in 2021.
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Figure K6. Calendar Plot for Penrose AQI values in 2021.
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	Auckland sits on an isthmus between the Tasman Sea and the South Pacific Ocean. With no landmass close to the east or west of the city, there is a relatively clean and reliable airflow in Auckland, helping remove air pollutants emitted across the region. Despite this, some anthropogenic activities in Auckland create pollution levels that can exceed national and international standards and impact people’s health.
	Transport, home heating, and industrial emissions are the main anthropogenic sources of air contaminants in Auckland. Auckland Council is responsible for the management of air quality in the region. The council is required to monitor air quality under the Resource Management Act 1991 and the National Environmental Standards for Air Quality (NESAQ). To achieve this, the council continuously collects air quality data to assess compliance and provide information to aid policy development and evaluation. The data the council collects enables us to quantify ambient air quality in the region and note spatial and temporal variations. Key air contaminants monitored in Auckland are particulate matter (PM10 and PM2.5), black carbon, carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), sulphur dioxide (SO2), and volatile organic compounds.
	Data and information from the Auckland air quality monitoring network is reported in multiple ways. Monthly reports are regularly published on the Knowledge Auckland website, www.knowledgeauckland.org.nz.. Data is available on the RIMU Environmental Data Portal, www.environmentauckland.org.nz and technical reports are produced in specific reporting years. This is the annual data report for 2021 data and its assessment against the NESAQ, Auckland Unitary Plan air quality target, and the revised 2021 WHO air quality guidelines. 
	Key findings: 
	 No breach of national air quality standards occurred in 2021. 
	 Auckland’s air quality in 2021 slightly improved by 0.34% compared to the previous year. This improvement could be due to the COVID-19 restrictions. 
	 The average PM10 concentration of Auckland in 2021 increased by 1.3% compared to 2020 but did not exceed the new 2021 WHO air quality guideline of 15 µg/m3. Queen Street monitoring site exceeded the WHO annual guideline by 24%.
	 The average PM2.5 concentration of Auckland in 2021 increased by 6.7% compared to 2020. This increase was over the 2021 WHO air quality guideline of 5 µg/m3. Auckland's target for 24-hour average PM2.5 concentration was exceeded on one occasion during winter at Pakuranga
	 Overall, concentrations of particulate matter peak in the afternoon and night hours and mostly increase later in the week with the highest concentrations typically occurring on Wednesday to Friday. 
	 The annual mean NO2 concentration for Auckland in 2021 is the lowest recorded since 2006. The annual mean concentration significantly decreased by 16.7% compared to 2020. However, Auckland’s overall annual average NO2 concentration exceeded the 2021 WHO air quality guideline of 10 µg/m3. The WHO 24-hour guideline for NO2 was exceeded on many occasions at Queen Street, Customs Steet, Khyber Pass Road, Takapuna and Penrose.
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	Glossary of terms, acronyms, and abbreviations
	Term
	Meaning
	Aerodynamic diameter
	Used to describe the behaviour of a particle as it moves around in the air; it compares the behaviour with that of a spherical particle of unit density
	Aerosol
	A mixture of particles suspended in the atmosphere
	Air pollutant/contaminant
	Any substance in the air that could harm humans, animals, vegetation, or other parts of the environment when present in high enough concentrations
	Air pollution
	The presence of one or more air pollutants in high enough concentrations to cause harm
	Air quality
	Air quality is the degree to which air is suitable or clean enough for humans, animals, or plants to remain healthy
	Air quality index (AQI)
	Score out of 100, based on dividing a pollutant concentration by a relevant standard. It can be used to approximate relative impact of different pollutants
	Airshed
	A geographic area established to manage air pollution within the area as defined by the national environmental standard for air quality (NESAQ).
	Ambient air
	The external air environment (does not include the air environment inside buildings or structures)
	Anthropogenic sources
	Sources resulting from human activity (not natural sources) such as combustion of fuels
	BAM
	Beta attenuation monitor
	Benzene
	Benzene is an aromatic organic compound which is a minor constituent of petrol (about 2% by volume). 
	Black carbon
	Is an air pollutant made up of tiny soot-like particles discharged into the atmosphere fromcombustion processes. 
	BTEX
	Benzene, toluene, ethylbenzene and xylenes. A group of volatile organic compounds
	CO
	Carbon monoxide, a type of air pollutant
	Exceedance
	An exceedance defines a period of time during which the concentration of a pollutant is greater than the appropriate air quality criteria. 
	Ground-level ozone
	At ground level, ozone is considered an air pollutant that can seriously affect the human respiratory system. It is a major component of photochemical smog.
	MfE
	Ministry for the Environment
	MoH
	Ministry of Health
	Monitoring site
	A facility for measuring the concentration of one or more pollutants in the ambient air; also referred to as ‘monitoring station’.
	NESAQ
	National Environmental Standard for Air Quality
	NO2
	Nitrogen dioxide, a type of air pollutant.
	NOx
	Oxides of nitrogen. NOx is principally formed by the oxidation of nitrogen contained in air at high combustion temperatures.
	Pb
	Lead
	PM
	Particulate matter is made up of a mixture of various sizes of solid and liquid particles suspended in air; a type of air pollutant.
	PM10
	Particulate matter with an aerodynamic diameter of 10 micrometres or less; a type of air pollutant
	PM2.5
	Particulate matter with an aerodynamic diameter of 2.5 micrometres or less; a type of air pollutant.
	Pollution rose
	A graphic tool used to get a view of how wind direction and a pollutant are typically distributed at a particular site.
	Relative humidity
	Is a ratio, expressed in per cent, of the amount of atmospheric moisture present relative to the amount that would be present if the air were saturated. 
	SO2
	Sulphur dioxide, a type of air pollutant.
	Stats NZ 
	Statistics New Zealand
	TSP
	Total suspended particulates; a type of air pollutant.
	USEPA
	United States Environmental Protection Agency
	VOCs
	Volatile organic compounds — chemical compounds that have high enough vapour pressure to exist at least partially as a gas at standard atmospheric temperature and pressure.
	WHO
	World Health Organization
	Wind rose
	A graphic tool used to get a view of how wind speed and direction are typically distributed at a particular site.
	μg/m3
	Microgram of pollutant (1 millionth of a gram) per cubic metre of air, referenced to temperature of 0°C (273.15 K) and absolute pressure of 101.325 kilopascals (kPa).
	Air pollution is the leading environmental risk factor worldwide. World Health Organization (WHO) estimates show that around seven million deaths are attributable to the joint effects of ambient and household air pollution (WHO, 2018, 2021). On average, a person inhales about 14,000 litres of air every day, and the presence of contaminants in this air can adversely affect people’s health. People with pre-existing respiratory and heart conditions, diabetes, the young, and elderly people are particularly vulnerable to these effects (MfE and Stats NZ, 2014). Each year, air pollution causes more than 300 premature deaths in Auckland and results in increased numbers of reduced activity days and hospital visits, and higher usage of medications. It is estimated that the social cost from air pollution in Auckland is $1.07 billion per year (Kuschel et al., 2012). Air pollution can affect the atmosphere and climate directly through the warming and cooling properties of some pollutants. Indirectly, air pollution can change rainfall and the reflectivity and distribution of clouds. Particulate matter and ground-level ozone are two examples of air pollutants that affect our atmosphere and climate (MfE and Stats NZ, 2014).
	Auckland sits on an isthmus between the Tasman Sea and the South Pacific Ocean. With no landmass close to the east or west of the city, there is a relatively clean and reliable airflow in Auckland, helping remove air pollutants emitted across the region. Despite this, some anthropogenic activities in Auckland create pollution levels that can exceed national and international standards and impacts people’s health (Kuschel et al., 2012; Sridhar, 2013; Dirks et al., 2017; Talbot and Crimmins, 2020). 
	Transport emissions are the main anthropogenic source of air contaminants in Auckland. Residential wood burning and industry also make important contributions to air pollutant levels (Xie et al., 2019; Davy et al., 2017; Talbot and Crimmins, 2020; MfE and Stats NZ, 2021). Key air contaminants monitored in Auckland are particulate matter (PM10 and PM2.5), black carbon, carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), sulphur dioxide (SO2), and volatile organic compounds (such as benzene). See Appendix A for a full list of Auckland specific air contaminate sources. 
	Auckland Council is responsible for the management of air quality in the region. The council is required to monitor air quality under the Resource Management Act 1991 and the National Environmental Standards for Air Quality (NESAQ). To achieve this, the council continuously collects air quality data to assess compliance and provide information to aid policy development and evaluation. Auckland Council is required to publicly report any breach of NESAQ. The data the council collects enables us to quantify ambient air quality in the region and note spatial and temporal variations. 
	Data and information from the Auckland air quality monitoring network are reported in multiple ways. Monthly reports are regularly published on the Knowledge Auckland Website, data is available on the RIMU Environmental Data Portal, Land, Air, and Water Aotearoa (LAWA) website, and technical reports are produced in specific reporting years. This is the annual data report for 2021 data and its assessment against the NESAQ, Auckland Unitary Plan air quality target, National Ambient Air Quality Guidelines, and the revised 2021 WHO air quality guidelines. 
	This report provides a summary of the 2021 data and assesses it against the NESAQ standard, Auckland Unitary Plan air quality target, and the revised 2021 WHO air quality guidelines. A separate technical report on air quality trend analysis (2006 to 2021) is in preparation. Assessment of the impact of COVID-19 restrictions on Auckland’s air quality was conducted by Xie (2021a, 2021b) and Boamponsem (2021).
	1.1 Why do we monitor air pollutants?

	Auckland Council continuously collects air quality data to assess compliance with national standards and provide information to aid policy development and evaluation. The data the council collects enables us to quantify ambient air quality in the region and note spatial and temporal variations. This supports the understanding of whether national or regional air quality standards, targets, objectives, and environmental outcomes are being met. 
	The national environmental standards for air quality (NESAQ) sets five ambient air quality standards for carbon monoxide (CO), particulate matter (PM10), sulphur dioxide (SO2), nitrogen dioxide (NO2), and ozone (O3). Further ambient air quality targets are scheduled by the Auckland Unitary Plan (Table 1). Objectives and policies of the Auckland Unitary Plan require Auckland Council to have regard to these targets to minimise potential health risks (Talbot and Crimmins, 2020).
	The ambient standards are the minimum requirements that outdoor air quality should meet in order to guarantee a set level of protection for human health and the environment. The table below provides details of the standards: 
	The specific objectives of the air monitoring programme are to: 
	 determine the level of contaminants in designated airsheds to compare with NESAQ and Auckland Unitary Plan – Air quality targets 
	 provide air quality information for policy and strategy development 
	 assess and evaluate the effectiveness of policies and plans based on air quality trends 
	 support state of the environment reporting 
	 generate data for air quality research and modelling 
	 infer typical air pollution exposure levels experienced by Auckland’s population and assess potential health risks 
	 ensure that there is a good scientific understanding of pollutant levels, trends and sources 
	 better understand ambient meteorological conditions and provide input into air emissions modelling 
	 aid the application and processing of resource consents. 
	 provide information for local and national organisations such as Auckland Transport, and New Zealand Transport Agency (NZTA).
	Table 1. Comparison of 2021 WHO air quality guidelines to NESAQ and Auckland ambient air quality target.
	Pollutant
	Time period
	NESAQ
	Auckland targeta
	2021 WHO AQ guidelinec
	NESAQ number of exceedances allowed per year
	Units
	PM2.5
	Annual
	NA
	10
	5
	-
	µg/m3
	24 - hour
	NA
	25
	15
	-
	µg/m3
	PM10
	Annual
	NA
	20
	15
	-
	µg/m3
	24 - hour
	50
	NA
	45
	1
	µg/m3
	O3
	8 - hourb
	NA
	100
	100
	-
	µg/m3
	1 - hour
	150
	NA
	NA
	0
	µg/m3
	NO2
	Annual
	NA
	40
	10
	-
	µg/m3
	24 - hour
	NA
	100
	25
	-
	µg/m3
	1 - hour
	200
	NA
	200
	9
	µg/m3
	SO2
	24 - hour
	350
	120
	40
	9
	µg/m3
	CO
	1 - hour
	NA
	30
	35
	-
	mg/m3
	8 - hour
	10
	NA
	10
	1
	mg/m3
	24 - hour
	NA
	NA
	4
	-
	mg/m3
	                             a Auckland ambient air quality target
	b 99th percentile (i.e. 3-4 exceedance days per year)
	C 99th percentile (i.e. 3-4 exceedance days per year) for 24-hour guidelines
	µg/m3 : micrograms per cubic metre
	mg/m3 : milligrams per cubic metre
	NA : Not available
	1.2 Monitored air contaminants

	a. Particulate matter (PM2.5 and PM10)
	Particulate matter is a term used for a mixture of solid particles and liquid droplets found in the air (US EPA, 2021; MfE & Stats NZ, 2021). We monitor two types of particulate matter – PM10: larger particles (but still small enough that they can be inhaled), 10 micrometres (µm), or less in aerodynamic diameter. PM2.5: finer particles, 2.5 micrometres or less in aerodynamic diameter. 
	The burning of wood for home heating is a major contributor to particulate matter concentrations in Auckland. These are identified in winter peaks in PM10 and PM2.5 concentrations and bottom-up emission inventories (Metcalfe et al., 2018; Xie et al., 2019). Secondary sulphates are also a significant particulate source. For Auckland, these will generally originate from oceanic biogenic gas emissions such as dimethyl sulphate, which are then stabilise as fine particulates within the atmosphere (Davy et al., 2017; Talbot and Crimmins, 2020).
	In Auckland, combustion-derived particulates make up 44% of total particulate concentrations (PM2.5 and PM10, combined) (Davy et al., 2017; Talbot and Crimmins, 2020). Transport emissions are the major source of PM2.5 across the Auckland region, most notably within urban centres and alongside major arterial routes (Talbot & Lehn 2018). Non-exhaust transport sources of PM10, brake and tyre wear, and unsealed road dust, are deposited rapidly due to gravitational force but are often resuspended into the atmosphere through vehicle induced air turbulence alongside roads (Xie et al., 2016; Talbot and Crimmins, 2020; MfE & Stats NZ, 2021).
	The PM10 size fraction is predominantly released from natural sources such as soil and rock abrasion released as dust (Carslaw et al., 2010). There is also a notable contribution across the Auckland region from sea salt, which can make up the majority of PM10 mass during summertime (Davy et al., 2017; Talbot and Crimmins, 2020; MfE & Stats NZ, 2021). 
	In New Zealand and around the world, the most significant human health impacts from poor air quality are associated with exposure to particulate matter (Health Effects Institute, 2018; MfE & Stats NZ, 2021). There is considerable evidence that inhaling PM is harmful to human health; smaller particle sizes, such as PM2.5 and finer. PM2.5 can be particularly harmful because these particles can become trapped in the small airways deep in the lungs. When particles are very fine they can enter the bloodstream and penetrate organs in the body (EFCA, 2019; Talbot and Crimmins, 2020; MfE & Stats NZ, 2021).   
	Short- and long-term exposure to PM, even at low levels, can lead to a range of health impacts especially in vulnerable people (the young, the elderly, and people with existing respiratory conditions). At the less-severe end, it can cause temporary and reversible effects such as shortness of breath, coughing, or chest pain. There is strong evidence of more severe effects, such as illness and premature death from heart attacks, strokes, or emphysema (where the air sacs in the lungs are damaged) (MfE & Stats NZ, 2021).   
	Exposure to PM can also lead to lung cancer and exacerbate asthma. Research findings point to possible links with diabetes and atherosclerosis (the accumulation of fat, cholesterol, and other substances on artery walls, reducing blood flow) as a result of increased inflammation caused by PM (WHO, 2013; MfE & Stats NZ, 2021).
	The WHO (2013) reported that PM2.5 acts as a delivery mechanism into the bloodstream for hazardous semi-volatile pollutants and that there are no safe exposure thresholds below which health risks are not present (WHO, 2013; Talbot and Crimmins, 2020).
	b. Nitrogen oxides (NOx)    
	NOx is principally formed by the oxidation of nitrogen contained in the air at high combustion temperatures. Vehicle traffic is a major source of anthropogenic NOx emissions and nitrogen dioxide (NO2) in particular has been identified as an indicator pollutant for motor vehicle pollutants. Most NOx (approximately 95%) is emitted as nitric oxide (NO) at the point of discharge. Nitric oxide (NO) is generally considered not harmful to human health. The remaining 5% of NOx is NO2 and is known to negatively affect human respiratory function. Nitric oxide (NO) will normally convert to NO2 depending on the presence of atmospheric oxidants, mainly ozone (O3). Atmospheric oxidants increase the rate of conversion of NO to NO2 (Crimmins, 2018; Moore 2019).
	Nitrogen dioxide (NO2) is a gas primarily generated by burning fossil fuels, mainly by motor vehicles (particularly diesel vehicles) but also from industrial emissions and home heating (MfE & Stats NZ, 2021). NO2 is emitted almost entirely from anthropogenic activities (except for a small contribution from volcanic emissions) (Xie et al., 2014). Concentrations of NO2 are highest along busy road corridors, especially routes that are used by buses and heavy goods vehicles (Longely et al., 2014; Talbot and Crimmins, 2020). Emissions of NO2 have reduced due to improved engine technology and fuel quality, however, many improvements have been offset by higher traffic volumes, more distance travelled, and intensification along transport corridors. In addition, vehicles are getting heavier, with larger engines (MfE & Stats NZ, 2021).
	There are health impacts from short-term and long-term exposure to NO2. Short-term exposure to high concentrations of NO2 causes inflammation of the airways and respiratory problems and can cause asthma attacks. Short-term exposure may also trigger heart attacks and increase the risk of premature death. Long-term exposure may cause asthma to develop and lead to decreased lung development in children. It may also increase the risk of certain forms of cancer and premature death. NO2 also contributes to brown haze in Auckland, which is associated with an increase in hospital admissions (US EPA, 2016; MfE & Stats NZ, 2014, 2021).  
	Nitrogen dioxide also contributes to the formation of ground-level ozone and secondary particulate matter (when gases in the atmosphere react in the presence of sunlight), both of which can have adverse health impacts (MfE & Stats NZ, 2021).    
	NO2 can have ecological impacts. It can cause injury to plant leaves and reduce growth in plants that are directly exposed to high levels (US EPA, 2008). In the atmosphere, NO2 can combine with water to form nitrate, which has been shown to cause acidification and have adverse effects on freshwater ecosystems. It can also affect ecosystems by acting as a nutrient (Payne et al., 2017; MfE & Stats NZ, 2021).
	c. Carbon monoxide (CO)
	Carbon monoxide (CO) is a colourless, odourless gas formed by both natural processes (such as volcanic activity and wildfires) and anthropogenic activities (mostly from motor vehicles, home heating, and industry). CO is caused by the incomplete combustion of fuels, especially in petrol-fuelled motor vehicles (Sridhar, 2013; MfE & Stats NZ, 2014)
	Exposure to CO has significantly reduced since the introduction of emission standards in the year 2000, which required catalytic converters (an exhaust emission control device that converts toxic gases and pollutants into less-toxic pollutants) to be installed in most vehicles (Bluett et al., 2016; MfE & Stats NZ, 2021)   
	Carbon monoxide (CO) can have a range of health effects even after short-term exposure to relatively low concentrations. When inhaled, CO enters the bloodstream and attaches to haemoglobin in red blood cells, which transport oxygen around the body. This reduces the amount of oxygen that body tissues receive and can have adverse effects on the brain, heart, and general health. Exposure to low levels can causes dizziness, nausea, weakness, confusion, and disorientation. Higher levels can cause collapse, loss of consciousness, coma, and death (US EPA, 2010; MfE & Stats NZ, 2021). A long-term guideline does not exist as most of the adverse health problems are associated with high short-term concentrations (MfE & Stats NZ, 2014).
	d. Ground-level ozone (O3)    
	Ozone (O3) is a colourless gas found naturally in the outer atmosphere but is a pollutant when formed at ground level from reactions with other pollutants produced by motor vehicles, industrial activities, and domestic sources. Ozone helps screen out harmful ultraviolet radiation in the upper atmosphere. Ground-level ozone forms when nitrogen oxides and volatile organic compounds combine in the presence of sunlight (Sridhar, 2013; MfE & Stats NZ, 2021). 
	Exposure to high concentrations of ground-level ozone can cause respiratory health issues and is linked to cardiovascular health problems and increased mortality. People most at risk include children, older adults, people with asthma, and people who spend a lot of time outdoors. Exposure to ground-level ozone may also be associated with effects on the nervous and reproductive systems, and other developmental effects (WHO, 2013; MfE & Stats NZ, 2014, 2021). 
	Only a short-term guideline and standard exist as most of the adverse health problems are associated with high short-term concentrations. High concentrations occur away from where pollutants that form ozone are emitted. This is because it takes time for the chemical reactions to occur, by which stage the chemicals have dispersed away from their source. The increased duration and intensity of sunlight in summer make this primarily a summer issue (MfE & Stats NZ, 2014).
	e. Sulphur dioxide (SO2) 
	Sulphur dioxide is a colourless gas with a sharp, distinctive odour. It is produced from the combustion of fossil fuels that contain sulphur, such as coal and oil (used for home heating, industry, and shipping). Industrial sources include milk powder production, thermal electricity generation, petrol refining, smelting of mineral ores, production of fertilisers, and steel manufacturing. Natural sources include geothermal activity and volcanoes (Sridhar, 2013; Talbot et al., 2017; MfE & Stats NZ, 2014, 2021).
	Levels of SO2 have rapidly declined across the Auckland airshed since national regulations reduced the sulphur content of diesel and petrol (Talbot and Crimmins, 2020). At high levels, SO2 can have human health and ecological impacts. When inhaled, SO2 is associated with respiratory problems such as bronchitis. It can aggravate the symptoms of asthma and chronic lung disease and irritate the eyes (MfE & Stats NZ, 2014, 2021).   
	SO2 can also interact with other compounds in the air to form sulphate particulate matter, a secondary pollutant. Sulphate PM is associated with significant health effects because of its small size and acidity. It is also a cause of haze, which impairs visibility (MfE & Stats NZ, 2021). In ecosystems, SO2 can damage vegetation, acidify water and soil, and affect biodiversity (US EPA, 2017; MfE & Stats NZ, 2021).
	f. Black carbon
	Soot generated from combustion processes is a common type of PM2.5 particle in urban areas. These ‘black carbon’ particles (BC) can be emitted from combustion sources (particularly diesel, coal and wood) and are known to be hazardous to human health (Janssen et al., 2011). As solar energy is absorbed by the dark particles, BC is also an atmospheric warming pollutant and has been identified as having the second greatest global warming impact (to carbon dioxide) over the industrial era (Bond et al., 2013).
	The major contributors to black carbon in Auckland are diesel transport modes such as buses and trucks, and wood combustion for home heating (Crimmins et al., 2019, Talbot and Crimmins 2020). In Auckland, combustion sources are dominated by motor vehicle emissions and solid fuel fires for domestic heating (Davy et al., 2017)
	g. Volatile organic compounds (VOCs)
	Volatile organic compounds (VOCs) are organic compounds that are both naturally occurring and human-made (such as benzene and 1,3-butadiene). Benzene is a colourless, flammable gas produced by motor vehicles and domestic fires (Sridhar, 2013). Benzene and benzo(a)pyrene are pollutants that are associated with health problems ranging from respiratory irritation to cancer (MfE & Stats NZ, 2014). Benzo(a)pyrene (BaP) can irritate the eyes, nose, and throat, and is associated with lung cancer (MfE & Stats NZ, 2014). BaP in New Zealand is largely emitted from the combustion of fuels, such as wood and coal from home heating. Vehicle emissions and some industrial processes also emit BaP. Some industrial activities emit benzene (MfE & Stats NZ, 2014).
	h. Total suspended particulate (TSP) and associated lead (Pb) content
	Lead (Pb) is a metal found naturally in the environment as well as in human-made products. Historically, the major source of lead emissions has been from fuels used by motor vehicles, specifically, leaded petrol (Sridhar, 2013). Pb can have adverse effects on the nervous system and can impair mental development in children and hearing (MfE & Stats NZ, 2014). Pb can be emitted from some industrial discharges, such as at metal smelters, houses, or other structures where lead-based paint is being or has been, removed without the proper safety precautions (MfE & Stats NZ, 2014).
	2.1 Auckland air quality monitoring network

	Continuous instrumental ambient air quality monitoring has been performed in the Auckland region for many decades and Auckland Council has data from 1964 to date. This dataset is the longest continuous air quality dataset in New Zealand. The current Auckland ambient air quality monitoring network comprises 10 fixed and permanent sites. Carbon monoxide (CO) is measured at one site, nitrogen dioxide (NO2) at eight sites; particulates at nine sites; ozone (O3) at one site; lead (in total suspended particles) at one site, sulphur dioxide (SO2) at two sites, and black carbon at two sites. Passive monitoring of Benzene, toluene, ethylbenzene and xylene (BTEX) is also undertaken at Newmarket (Intersection of Crowhurst Street and Mountain Road West) and Penrose. 
	The sites range in their scope and represent a variety of sources and exposures (from suburban residential areas to peak traffic areas. Some sites are set up to monitor a single pollutant while others measure a suite of pollutants most on a continuous basis. Seven of the sites have co-located meteorological equipment and house the analysing equipment in air-conditioned sheds. In addition to the 10 permanent sites, are two mobile monitoring stations. These units are deployed on an ad-hoc basis across the region on an ‘as needs’ basis. 
	Continuous meteorological monitoring is undertaken at seven sites because information on local meteorology is essential for understanding pollutant sources, short-term events, chemical reactions, the trends in data, and why exceedances occur (Sridhar, 2013; Peterson and Giles 2014). Meteorological parameters measured include; ambient temperature (AT), wind speed (WS), wind direction (WD), and relative humidity (RH). The type of meteorological sensors and mast height for each site are provided in appendix L. The sites are funded by the Auckland Council while data collection and equipment maintenance are performed by the Air Quality Department of Watercare Services Limited. Source apportionment modelling that quantifies the contribution of sources to particulate matter is conducted by GNS Science. Figure 1 presents a map of the current monitoring sites.
	Over the years since the commencement of air monitoring, the nature of monitoring and overall objectives have evolved. This reflects international trends in monitoring, including increasing concern with smaller particles and hazardous air pollutants, improved instrumentation, and an improved understanding of air quality in Auckland. The main changes that have affected the monitoring network over the past 25 years include a shift to monitoring smaller particles, change in focus for gaseous pollutants, concern about photochemical smog, move to more frequent and continuous monitoring, changes in air quality guidelines and standards, and understanding sources of air pollution. Equipment and standard methods have changed and improved over the years, leading to the associated improvement in data quality and reliability (Peterson and Bronwen Harper 2006; Sridhar, 2013; Peterson and Giles, 2014) Table 2 provides characteristics of the current monitoring sites.
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	      Figure 1. Auckland Council air quality monitoring sites. 
	Table 2. Monitoring sites pollutants, meteorological parameters measured. 
	Site
	Established date
	Pollutants monitored
	Meteorological parameters measured on sitea
	Pollutant sensors used
	Glen Edenb
	2005
	PM10, PM2.5 and NO2, 
	WS, WD, AT, RH
	NOx – API 200E Gas Analyser, PM10 – Thermo FH62C14 Beta Attenuation Monitor, PM2.5 – MetOne ES642 Nephelometer (non-regulatory)
	Pakurangab
	1998
	PM10 and PM2.5
	WS, WD, AT, RH
	PM10 – Thermo FH62C14 – Beta Attenuation MonitorPM2.5 – MetOne ES642 Nephelometer (non-regulatory)
	Patumahoe
	1996
	PM10, PM2.5, NO2, and O3
	N/A
	Ozone – Thermo 49i Gas Analyser NOx – API 200E Gas Analyser PM10 – Thermo FH62C14 Beta Attenuation MonitorPM2.5 – Thermo 5014i Beta Attenuation Monitor
	Khyber Pass Road
	1995
	PM10, CO, NO2, and VOCs
	N/A
	PM10 – Thermo FH62C14 Beta Attenuation Monitor CO - API 300E Gas AnalyserNOx – API 200E Gas Analyser BTEX – Passive Samplers, Monthly sampling (Mountain Road West and Crowhurst St)
	Papatoetoeb
	2017
	PM10
	WS, WD, AT, RH
	PM10 – Thermo FH62C14 Beta Attenuation Monitor
	Penroseb
	2000
	PM10, PM2.5, NO2, SO2, TSP/Lead, and VOCs
	WS, WD, AT, RH
	NOx – API 200E Gas Analyser, SO2 – API T100 Gas AnalyserPM10 – Thermo FH62C14 Beta Attenuation MonitorPM2.5 – Thermo 5014i Beta Attenuation Monitor TSP/Lead – Department of Health Medium Volume Sampler, VOC – Passive Sampler,
	Takapunac
	1995
	PM10, PM2.5,  and NO2
	WS, WD, AT, RH
	NOx – API T200 Gas Analyser PM10 – Thermo FH62C14 Beta Attenuation Monitor, PM2.5 - Teledyne T640 PM Mass Monitor, 
	Queen Streetb
	1998
	PM10, PM2.5, and NO2
	WS, WD, AT, RH
	PM10 – T640 Teledyne PM Mass MonitorPM2.5 - T640 Teledyne PM Mass MonitorNOx – API 200E Gas Analyser 
	Hendersonb
	1993
	PM10, black carbon, and NO2
	WS, WD, AT, RH
	NOx - API 200E Gas Analyser, PM10 – Thermo FH62C14 Beta Attenuation Monitor, Black carbon – Magee AE33 Aethalometer
	Customs Street
	2020
	PM2.5, black carbon, NO2, and SO2
	N/A
	NOx – API T200 Gas Analyser SO2 – API T100 Gas AnalyserPM2.5 – MetOne ES642 Nephelometer (non-regulatory)Black Carbon – MetOne 1060 Aethalometer
	NB: N/A implies not applicable
	WS : wind speed, WD : wind direction, AT : ambient temperature, RH : relative humidity
	aAll meteorology parameters are measured in real time with Vaisala Weather Transmitter WXT520
	bMeteorological mast height = 6 m
	cMeteorological mast height = 10 m
	 
	2.2 Data collection and analysis

	Ten minutes average concentrations of air contaminants and meteorological variables are continuously measured by the sensors and instruments deployed at the 10 monitoring sites. Each instrument is connected to a data logger which transmits raw data to the council’s Hydrotel cloud database system. The Air Quality Unit at Watercare Services Limited manages the network on behalf of the council and have in house quality control procedures for data collection and management in accordance with the Ministry for the Environment’s Good Practice Guide for Air Quality Monitoring and Data Management 2009 (Ministry for the Environment, 2009). Daily contaminants raw data are screened for exceedances of the national standards, invalid values (such as invalid concentrations logged due to instrument error), and then subsequently validated. Watercare Services Limited notifies the council when an exceedance of a standard occurs. Data stored in Hydrotel is treated as raw data until the data is validated and quality assured.
	Data from the BTEX passive monitoring and TSP gravimetry and lead content analysis are received periodically on MS Excel spreadsheets from Watercare Services Ltd. 
	In this report, most graphs were plotted using MS Excel and the Openair R package (Carslaw & Ropkins 2012). Inferential statistical analysis was conducted using IBM SPSS version 20. Wind roses were generated using Kristers Aquisnet REP software. The parametric independent-samples t-test (or independent t-test) in SPSS was used to compare mean differences between sites and years (2020 and 2021). The seasons are defined as follows – Summer: December, January, and February, Autumn: March, April, and May, Winter: June, July, and August, Spring: September, October, and November.
	3.1 Weather conditions/meteorological differences

	Auckland region experiences a subtropical climate. It has a mild climate with few extreme temperatures. Although this is partly due to the relatively low latitudes and elevations in the region, the extensive surrounding ocean also has a modifying effect on its temperatures. Auckland region experiences mean annual temperatures between 14 OC and 16 OC, with eastern areas generally warmer than western areas (Chappell, 2013; Boamponsem et al., 2017).
	Weather conditions can influence temporal changes in air pollution levels. Air contaminants concentrations can vary over time according to emission source, meteorology and human behaviour. Some contaminants (e.g., PM10 and PM2.5) can rise above or near normal levels, possibly due to irregular wet and windy weather conditions which increase the contribution of non-traffic sources (e.g., dust or sea salt) (Xie, 2020). Particulate matter generated with different size ranges and chemical composition can in turn undergo atmospheric reactions and be affected by location specific meteorological factors including ambient temperature, relative humidity, and wind speed (Baldwin et al., 2015; Davy and Trompetter 2021).
	Consequently, seasonal differences affect temporal variations of air contaminants in the Auckland region. Meteorology contributes significantly to increasing air pollution levels during winter. Cold winter nights under high atmospheric pressure can create temperature inversions close to the ground; these inversions greatly reduce the dispersal of pollutants (Ancelet et al., 2014; MfE, 2014; Talbot et al., 2017).
	a. Ambient temperature
	The overall average temperature of Auckland in 2021 significantly increased by 1.3% compared to 2020 (from 16.02 ± 4.1 OC to 16.2 ± 4.1 OC) (p<0.05). As shown by Figure 2, the pattern of temperature variations in 2021 was similar to the previous year. All the average annual ambient temperatures across the sites significantly increased compared to 2020 (p<0.05). Appendix B presents the temperature descriptive statistics for each site.
	/
	Figure 2. Monthly average ambient temperature measured at six monitoring sites – 2021 compared to 2020. Error bars represent the standard errors of the mean.
	b. Relative humidity
	The overall average relative humidity of Auckland in 2021 significantly increased by 2.1% compared to 2020 (from 68.0 ± 13.4% to 69.4 ± 13.0%) (P<0.05). The pattern of ambient relative humidity variations in 2021 was similar to the previous year (See Figure 3). Apart from Pakuranga, which significantly had an increased relative humidity, all the other sites had a marginal increase which was not statistically significant. Appendix B presents the relative humidity descriptive statistics for each site.
	/
	Figure 3. Monthly average relative humidity measured at six monitoring sites – 2021 compared to 2020. Error bars represent the standard errors of the mean.
	3.1.1 Wind speed direction

	Wind roses are graphical charts that characterise the speed and direction of winds at a monitoring site. They are presented in a circular format, where the length of each "spoke" around the circle indicates the amount of time that the wind blows from a given direction. The colours along the spokes show categories of wind speed (Figures 4 to 6). A wind rose is a very useful way of summarising meteorological data. It is particularly useful for showing how wind speed and wind direction conditions vary by year (Carslaw and Ropkins, 2012). By visually inspecting wind roses we can get an overview of the general prevailing wind direction and speed of a site in a specified duration. 
	The general patterns of wind speed and direction for all the monitoring sites in 2021 were quite comparable to the previous year. Wind rose diagrams showing the general frequency distribution of the wind speed and direction during 2020 and 2021 for six sites are provided in figures 4 to 6.
	3.2 Auckland’s air quality data – 2021

	Auckland is not regarded as a polluted airshed under the national air quality standards (NESAQ). The region’s geographic location provides a reliable airflow that aids to eliminate air pollutants. Despite this advantage, Auckland still experiences air pollution in particular locations and at certain times of the year. The recent state of Auckland’s environment report indicated that overall air quality is good and improving (Auckland Council Research and Evaluation Unit, 2021).
	Occasionally, exceptional events result in air pollutant concentrations to exceed the national standard or target limits. For instance, in October 2019, the smoke from the New Zealand International Convention Centre building site fire led to the PM10 and PM2.5 concentrations at the Queen Street monitoring site exceeding the NESAQ and the Auckland targets. In December 2019, the Australian dust storms and bushfires led to a PM10 exceedance detected at three sites (Papatoetoe, Penrose and Patumahoe). See Appendix A for a full list of Auckland specific air pollution sources.
	3.2.1 Particulate matter (PM10)

	The average PM10 concentration of Auckland in 2021 increased by 1.3% compared to 2020 (from 12.29 ± 8.69 µg/m3 to 12.74 ± 8.69 µg/m3) (p<0.05). However, this increase did not exceed the new 2021 WHO air quality guideline of 15 µg/m3. It is important to note that on the individual sites level, Queen Street exceeded the WHO annual guideline by 24%. As in the previous year, the Khyber Pass Road monitoring site recorded the lowest annual PM10 mean concentration of 11 µg/m3, while Queen Street recorded the highest level of 19 µg/m3. Further investigation is needed to ascertain the reason Khyber Pass Road’s PM10 annual average concentration was lower than the rural site (Patumahoe). Figure 7 presents the variation of PM10 concentration across the nine monitoring sites.
	The annual PM10 concentrations recorded at Patumahoe, Penrose, and Glen Eden sites were statistically significantly (p<0.05) lower than the previous year (See Appendix C). Conversely, the annual PM10 concentrations measured at Queen Street, Pakuranga, Papatoetoe, Henderson, and Takapuna sites were significantly higher than the previous year (p<0.05). The marginal decrease in the annual PM10 concentration at Khyber Pass Road was not statistically significant. 
	It is important to note that even though at times there were hourly spikes in PM10 mean concentrations in most of the sites, there was no exceedance of national standard and the 2021 WHO air quality 24-hour guideline (See Appendix D). A box and whisker diagram depicting the hourly mean concentrations across the sites is given by Figure 8.
	/
	Figure 8. Boxplot of PM10 hourly mean concentration measured at nine sites.
	Boxes represent 25th (bottom of the box) and 75th (top of box) percentile, central line through the box is the median, bars outside the box(whiskers) represent the 1.5× interquartile range, × markers are the means, and circles are outliers.
	Similar to findings by Talbot et al. (2017), daily PM10 emissions were higher in winter probably due to the use of solid fuels for home heating (See Figure 9). In summer, transport is the main anthropogenic source of daily PM10 emissions. Afternoon concentrations are generally lower than those of the evening due to increased mixing in the atmosphere (Figure 10). As the ground cools in the evening, so the atmosphere becomes more stable, and concentrations increase with less dispersion. Weekday concentrations are higher than weekends due to increased traffic (Talbot et al., 2017).
	/
	Figure 9. Temporal variations in Auckland PM10 annual mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 10. Time variations in Auckland PM10 hourly mean concentrations. Time variations in Auckland PM10 hourly mean concentrations. Error bars represent the standard errors of the mean.
	As indicated in section 3.1, PM10 concentrations may vary from site to site depending on meteorological conditions and other factors. PM10 pollution rose charts are useful in showing which wind directions dominate the overall concentrations as well as providing information on the different concentration levels. Figures 11 and 12 indicate that different dominant wind speeds and directions occur at each monitoring site. For example, Figure 11 shows that the highest PM10 concentrations arrive at the Penrose site mostly from the southwest sector while that of Queen Street are from the southeast sector. It is interesting to note that the patterns of PM10 pollution roses at all the sites in 2020 and 2021 were identical.
	Source apportionment studies have found that the key contributing influences on PM10 concentrations in Auckland are (in decreasing degrees of importance): marine aerosol, motor vehicle exhaust emissions, residential wood burning, and crustal matter. Emissions from transport and home heating are the main anthropogenic sources of PM10 in Auckland (Davy et al., 2017).
	Auckland regional emissions of PM10 from wood burning were estimated at approximately 12 tonnes per winter day or approximately 1200 tonnes per year in 2016 (Metcalfe et al., 2018). It was estimated that on-road motor vehicles contribute 647 tonnes/year of PM10. Total regional emissions of PM10 from the transport sector in 2016 were estimated as 1991 tonnes/year (51% unsealed road dust, 32% motor vehicles, 9% offroad vehicles) (Sridhar and Metcalfe, 2019). Emissions from motor vehicles represent 32% of total regional PM10 emissions from transport in the Auckland region. Within the Auckland urban airshed, emissions from motor vehicles account for 71% of total PM10 anthropogenic emissions. (Sridhar and Metcalfe, 2019; Xie et al., 2019). 
	Crustal matter is a minor contributor to PM10 concentration at all sites and is largely dependent on the nature of local dust-generating activities (Davy et al., 2017). At some sites, there is a minor contribution to PM10 concentrations from local industrial activities (E.g., Penrose). Industrial point sources within Auckland’s urban area are estimated to have discharged 47.6 tonnes of PM10 in 2016 (Crimmins, 2018). Emissions from ships are impacting the PM10 levels measured at Auckland city centre sites (Davy et al., 2017).
	In Auckland, natural sources (e.g., sea spray) significantly contribute to PM10 concentration (approximately 50%). This natural background concentration is challenging to manage (Davy, 2021; Talbot and Crimmins, 2020). 
	3.2.2 Particulate matter (PM2.5)

	The average PM2.5 concentration of Auckland in 2021 increased by 6.7% compared to 2020 (from 5.66 ± 4.15 µg/m3 to 6.04 ± 5.11 µg/m3) (p<0.05). This increase was over the 2021 WHO air quality guideline of 5 µg/m3. Patumahoe monitoring site had the lowest annual PM2.5 mean concentration of 4.6 µg/m3, while Queen Street recorded the highest mean of 7.6 µg/m3. Apart from Penrose, all the monitored sites registered annual mean concentrations higher than the previous year. All the differences in annual mean concentrations were statistically significant (p<0.05) (See Appendix C). Figure 13 presents the variation of PM2.5 annual concentration for four monitoring sites.
	As with PM10, there were occasional hourly spikes in PM2.5 mean concentrations in all the sites (See Appendix E). On 24th June 2021, a 24-hour PM2.5 mean concentration of 26.5 µg/m3 was recorded at Pakuranga. This slightly exceeded the Auckland Unitary Plan target of 25 μg/m3. This exceedance is likely due to home heating. The annual PM2.5 averages for Penrose, Takapuna, and Queen Street sites were higher than the more stringent WHO air quality guideline of 5 µg/m3. A box and whisker diagram showing the distribution of hourly mean concentrations across the sites is presented in Figure 14.
	/
	Figure 14. Boxplot of PM2.5 hourly mean concentration measured at four sites. 
	Boxes represent 25th (bottom of the box) and 75th (top of box) percentile, central line through the box is the median, bars outside the box (whiskers) represent the 1.5× interquartile range, × markers are the means, and circles are outliers.
	In the same manner as PM10, PM2.5 concentrations were higher in winter most likely due to the increase in the use of home heating systems. Overall, concentrations peak in the afternoon and night hours (See Figure 16). Overall, between the hours 12 noon and 6 pm, higher average PM2.5 values were recorded in 2021 than in 2020. This is likely due to increased source contribution from motor vehicles. Concentrations of PM2.5 tend to increase later in the week with the highest concentrations typically occurring on Wednesday to Friday (Figure 15). Weekday concentrations are slightly higher than weekends most probably due to increased human activities.
	/
	Figure 15. Temporal variations in Auckland PM2.5 annual mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 16. Time variations in Auckland PM2.5 hourly mean concentrations. Error bars represent the standard errors of the mean.
	Unlike PM10, anthropogenic emissions dominate PM2.5 concentrations (approximately 70%) (Davy, 2021). Research by Davy and Trompetter (2021) shows that tailpipe particulate matter emissions from fuel combustion are primarily less than 2.5 μm, with most in the ultra-fine size range (<0.1 μm). They also found that the contribution of diesel-fuelled vehicles to PM2.5 at the Takapuna site was 90% of the total (diesel + petrol) motor vehicle burden (Davy and Trompetter, 2021). Whereas emissions of some pollutants have been reduced due to improved engine technology and fuel quality, many improvements have been offset by higher traffic volumes, more distance travelled, and intensification along transport corridors. In addition, vehicles are getting heavier, with larger engines (MfE and Stats NZ, 2021). 
	Similar to PM10, source attribution studies have identified five common source contributors to PM2.5 in Auckland. These are biomass burning, motor vehicles, secondary sulphate, marine aerosol (sea spray), and crustal matter. Biomass burning and motor vehicle emissions are the main anthropogenic sources of PM2.5 across all sites in Auckland (Davy et al., 2017; Talbot et al., 2017). About 45% of PM2.5 comes from wood burning used for home heating (Xie et al., 2019). For sites near harbours such as Queen Street and Takapuna, marine aerosol is a significant contributor to PM2.5 (Davy et al., 2017; Talbot and Crimmins, 2020).
	Auckland’s regional emissions of PM2.5 are estimated at approximately 12 tonnes per winter day or approximately 1220 tonnes per year (Metcalfe et al., 2018). Overall, it was estimated that 275 tonnes of PM2.5 were emitted from stacks and other industrial point sources in 2016 (Crimmins, 2018). 
	PM2.5 pollution rose plots show that the predominant wind direction where the PM2.5 contaminants are originating from are similar to the previous year. Figure 17 shows the PM2.5 pollution roses for three sites where wind speed and direction are monitored.
	3.2.3 Nitrogen dioxide (NO2)

	The annual mean NO2 concentration for Auckland in 2021 is the lowest recorded since 2006. The mean annual NO2 concentration for 2021 significantly decreased by 16.7% (from 18.58 ± 22.0 µg/m3 to 15.47 ± 17.5 µg/m3) compared to 2020 (p<0.05). However, Auckland’s overall annual average NO2 concentration exceeded the 2021 WHO air quality guideline of 10 µg/m3. As in the previous year, the Patumahoe monitoring site recorded the lowest annual NO2 mean concentration of 3.0 µg/m3, while Customs Street registered the highest of 42.0 µg/m3. Figure 18 presents the variation of NO2 concentration across the monitoring sites.
	The annual NO2 mean concentrations recorded at Penrose, Queen Street, Customs Street, Khyber Pass Road, and Henderson sites were statistically significantly (p<0.05) lower than the previous year (See Appendix C). However, the marginal increase in the annual NO2 mean concentration at Patumahoe, Glen Eden, and Takapuna was not statistically significant (p>0.05). 
	A box and whisker diagram showing the distribution of the hourly mean concentrations across the sites is given in Figure 19. It is worth noting that even though there were occasional hourly spikes in NO2 mean concentrations in all the sites, there was no breach of national standard. On the contrary, on 26 occasions, Auckland exceeded the new 2021 WHO air quality 24-hour guideline for NO2 (See Appendix F). Figure 20 presents the annotated calendar plot of the daily NO2 mean concentrations indicating the days where the measured values reached or exceeded the WHO guideline of 25 µg/m3. In more than half of the days in 2021, the two Auckland city centre sites recorded 24-hour average NO2 concentrations more than the 2021 WHO guideline (See Appendix F; Figures F7 and F9). 
	/
	Figure 19. Boxplot of NO2 hourly mean concentration measured at eight sites.
	Boxes represent 25th (bottom of the box) and 75th (top of box) percentile, central line through the box is the median, bars outside the box(whiskers) represent the 1.5× interquartile range, × markers are the means, and circles are outliers.
	/
	Figure 20. Calendar plot for NO2 overall Auckland concentrations in 2021 with annotations highlighting those days where the concentration of NO2 were equal or greater than the 2021 WHO guideline of 25 μg/m3. The numbers show the NO2 24-hour mean concentration in μg/m3.
	The highest NO2 concentrations were recorded in winter (Figure 21). Reduced pollution dispersion during the cold winter months is known to increase overall concentrations along with increased emissions from colder engines (Talbot and Crimmins, 2020). Concentrations of NO2 tend to increase from mid-week with the highest concentrations typically seen on Wednesday to Friday. In the same manner as the findings reported by Talbot and Crimmins (2020), the overall, concentrations peak in the morning and evening likely due to ‘rush hour’ traffic peak, evident in Figure 22 with the increase between 7am and 9am, and 5pm and 9pm. Weekday concentrations are slightly higher than weekends most likely due to increased traffic volume.
	/
	Figure 21. Temporal variations in Auckland NO2 annual mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 22. Time variations in Auckland NO2 hourly mean concentrations. Error bars represent the standard errors of the mean.
	Overall, it was estimated that 2606 tonnes of NOx were emitted from stacks and other industrial point sources in 2016. Within the Auckland urban boundary, industry is estimated to have emitted 775 tonnes of NOx in 2016. The combustion of any fuel generates a range of nitrogen oxides (NOx), as nitrogen in the air is oxidised in the combustion process. For industrial combustion processes, the majority of NOx is emitted as nitrogen oxide (NO), which is generally considered not to be harmful to human health or the environment at typical ambient concentrations. However, over time in the presence of sunlight, atmospheric ozone and/or organic compounds, NO is oxidised to the hazardous air pollutant NO2 (Crimmins, 2018).
	In 2016 estimate 15,473 tonnes per year of NOx were emitted from transport (67% motor vehicles, 17% aircraft, 15% off-road vehicles). It was estimated that on-road motor vehicles contribute 10,251 t/yr of NOx (Sridhar and Metcalfe, 2019).
	In 2016, an estimate of 20,520 t/yr of NOx were emitted into Auckland air (85.6% transport, 1.3% domestic, 13.1% industry) with 58.4 per cent from the urban area. Within the Auckland Urban Airshed, emissions from motor vehicles account for 71 per cent of total NOx emissions (Sridhar and Metcalfe, 2019; Xie et al., 2019).
	As indicated in section 3.1, NO2 concentrations may vary from site to site depending on meteorological conditions and other factors. NO2 pollution rose charts are useful in showing which wind directions dominate the overall concentrations as well as providing information on the different concentration levels. Figures 23 and 24 indicate that different dominant wind speeds and directions occur at the monitoring sites. For instance, Figure 24 shows that the highest NO2 concentrations arrived at the Penrose site mostly from the southwest sector while that of Queen Street are from the southeast sector. In the same manner as the other contaminants, patterns of NO2 pollution roses at all the sites in 2020 and 2021 were very similar.
	3.2.4 Sulphur dioxide (SO2)

	The average SO2 concentration of Auckland in 2021 significantly increased by 39% compared to 2020 (from 1.09 ± 1.99 µg/m3 to 1.52 ± 1.99 µg/m3) (p<0.05). The reason for this increase is not clear. Further investigation is needed. As found in 2020, the annual SO2 mean concentration at Customs Street was higher than at the Penrose site. The increase in the 2021 SO2 annual mean concentrations at both sites were significantly higher than the previous year (p<0.05) (see Appendix C). Figure 25 presents the variation of SO2 annual concentrations for the two sites.
	/
	Figure 25. SO2 annual mean concentrations at Customs Street and Penrose sites. Error bars represent the standard errors of the mean.
	As with air particulates and NO2, there were occasional hourly spikes in SO2 mean concentrations at both sites. However, none of the sites exceeded the national standard and WHO guidelines (See Appendix G). A box and whisker diagram showing the distribution of hourly mean concentrations across the sites is presented in Figure 26.
	/
	Figure 26. Boxplot of SO2 hourly mean concentration measured at Customs Street and Penrose.
	Boxes represent 25th (bottom of the box) and 75th (top of box) percentile, central line through the box is the median, bars outside the box (whiskers) represent the 1.5× interquartile range, × markers are the means, and circles are outliers.
	In general, SO2 concentrations peak in the morning and late afternoon probably due to traffic (Figure 27) with the increase between 7am and 9am, and 5pm and 9pm. This was probably due to traffic patterns. Weekday SO2 concentrations are slightly higher than weekends due to the timing of peak traffic hours. The highest SO2 concentrations were recorded in winter and spring. Concentrations of SO2 tend to increase later in the week with the highest concentrations mostly seen on Wednesday to Friday (See Figure 28). Higher traffic volume is the likely contributing factor.
	/
	Figure 27. Time variations in SO2 hourly mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 28. Temporal variations in Auckland SO2 annual mean concentrations. Error bars represent the standard errors of the mean.
	In the same manner as particulates and NO2, SO2 concentrations may vary from site to site depending on meteorological conditions and other factors. SO2 pollution rose charts are important in showing which wind directions dominate the overall concentrations as well as providing information on the different concentration levels. Figure 29 shows that the highest SO2 concentrations were at the Penrose site mostly from the southwest sector. It is interesting to note that the pattern of SO2 pollution roses at the Penrose site in 2020 and 2021 was very similar.
	Emission inventory estimates have shown that every year about 2657 tonnes of SO2 are emitted into Auckland’s air (59.2% transport, 1.5% domestic, 39.3% industry) with 29.6% from the urban area (Xie et al., 2019). The 2016 estimate indicated that the transport sector emitted 196 tonnes of SO2 per year into Auckland’s air (62% aircraft, 37% motor vehicles) (Sridhar and Metcalfe, 2019). The combined total of all other industrial point sources of SO2 discharges is estimated to be 11.1 tonnes/year, predominantly from starch manufacturing, asphalt production, and the combustion of biogas that occurs at landfills and the region’s two major wastewater treatment plants (Crimmins, 2018). 
	3.2.5 Carbon monoxide (CO)

	The average CO concentration at Khyber Pass Road site decreased by 8.3% compared to 2020 (from 0.24 ± 0.16 mg/m3 to 0.22 ± 0.19 mg/m3) (p<0.05). Interestingly even though there were occasional hourly and 8-hour running means spikes in CO concentrations, there was no exceedance of national standard and 2021 WHO air quality guideline (See Appendix H). Figure 30 compares the annual CO concentration for 2021 and 2020. A box and whisker diagram depicting the hourly mean concentrations is presented in Figure 31.
	/
	Figure 30. CO annual mean concentration. Error bars represent the standard errors of the mean.
	/
	Figure 31. Boxplot of CO hourly mean concentration.
	Boxes represent 25th (bottom of the box) and 75th (top of box) percentile, central line through the box is the median, bars outside the box (whiskers) represent the 1.5× interquartile range, × markers are the means, and circles are outliers.
	The highest CO concentrations were measured in winter. Concentrations of CO tend to be uniform in the weekday (See Figure 32). In general, CO concentrations were highest in the morning and late afternoon likely due to peak traffic, as presented in Figure 33 with the increase between 7am and 9am, and 5pm and 9pm. Weekday CO concentrations are significantly higher on weekdays than on weekends. Higher traffic volume is the likely contributing factor. 
	/
	Figure 32. Temporal variations in CO annual mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 33. Time variations in CO hourly mean concentrations. Error bars represent the standard errors of the mean.
	Emission inventory data indicates that 65,757 tonnes/year of CO was emitted into Auckland’s air (66.8% transport, 28.1% domestic, 5.2% industry) with 65.6% from the urban area (Xie et al., 2019). The 2016 estimate showed that the transport sector emitted 45,185 tonnes of CO per year into Auckland’s air (91% motor vehicles, 4% lawnmowers, 3% aircraft) (Metcalfe et al., 2018). In winter, domestic sources overtake transport as the dominant source of CO. This is because transport and industrial activities are constant throughout the year, however domestic home heating occurs mainly over the winter season only (Xie et al., 2019).
	3.2.6 Ground level ozone (O3)

	The average O3 concentration at Patumahoe in 2021 decreased by 8.9% compared to 2020 (from 40.4 ± 0.16 µg/m3 to 36.8 ± 13.8 µg/m3) (p<0.05). Figure 34 compares the annual ozone concentrations for 2021 with 2020. As shown by Figure 35 (and Appendix I), there were occasional hourly mean spikes in O3 concentrations, however, they did not cause any exceedance of national standard and 2021 WHO air quality guidelines. A box and whisker diagram depicting the hourly mean concentrations is given in Figure 35.
	/
	Figure 34. Ozone annual mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 35. Boxplot of ozone hourly mean concentration.
	Boxes represent 25th (bottom of the box) and 75th (top of box) percentile, central line through the box is the median, bars outside the box (whiskers) represent the 1.5× interquartile range, × markers are the means, and circles are outliers.
	The highest O3 concentrations were measured in winter (Figure 36). In general, ozone concentrations were highest in the afternoon as shown in Figure 37, with an increase between 1pm and 4pm. Concentrations of O3 were found to be uniform on weekdays. Unlike most air contaminants examined in this report, the average O3 concentrations on weekends were higher than on weekdays. It is important to note that O3 concentrations increase with decreasing NO2, a predictable inverse relationship given the relationship between NO2 and O3 in the presence of sunlight (Xie et al., 2014; Talbot and Crimmins, 2020).
	/
	Figure 36. Temporal variations in ozone annual mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 37. Time variations in ozone hourly mean concentrations. Error bars represent the standard errors of the mean.
	3.2.7 Black carbon

	The annual black carbon concentration measured at Customs Street in 2021 was significantly lower than the previous year (from 1339 ± 1390 to 1138 ± 1200 ng/m3) (p<0.0.5). On the contrary, the annual black carbon concentration recorded at Henderson was significantly higher than the previous year (from 552 ± 798 to 617 ± 1026 ng/m3) (p<0.0.5). The probable reason for the different behaviours at the two sites is not clear. Further investigation is needed. When data from the two sites are combined, the mean annual black carbon concentration for 2021 significantly decreased by 7.1% (from 932 ± 1191 ng/m3 to 866 ± 1142 ng/m3). Figures 38 and 39 present the variation and distribution of black carbon concentrations for the two sites.
	/
	Figure 38. Black carbon annual mean concentrations for Henderson and Customs Street sites. Error bars represent the standard errors of the mean.
	/
	Figure 39. Boxplot of black carbon hourly mean concentration measured at two sites.
	Boxes represent 25th (bottom of the box) and 75th (top of box) percentile, central line through the box is the median, bars outside the box (whiskers) represent the 1.5× interquartile range, × markers are the means, and circles are outliers. 
	Overall, the highest black carbon concentrations were measured in the mornings (between 7am and 9am) and late afternoon (from 5pm to 9pm) likely due to increasing traffic volume (see Figure 40). Black carbon concentrations on weekdays are slightly higher than on weekends. The highest black carbon concentrations were recorded in winter (See Appendix J). Concentrations of black carbon tend to increase later in the week with the highest concentrations seen between Wednesday and Friday (Figure 41). Higher traffic volume is the likely contributing factor.
	/
	Figure 40. Time variations in black carbon hourly mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 41. Temporal variations in black carbon annual mean concentrations. Error bars represent the standard errors of the mean.
	3.2.8 Air quality index (AQI)

	Air quality index (AQI) can be used as an indicator of the overall air quality of a given monitoring site. Auckland AQI model is based on the New South Wales/Victoria method as described by Reid and Rolfe (2014). It is calculated from the air quality data collected at Queen Street, Takapuna, Penrose, Glen Eden, Patumahoe, Henderson and Pakuranga. For each of the six criteria pollutants (PM10, PM2.5, NO2, CO, SO2 and O3), AQI is the data value expressed as a percentage of the level specified by the NESAQ or the Auckland target (PM2.5 only). A value of 100 represents the value of the standard or target has been reached. AQI is calculated using the formula below;
	𝐴𝑄𝐼=100 ∗  Highest {𝑃𝑀1050,𝑃𝑀2.525,𝑁𝑂2200,𝐶𝑂10,𝑆𝑂2350,𝑂3150}
	For example, if the measured pollutant 1-hour average concentration is 35 µg/m3, and the goal/ NESAQ value is 50 µg/m3, then AQI value is 70% [i.e., 35 50 * 100]. A monitoring site’s AQI for a given hour is the highest of all AQI values. AQI ratings or classes are as follows; 0-33 (very good), 34-66 (Good), 67-99 (Fair), 100-149 (Poor), 150-199 (Very poor), and 200+ (Hazardous).
	The average AQI recorded in Auckland in 2021 slightly decreased by 0.34% compared to 2020 (from 26.39 ± 9.99% to 26.30 ± 11.31%) (p<0.05). Henderson’s monitoring site had the lowest annual AQI mean of 22%, while Queen Street recorded the highest mean of 37%. Besides Queen Street and Henderson, all the monitored sites recorded annual mean AQI lower than the previous year. Apart from Henderson, all the differences in annual AQI levels observed at the sites were statistically significant (p<0.05) (See Appendix C). Figure 42 presents the variation of AQI annual mean levels for the six monitoring sites.
	/
	Figure 42. AQI annual mean levels for six sites – arranged in increasing order from left to right. Error bars represent the standard errors of the mean.
	Weekday AQI levels are identical to weekend levels. The highest AQI levels were recorded in summer (See Appendix J). The spikes in average AQI values for 2021 summer and 2020 winter could be due to increased source contribution from motor vehicles and home heating, respectively. AQI levels appeared to increase later in the week with the highest levels mostly on Wednesday to Friday (See Figure 43). Unlike the previous year, there was little variation in the mean hourly AQI levels across the hours of the day (Figure 44).
	/
	Figure 43. Temporal variations in Auckland’s AQI annual mean concentrations. Error bars represent the standard errors of the mean.
	/
	Figure 44. Time variations in Auckland’s AQI hourly mean concentrations. Error bars represent the standard errors of the mean.
	3.2.9 Volatile organic compounds (VOCs)

	All average BTEX concentrations in 2021 from the three monitoring sites were either below the limit of detection, or where available, were below ambient air quality guidelines. The average benzene, toluene and, m-, p-Xylene concentrations in 2021 at all the sites were less than the previous year. As shown in Figure 45, the average benzene concentration at Crowhurst Street was 2.4 µg/m³, and this is below the Auckland Unitary Plan annual target of 3.6 µg/m³. There are no formal guidelines or standards in New Zealand for toluene, ethylbenzene, and xylene concentrations in ambient air.
	3.2.10 Total Suspended particulate (TSP) and lead (Pb) content

	Penrose’s TSP mean in 2021 decreased by 11.6% compared to 2020 (from 14.7 ± 2.89% to 13 ± 1.74 µg/m3) (p<0.05). As at the time of writing this report, the results from the lead (Pb) content analysis at the Hills Laboratory had not arrived. Therefore, a comparison with the 2020 average Pb concentration of 0.0023 µg/m3 could not be conducted.
	3.2.11  Impact of COVID-19 restrictions on Auckland’s air quality

	Auckland came under the level 4 lockdown from midnight 17 August and moved to level 3 from midnight 21 September 2021. The government changed the alert level to level 3 step 1 (3.1) at midnight 5 October and then to level 3 step 2 (3.2) at midnight 9 November. Assessment of the impact of the restrictions on air quality was conducted by Xie (2021a, 2021b) and Boamponsem (2021). 
	Boamponsem (2021) analysed the mean hourly concentration of pollutants during COVID-19 alert level 4, week one lockdown (18-24 August 2021), and compared with 2020 lockdown (26 March-1 April 2020) and mean concentrations of the previous two years (18-24 August 2019 and 2020). Xie (2021b) analysed pollutants concentrations averaged over periods of pre-level 4 (1-17 August 2021), level 4 (18 August-21 September 2021), level 3 (22 September-5 October 2021), level 3.1 (6 October-9 November 2021), level 3.2 (10-24 November 2021) and normal (10-24 November). To adjust for the influence of meteorological conditions, Xie (2021b) also compared pollutants concentrations averaged over the same period (e.g., 18 August-21 September for level 4) of previous years (up to five years from 2016). 
	They found that monitored air pollutants concentrations responded to these changes in restriction levels. Here are the key findings:
	 The extent of the impact of the COVID-19 alert level 4 lockdown (week one) depended on the contaminant and the monitoring site. Concentrations of particulate matter (PM10 and PM2.5), NO2, and ozone were significantly lower than the previous two years’ average.
	 Generally, average concentrations of particulate matter, ozone (O3), and black carbon were slightly higher than the 2020 week one lockdown. However, the average concentration of NO2 was slightly lower than the 2020 week one lockdown.
	 There was no clear impact of the lockdown on SO2, and CO concentrations.
	 During level 4 lockdown, across the region, NO2 concentrations which are primarily associated with vehicle emissions, dropped sharply by 43% of normal levels (compared to averages of previous five years data) and remained below normal values in level 3.2 (Xie, 2021b)
	 PM10 and PM2.5 concentrations did not show a consistent pattern due to the prevalence of non-traffic sources. The city centre (Queen Street) site showed a marked drop in NO2 by 58% in level 4 and stayed below normal values in level 3.2 (Xie, 2021b).
	Auckland Council is responsible for the management of air quality in the region. The council is required to monitor air quality under the Resource Management Act 1991 and the National Environmental Standards for Air Quality (NESAQ). To achieve this, the council continuously collects air quality data to assess compliance and provide information to aid policy development and evaluation. Auckland Council is required to publicly report any breach. The data the council collects enables us to quantify ambient air quality in the region and note spatial and temporal variations. 
	Data and information from the Auckland air quality monitoring network is reported in multiple ways. Technical and monthly reports are regularly published on the Knowledge Auckland website (www.knowledgeauckland.org.nz). This report provides the 2021 data and assesses it against the relevant National Environmental Standard for Air Quality (NESAQ), Auckland Unitary Plan air quality target, and the revised 2021 WHO air quality guidelines. 
	Here are the key findings: 
	 No breach of national air quality standards occurred in 2021. 
	 The average PM10 concentration of Auckland in 2021 increased by 1.3% compared to 2020. However, this increase did not exceed the new 2021 WHO air quality guideline of 15 µg/m3. It is worth noting that on the individual sites level, Queen Street exceeded the WHO annual guideline by 24%.
	 The average PM2.5 concentration of Auckland in 2021 increased by 6.7% compared to 2020. This increase was over the 2021 WHO air quality guideline of 5 µg/m3. The annual PM2.5 averages for Penrose, Takapuna, and Queen Street sites were higher than the more stringent WHO air quality guideline. Auckland's target for 24-hour average PM2.5 was exceeded on one occasion during winter at Pakuranga
	 Overall, concentrations of particulate matter peak in the afternoon and night hours and mostly increase later in the week with the highest concentrations typically occurring on Wednesday to Friday. 
	 The annual mean NO2 concentration for Auckland in 2021 is the lowest recorded since 2006. The annual mean concentration significantly decreased by 16.7% compared to 2020. However, Auckland’s overall annual average NO2 concentration exceeded the 2021 WHO air quality guideline of 10 µg/m3. On 26 occasions, the 24-hour average NO2 levels in Auckland exceeded the 2021 WHO air quality guideline.
	 The average SO2 concentration of Auckland in 2021 significantly increased by 39% compared to 2020. As found in 2020, the annual SO2 mean concentration at Customs Street was higher than at the Penrose site.  
	 As in the previous year, the highest air particulates and NO2 levels were recorded at the city centre sites (Queen Street and Customs Street).
	 The average CO concentration at the Khyber Pass Road site decreased by 8.3% compared to 2020. There was no exceedance of the 2021 WHO air quality guideline for CO. 
	 The average O3 concentration at Patumahoe in 2021 decreased by 8.9% compared to 2020. Though there were occasional hourly spikes in O3 mean concentrations, none was above the 2021 WHO air quality guidelines. 
	 All average BTEX concentrations in 2021 from the three monitoring sites were either below the limit of detection or where available, were below ambient air quality guidelines.
	 In general, most air pollutants peak in the morning and late afternoon probably due to traffic, with the increase between 7am and 9am, and 5pm and 9pm. 
	 All key air pollutants were highest in winter probably due to the use of solid fuels for home heating.
	 Except for O3, weekday (Monday to Friday) air pollutants concentrations are slightly higher than weekends (Saturday and Sunday) due to increased traffic.
	 There was no clear impact of the lockdown on SO2, and CO concentrations.
	 During level 4 lockdown, across the region, NO2 concentrations which are primarily associated with vehicle emissions, dropped sharply by 43% of normal levels (compared to averages of the previous five years’ data) and remained below normal values in level 3.2. PM10 and PM2.5 concentrations did not show a consistent pattern due to the prevalence of non-traffic sources. The city centre (Queen Street) site showed a marked drop in NO2 by 58% in level 4 and stayed below normal values in level 3.2.
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	Pollutant
	Source
	Site(s) impacted
	References
	PM, black carbon, CO, SO2, NOx, VOCs
	Domestic activities – dominated by emissions from solid fuel fires (biomassburning) used for domestic heating during cold days, lawn mowing
	All sites
	Davy et al. (2017), Metcalfe et al. (2018), Xie et al. (2019), Sridhar and Metcalfe (2019), Talbot and Crimmins (2020)
	PM, CO, NO2, black carbon, SO2, VOCs
	Land and air transport – motor vehicles, aviation, rail, road dust (sealed and unsealed),off-road vehicles and road laying
	All sites
	Davy et al. (2017), Metcalfe et al. (2018), Crimmins (2018), Sridhar and Metcalfe (2019), Xie et al. (2019), Talbot and Crimmins (2020)
	PM
	Local wind-blown soil or road dust sources
	All sites
	Davy et al. (2017)
	PM
	Katabatic wind flows down the Wairau Valley
	Takapuna
	Davy et al. (2017)
	PM
	Marine aerosol (Sea spray)
	All sites
	Davy et al. (2017), Talbot and Crimmins (2020)
	PM
	Secondary particulate matter resulting from atmospheric gas-to-particle conversionprocesses (sulphate and nitrate species, organic particle species resulting fromphotochemical reactions)
	All sites
	Davy et al. (2017), Talbot and Crimmins (2020)
	PM
	Long range transport of industrial emissions
	Takapuna, Penrose, Queen Street, Khyber Pass Road
	Davy et al. (2017)
	PM
	Fireworks displays and other special events
	All sites
	Davy et al. (2017)
	PM, NO2
	Short-term road works and demolition/construction activities
	All sites
	Font et al. (2014), Davy et al. (2017), Talbot and Crimmins (2020)
	PM, SO2, CO, NOx, VOCs
	Sea transport – ocean going vessels, harbour vessels, ferries and port cargo handlingequipment
	Queen Street, Takapuna, Customs Street
	Davy et al.(2017), Peeters (2018), Talbot and Crimmins (2020)
	PM, SO2, NOx, CO, VOCs
	Local commercial/industrial activities
	Khyber Pass Road, Penrose, Henderson, Takapuna
	Davy et al. (2017), Crimmins (2018), Talbot and Crimmins (2020)
	PM
	Trans-boundary events such as bush fires or dust storms in Australia
	All sites
	Davy et al.(2017), Talbot and Crimmins (2020)
	SO2
	White Island volcano
	Penrose
	Davy et al.(2017)
	Ambient temperature
	Site
	Year
	Annual mean (oC)
	Std. Deviation
	Significant?*
	Change**
	Glen Eden
	2020
	15.3
	4.1
	Yes
	
	2021
	15.6
	4.3
	Penrose
	2020
	16.3
	3.8
	Yes
	
	2021
	16.7
	3.9
	Queen Street
	2020
	16.9
	3.6
	Yes
	
	2021
	17.2
	3.7
	Pakuranga
	2020
	16.0
	4.5
	Yes
	
	2021
	15.4
	5.0
	Takapuna
	2020
	16.0
	3.8
	Yes
	
	2021
	16.2
	3.9
	Henderson
	2020
	15.7
	4.2
	Yes
	
	2021
	16.0
	4.3
	Auckland
	2020
	16.0
	4.1
	Yes
	
	2021
	16.2
	4.2
	Ambient relative humidity
	Site
	Year
	Annual mean(%)
	Std. Deviation
	Significant? *
	Change**
	Glen Eden
	2020
	71.8
	13.5
	No
	
	2021
	72.6
	13.0
	Penrose
	2020
	69.0
	12.2
	No
	
	2021
	69.8
	12.3
	Queen Street
	2020
	61.3
	12.3
	No
	
	2021
	64.7
	12.5
	Pakuranga
	2020
	69.8
	13.4
	Yes
	
	2021
	70.4
	12.9
	Takapuna
	2020
	69.1
	12.2
	No
	
	2021
	70.4
	11.9
	Henderson
	2020
	70.5
	13.4
	No
	
	2021
	71.3
	13.4
	Auckland
	2020
	68.0
	13.4
	Yes
	
	2021
	69.4
	13.0
	**
	
	Increased
	
	Increased but not significant
	*
	Mean difference
	Site
	Pollutant
	p-value
	F-value
	Significant?
	Change*
	Penrose
	SO2
	0.000
	27.6
	Yes
	
	Customs Street
	0.000
	352.6
	Yes
	
	Auckland
	0.000
	82.0
	Yes
	
	Customs Street
	Black carbon
	0.000
	126.0
	Yes
	
	Henderson
	0.000
	51.7
	Yes
	
	Auckland
	0.000
	54.3
	Yes
	
	Khyber Pass Road
	CO
	0.000
	80.5
	Yes
	
	Patumahoe
	O3
	0.388
	0.7
	No
	
	Patumahoe
	NO2
	0.367
	0.8
	No
	
	Penrose
	0.000
	22.8
	Yes
	
	Queen Street
	0.000
	65.3
	Yes
	
	Customs Street
	0.000
	634.0
	Yes
	
	Glen Eden
	0.464
	0.5
	No
	
	Khyber Pass Road
	0.000
	450.6
	Yes
	
	Henderson
	0.000
	31.6
	Yes
	
	Takapuna
	0.541
	0.4
	No
	
	Auckland
	0.000
	1955.1
	Yes
	
	Patumahoe
	PM10
	0.002
	9.3
	Yes
	
	Penrose
	0.001
	11.2
	Yes
	
	Queen Street
	0.000
	352.9
	Yes
	
	Glen Eden
	0.018
	5.6
	Yes
	
	Pakuranga
	0.000
	16.9
	Yes
	
	Papatoetoe
	0.000
	88.8
	Yes
	
	Khyber Pass Road
	0.750
	0.1
	No
	
	Henderson
	0.000
	34.5
	Yes
	
	Takapuna
	0.014
	6.0
	Yes
	
	Auckland
	0.000
	274.8
	Yes
	
	Queen Street
	PM2.5
	0.000
	400.4
	Yes
	
	Penrose
	0.007
	7.2
	Yes
	
	Patumahoe
	0.000
	52.8
	Yes
	
	Takapuna
	0.000
	48.7
	Yes
	
	Auckland
	0.000
	403
	Yes
	
	Patumahoe
	AQI
	0.000
	83.0
	Yes
	
	Penrose
	0.000
	50.4
	Yes
	
	Queen Street
	0.000
	87.6
	Yes
	
	Glen Eden
	0.001
	10.4
	Yes
	
	Henderson
	0.000
	58.9
	Yes
	
	Takapuna
	0.572
	0.3
	No
	
	Auckland
	0.000
	156.2
	Yes
	
	Newmarket and Penrose
	Benzene, Toluene and m-, p-Xylene 
	n/a
	n/a
	n/a
	
	Penrose
	TSP
	n/a
	n/a
	n/a
	
	*
	
	Decreased
	
	Increased
	
	Increased but not significant
	
	Decreased but not significant
	n/a
	Not applicable
	(The colours represent four categorical scale (µg/m3) as: lowest, low, high, and highest)
	(The colours represent four categorical scale (µg/m3) as: lowest, low, high, and highest)
	(The colours represent four categorical scale (µg/m3) as: lowest, low, high, and highest)
	(The colours represent four categorical scale (mg/m3) as: lowest, low, high, and highest)
	(The colours represent four categorical scale (µg/m3) as: lowest, low, high, and highest)
	(The colours represent four categorical scale (ng/m3) as: lowest, low, high, and highest)
	(The colours represent four categorical scale as: very good, good, fair, and poor)
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