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Long-term trends and source apportionment of particulate matter (PM10) in Auckland 

Executive summary 

Airborne particulate matter (PM) and gaseous pollutants pose significant health risks and 

comprehensive studies on their composition, sources, and trends are needed for effective air 

quality management. This study investigates the source apportionment of coarse particulate 

matter (PM10) and its long-term trends in Auckland. Over the 2006-2022 study period, consistent 

decreases in PM10 concentrations were recorded across the monitored sites, attributed primarily 

to reductions in motor vehicle emissions facilitated by advancements in fuel formulation and 

emission control technology.  

Five common sources affecting the three PM10 monitoring sites were resolved using positive 

matrix factorisation (PMF) receptor modelling. These sources were identified as marine aerosol, 

motor vehicles, biomass burning, sulphate (primary and secondary), and soil. Marine aerosol 

contributes substantially to Auckland’s PM10 levels, accounting for over 44 per cent of the mass 

concentration on average. However, being a natural source, marine aerosol is part of the ‘natural’ 

background of Auckland and therefore, a challenge to manage. Marine aerosol contributions 

showed downward trends over the study period, possibly influenced by changing climate 

patterns.  

Motor vehicles and biomass burning remain the primary anthropogenic sources of PM10 in 

Auckland. Biomass burning, particularly during winter months, was a significant contributor to 

PM10 concentrations although the use of alternative heating technologies helped stabilise 

concentrations at two of the three monitored sites. Shipping emissions were identified as having a 

direct impact on urban air quality with regulations mandating low-sulphur fuels contributing to 

decreased sulphate source contributions to PM10.  

This study underscores the importance of ongoing monitoring and emissions reduction strategies, 

particularly targeting motor vehicles and biomass burning, for enhancing air quality and public 

health. This research contributes to a broader understanding of PM dynamics in Auckland, 

informing policy development and air quality management strategies. 
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Glossary of terms, acronyms, and abbreviations 

Term Meaning 

Aerosol A mixture of solid and/or liquid 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 

Airshed A geographic area established, as defined by the 
national environmental standard for air quality 
(NESAQ), to manage air pollution. 

Ambient air The external air environment (does not include the air 
environment inside buildings or structures) 

Black carbon, BC Is an air pollutant made up of tiny soot particles 
discharged into the atmosphere from combustion 
processes.  

BS-DISP Bootstrap-Displacement. A statistical method used to 
estimate the uncertainties of the PMF results. 

HAPINZ Health and Air Pollution in New Zealand. The HAPINZ 
3.0 study investigated the impact of air pollution on 
New Zealanders' health. (Kuschel et al. 2022) 

Marine aerosol Particulates emitted from the ocean's surface such as 
sea salt and byproducts of marine biogenic activity, 
primarily through the action of wind and waves.  

MfE 
Ministry for the Environment 

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 
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Term Meaning 

PM Particulate Matter. It 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 

PMF Positive Matrix Factorisation. It is a multivariate factor 
analysis tool that decomposes a matrix of speciated 
sample data into two matrices: factor contributions and 
factor profiles. 

Pollution rose A graphic tool used to get a highlight the relationship 
between wind direction and pollutant concentrations. 
Generally used to identify directions where there are 
significant emission sources impacting the 
measurement site. 

Receptor models Receptor models are mathematical approaches for 
quantifying the contribution of sources to 

samples based on the composition or fingerprints of the 
sources. 

SO2 Sulphur dioxide, a type of air pollutant. 

Stats NZ 
Statistics New Zealand 

USEPA 
United States Environmental Protection Agency 

WHO 
World Health Organization 

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). 
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1 Introduction 

Air quality is a major environmental issue in urban centres worldwide, with adverse effects on 

both human health and local visibility (Dehghani et al., 2020; Forouzanfar et al., 2016; 

Moghadamnia et al., 2017; Tao et al., 2011; Yorifuji et al., 2014; Hu et al., 2020; Pirsaheb et al., 

2020; WHO, 2021; Stanimirova et al., 2023). The repercussions of compromised air quality span 

from functional impairments to a spectrum of health symptoms, leading to reduced life 

expectancy and even death. Globally, air pollution causes over seven million deaths annually 

(WHO, 2018, 2021; Pirsaheb et al., 2020). In New Zealand alone, the societal costs attributed to 

anthropogenic air pollution in 2016 amounted to $15.6 billion (Kuchel et al., 2022). 

Of the various pollutants degrading air quality, particulate matter (PM) is the most detrimental to 

human health, with both short- and long-term exposure linked to increased morbidity and 

mortality rates (Bergamaschi et al., 2007, Smodiš, 2007, Cavanagh et al., 2009, Atkinson et al., 

2010, Tobías et al., 2018, de Jesus et al., 2020; WHO, 2021). Global estimates indicate that 

approximately 4.7 million deaths annually can be attributed to PM exposure (Health Effects 

Institute, 2024). The detrimental health impacts from PM exposure have been well-documented in 

numerous epidemiological studies, including immune system reactions, lung irritation, respiratory 

and cardiovascular diseases, and cancer (Song et al., 2017; Yin et al., 2019; Dai et al. 2021). 

PM10 (particulate matter with aerodynamic diameter ≤10 μm) and PM2.5 (with diameter ≤ 2.5 μm)

are the metrics used in assessing PM impacts on health (in terms of the burden on individuals, the 

health system, and society) (Kuchel et al., 2022; Health Effects Institute, 2018; MfE and Stats NZ, 

2021; Dehghani et al., 2020; GBD, 2020). Coarser PM typically deposits in the upper airways, while 

finer PM, penetrates deeper into the lungs (EFCA, 2019; Kuchel et al., 2022). 

Particulate matter is a heterogeneous mixture of suspended liquid droplets and solid particles, 

characterised by variations in size, shape, and chemical composition across space and time 

(Potukuchi and Wexler, 1995; Pope III et al., 2009; Janssen et al., 2011; Maleki et al., 2021). 

Monitoring the mass concentration of air particulate matter alone offers limited insights into the 

contributing sources. Source apportionment entails the estimation of contributions to airborne 

pollutants originating from both natural and anthropogenic emissions (Hopke, 2009). Receptor 

modelling techniques facilitate the estimate of the relative mass contributions from various 

sources affecting total air particulate matter concentrations (Davy and Trompetter, 2020). The 



 
Long-term trends and source apportionment of particulate matter (PM10) in Auckland  2 

use of receptor modelling techniques and other appropriate statistical techniques enable the 

estimation of source contributions through the analysis of elemental concentrations in PM (Davy 

and Trompetter, 2020; Boamponsem et al. 2024). These analyses can help link policy 

interventions and economic drivers with changes in pollution source mixes and impacts (Hopke 

and Hidy, 2022). 

The application of receptor models relies on chemical composition and physical data matrices 

generated from particulate matter samples collected at monitoring sites. There are multiple 

statistical models and approaches available, such as chemical mass balance (CMB), and positive 

matrix factorisation (PMF) (Viana et al., 2008 Hopke et al., 2020a). PMF is a powerful and robust 

tool for source resolution, offering advantages in handling highly time-resolved aerosol 

composition data with minimal prior knowledge requirements (Ancelet et al., 2012, 2014; Pancras 

et al., 2013; Moreno et al., 2013; Hovorka et al., 2015; Hopke, 2016; Pokorná et al., 2020). This 

information can support the building of a complete picture of air quality in Auckland for policy 

makers to design more effective and efficient regulatory strategies. The findings in this study can 

also be used in health effects studies to identify those sources most strongly associated with 

adverse health outcomes (Rich et al., 2019; Croft et al., 2020; Hopke et al., 2020b). 

This study’s objectives included identifying the sources contributing to PM10 pollution episodes 

and tracking source contribution trends over time. This study is part of the largest source 

apportionment research project in New Zealand to date, providing invaluable insights for both the 

Auckland region and the entire nation. Building upon a prior publication from this project 

(Boamponsem et al., 2024), which focused on the source apportionment and trends analysis of 

PM2.5 and gaseous pollutants, this paper presents the results of an extensive receptor modelling 

study utilising PMF on PM10 samples collected from 2006 to 2022 at three continuous ambient air 

quality monitoring stations across Auckland.  
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2 Methods 

2.1 PM10 samples collection, analysis, and sampling sites 

Continuous instrumental monitoring of ambient air quality has been ongoing in the Auckland 

region for several decades with the Auckland Council amassing data from 1964 to date. These 

datasets constitute the longest continuous air quality monitoring record in New Zealand. 

Auckland's ambient air quality monitoring network comprises 10 permanent sites. These sites 

have a range in monitoring capabilities representing diverse sources and exposure scenarios, from 

suburban residential areas to high-traffic locations. While some sites focus on monitoring specific 

pollutants, others continuously measure a suite of pollutants. 

 

Figure 1. Auckland Council air quality monitoring sites. Takapuna (Lat: -36.7803; Long: 174.7489), 
Queen Street (Lat: -36.8476; Long. 174.7655), and Henderson (Lat: -36.8676; Long: 174.6282) were 
selected for the PM10 source apportionment study. 
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For the source apportionment studies, particulate matter (PM10) sampling is ongoing at three 

monitoring sites: Queen Street, Takapuna, and Henderson. The Queen Street site is situated in the 

heart of Auckland's city centre, overlooking the primary commercial shopping corridor. The area 

combines residential apartments, hotels, corporate offices, commercial enterprises and the 

nearby Port of Auckland. The monitoring station essentially resides within a street canyon aligned 

north-northeast to south-southwest. Over time, the Queen Street area has undergone numerous 

changes and upgrades, including alterations to bus routes since 2011, affecting public transport 

usage. Meteorological conditions at Queen Street are heavily influenced by Auckland central 

business district’s street canyons, with the prevailing wind direction aligned with Queen Street, 

modified by eddies and turbulence around tall structures.  

The Henderson site is located within the grounds of Henderson Intermediate School, on Lincoln 

Road, Henderson. The site is classed as a suburban site. It is approximately 2km northwest of the 

Henderson shopping and commercial area. Land use in the area is a mixture of residential and 

commercial activities with Te Pai Park industrial area (mainly warehousing and light industrial 

activities) 500m to the northeast and the Waitakere Hospital 300m southeast of the site. The 

eastern side of the monitoring station is adjacent to Lincoln Road. To the west is the school, and 

beyond that are residential properties.  

The Takapuna site is located approximately 3.5km northwest of the Takapuna shopping and 

commercial area. The northern side of the monitoring site borders a two-metre mesh fence near 

Taharoto Road, along the Westlake Girls High School sports field’s edge. Approximately 100 

metres southeast of the site is a concrete batching plant for ready-mix concrete production. 

Beyond the immediate surroundings, residential properties extend. The terrain surrounding the 

Westlake Girls High School site ranges from flat to rolling, with the coastline of the Hauraki Gulf 

situated three kilometres east. Notably, significant development in the vicinity has occurred over 

the years, including the redevelopment of school playing fields, the installation of a busway along 

the northern motorway and the development of the Smales Farm precinct into a bus interchange 

hub, completed in early 2008 (Davy et al., 2017).  

Filter-based (Whatman PTFE 47 mm) PM10 samples at all sites have been collected since 2005 in 

at least one site. Queen Street samples were collected daily until 2016 while at the other two sites 

samples were collected on a 1-day-in-3 basis until 2016. From July 2016 onwards, samples have 

been collected on a 1-day in-6 basis using Partisol samplers (Rupprecht & Patashnick, Albany, NY, 
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USA). Summary information regarding data coverage and instruments used for PM10 sampling can 

be found in Table 1. 

PM10 concentrations were determined gravimetrically by Watercare Services Limited, and the 

samples were then forwarded to the New Zealand Ion Beam Analysis Facility, operated by the 

Institute of Geological and Nuclear Sciences in Lower Hutt, for elemental and black carbon (BC) 

laboratory analysis. Accelerator based Ion Beam Analysis techniques (PESA, PIXE, PIGE) were 

used to determine elemental concentrations from Hydrogen (H) and Sodium (Na) to Uranium (U) 

in the samples while black carbon measurements utilised a M43D Digital Smoke Stain 

Reflectometer (Edwards et al., 1983; Barry et al. 2012; Trompetter et al. 2005, 2014).  

Table 1. Summary of Auckland air quality PM10 source apportionment monitoring sites: 

Instruments, Sample Counts, and Sampling Periods 

Site PM10 instrument  
Number of Filter 

Samples 
Sample Period 

Takapuna* 
Thermo 2000H Partisol, 

 1 in 6 days sampling 
1550 Dec 2005 – Dec 2022 

Queen 

Street* 

Thermo 2000H Partisol, 

1 in 6 days sampling 
3709 Jan 2006 – Dec 2022 

Henderson* 
Thermo 2000H Partisol, 

1 in 6 days sampling 
1489 Aug 2006 – Dec 2022 

*Takapuna and Henderson were 1-day-in-3 sampling until June 2016, while Queen Street was daily 

until June 2016 

The Ion Beam Analysis was performed using a 3 MeV accelerated proton beam with standards 

(SrF2, NaCl, Cr, Ni, SiO, KCl, and Al) run before and after each analytical cycle. Spectral X-ray 

peak deconvolution was conducted using Gupix software (Maxwell et al., 1989, 1995). The number 

of pulses (counts) in each peak for each element is used by the Gupix software to calculate the 

concentration of that element. The background and neighbouring elements determine the 

statistical error and the limit of detection. Note that Gupix provides a specific statistical error and 

limit of detection (LOD) for each element in each particulate matter sample. For further details on 
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the IBA techniques used, analytical uncertainties and LODs, see previous report by Ancelet et al., 

(2012). 

Meteorological ten-minute average parameters were continuously monitored at the three 

monitoring sites. Wind speed and direction are real-time measurements obtained with the Vaisala 

Weather Transmitter WXT520.  

 

2.2 Data analysis methods 

Receptor modelling analysis of the PM10 elemental and black carbon datasets was performed 

using positive matrix factorisation (PMF) with EPA PMF 5.0. PMF is mathematically explained in 

detail by Paatero and Tapper (1993), Norris et al. (2014), and Hopke (2016).  

Detailed explanation of the general PMF principles and terminologies are provided by Norris et al. 

(2014). The software requires two input matrices, one matrix with the PM10 elemental 

concentrations and one with the uncertainties associated with those concentrations. The 

methodology for developing an uncertainty matrix associated with the elemental concentrations 

for this work is discussed in detail by Davy et al. (2017). Determination of the number of factors 

(sources) extracted from the data involved a combination of Qrobust and Qtheoretical values, scaled 

residual distributions, and the physical/chemical interpretation of resulting solutions. Rotational 

ambiguity was explored through displacement analysis (DISP), and measurement errors were 

assessed using bootstrap analysis (BS) (Paatero et al., 2014). The source profile plots were 

generated using a python programming script.  

To aid in source identification, the time-series of factor mass contributions and conditional 

bivariate probability function (CBPF) plots were examined. Conditional bivariate probability 

function (CBPF) analysis helps to identify wind directions and speeds where high source 

contributions were likely related. CBPF analysis (Uria-Tellaetxe and Carslaw, 2014) was conducted 

using the Openair R package (Carslaw and Ropkins, 2012; Carslaw, 2018). Pie charts and box plots 

were generated using MS Excel and SPSS (version 28).   

For the trend analysis of PM10 and source contributions, the Theil Sen function in Openair R 

package was used (Carslaw 2012, 2015). The analysis of trends in the PM10 concentration and 

source contribution data are accompanied by confidence interval estimates for the observed 
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trends. Detailed description of the Theil Sen trend method is given by Carslaw (2015). To analyse 

the overall trends in PM10 concentration across Auckland spanning from 2006 to 2022, we utilised 

aggregated data obtained from nine monitoring sites equipped with Beta attenuation monitors 

(BAM) and T640 PM mass monitors. These sites are Queen Street, Henderson, Takapuna, Penrose, 

Glen Eden, Pakuranga, Patumahoe, Papatoetoe, and Khyber Pass Road (See Figure 1).  
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3 Results and discussion 

3.1 Long-term trends in PM10 and black carbon concentrations 

The analysis of the deseasonalised long-term trends in PM10 concentrations in Auckland, utilising 

aggregated data from nine air quality monitoring sites (Queen Street, Takapuna, Henderson, 

Penrose, Khyber Pass Road, Patumahoe, Pakuranga, Papatoetoe, and Glen Eden) found a 

significant year-on-year reduction of 0.22 μg/m³ (p < 0.001) over the monitoring period from 2006 

to 2022. This trend is visually shown by the solid red line in Figure 2A, with upper (-0.17 

μg/m³/year) and lower (-0.26 μg/m³/year), 5% and 95% confidence bounds, respectively, 

indicated by the hatched lines. All three sites considered for source apportionment in this study 

indicated a statistically significant decreasing trend (99.9% confidence interval) in PM10 levels 

over the monitored period (Appendix A).   

Analysing the deseasonalised, long-term trends in PM10 black carbon concentrations by 

aggregating data from the three PM10 source apportionment sites found a year-on-year reduction 

of 225 ng/m³ (p < 0.001) over the monitored period from 2006 to 2022 (See Figure 2B). This 

decrease is consistent with the overall decreasing trend in PM10 levels in Auckland. When the trend 

in the BC to PM10 ratio was analysed, it was found that this was decreasing: from approximately 

30% in 2006 to 10% in 2022 (See Figure 3). This result is different from the BC/PM2.5 ratio trend 

analysis results provided by Boamponsem et al. (2024). Several factors have contributed to the 

downward long-term trends in PM10 levels across Auckland. These factors will be discussed in 

detail as part of the source apportionment results presented and discussed in Section 3.2. 
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Figure 2. Long-term trends in aggregated data from Auckland sites for PM10 and black carbon 

pollutants. The plots show the deseasonalised monthly mean concentrations. The solid red 

line shows the trend estimate and the dashed red lines show the 95% confidence intervals for 

the trend based on resampling methods. A. PM10; B. Black carbon. All units in µg/m3.  
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The speciation data provides the opportunity to aggregate the data from all the sites and examine 

the concentration trends for each individual elemental species as provided by Davy and 

Trompetter (2021). This result is relevant in terms of the overall environmental loadings 

originating from air PM10 emissions. Appendix B presents a box and whisker plot for the key 

elemental concentrations in the overall PM10 dataset. 

3.2 Source apportionment with PMF 

Local PM10 emission sources in Auckland as documented by Davy et al. (2011, 2017, 2020), 

Boamponsem et al. (2017, 2024), Xie et al. (2019), Crimmins et al. (2019), and Patel (2020, 2024), 

include: 

• Motor vehicles – all roads act as direct sources; the relative contribution of diesel or petrol 
vehicles to ambient PM loadings at a monitoring site is dependent on the proximity to the 
nearest road and the relative traffic volume of each vehicle type. 

• Local wind-blown soil or road dust sources; dust emissions from road works, construction 
activities such as new office blocks, apartments, and building refurbishments. Major road 
works and footpath widening/refurbishment. 

• Biomass burning from solid fuel fires used for domestic heating during the winter. 
• Port activities – emissions from shipping traffic to and from the Port of Auckland. 
• Trans-boundary sources; Australia bush fires and dust storms. 
• Marine aerosol (Sea salt). 

Figure 3. Auckland black carbon to PM10 concentration ratio.  



 
Long-term trends and source apportionment of particulate matter (PM10) in Auckland  11 

• Secondary particulate matter resulting from atmospheric gas-to-particle conversion 
processes (sulphate and nitrate species, organic particle species resulting from 
photochemical smog events). 

• Local commercial/industrial activities – there are a range of light commercial activities 
(e.g., large brewery, concrete batching plant, quarry, and printing). 

• Long-range transport of industrial emissions. 
• ‘One-off’ emission events: Fireworks displays and other special events; Short-term, road 

work and demolition/construction activities. 
 

In the input data statistics provided by the PMF model, signal-to-noise ratio (S/N), calculated by 

the program for each constituent allows for classification of the element/pollutant as ‘‘strong”, 

‘‘bad” or ‘‘weak”. The key source contributors identified for Queen Street, Takapuna, and 

Henderson sites were found, on average, to explain 99%, 94%, and 93% respectively, of the PM10 

mean gravimetric mass. 

The estimated Q values from the PMF solutions were close to the theoretical value for each of the 

sites. The observed PM10 concentrations and those calculated from the PMF had a high 

correlation, and the scaled residual distributions showed good fits to the included species. 

Based on the base model, BS, DISP, and BS-DISP from PMF, we found that the solutions were very 

stable and interpretable, and all factors were mapped in 100% of the 200 bootstrap runs when the 

five to nine factors were explored depending on the site. All the DISP runs had zero swaps, and 

there were no swaps in the BS-DISP runs for the best-fit solutions, indicating a stable model 

solution for each site. For each PMF solution, the PM10 species and the contributions were 

normalised using the apportioned PM10 values in the profiles.  

Overall, five unique sources were identified by the PMF analyses as responsible for over 97% of 

the PM10 concentrations in Auckland. These sources were motor vehicles, biomass burning, 

sulphate (primary and secondary), soil, and marine aerosol. It is important to note that 

commercial and industrial activities can have localised but minor impacts on air quality in 

Auckland (Boamponsem et al., 2024; Davy et al., 2020). Appendix B and C provide box plots of the 

elemental concentrations in PM10 samples and source contribution across the three sites. Table 2 

presents the mean contributions (mass and fractional) of the identified sources to the observed 

PM10 mass concentrations. The source profiles for each of the three sites and aggregated data are 

presented by the sections below. 
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Table 2. Mean contributions (mass and fractional) of the sources to the observed mass 

concentrations. 

Henderson Takapuna Queen St All sites 

Mean mass concentrations (µg m-3) 

PM10 13.3 15.2 17.2 15.9 

Biomass burning 1.8 1.4 1.5 1.5 

Soil 0.9 1.2 1.0 1.0 

Motor vehicles 2.1 4.2 5.4 4.4 

Marine aerosol 6.2 6.3 7.1 6.7 

Sulphate 1.5 1.3 2.1 1.8 

Mean % contribution 

 Source Henderson Takapuna Queen St All sites 

Biomass burning 14.0 10.0 9.0 10.0 

Soil 7.0 8.0 6.0 7.0 

Motor vehicles 17.0 29.0 32.0 28.0 

Marine aerosol 50.0 44.0 41.0 44.0 

Sulphate 12.0 9.0 12.0 11.0 

3.2.1 All sites combined. 

A five-factor PMF solution was resolved for the aggregated data. These factors are marine 

aerosol, motor vehicles, biomass burning, sulphate (primary and secondary), and soil. 
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Figure 1Figure 4 presents the source profiles extracted from the PMF analysis the 

aggregated data. Time series plot of the sources is given by Appendix J. 

Motor vehicles were found to account for 28% of the overall average PM10 concentration. 

They primarily contributed to BC, H, Ba, and Cu. There was a downward trend in motor 

vehicles source contributions over the monitoring period (Figure 6).  

Marine aerosol accounted for 44% of the overall PM10 average mass concentration, with 

Na and Cl being the dominant species contributed by this source. The PM10 marine aerosol 

contribution primarily originated from the southwest, northwest, and northeast directions 

at higher wind speeds, likely from the Pacific Ocean, Tasman Sea, and Southern Ocean 

(Figure 5). The contribution of the marine aerosol factor was highest during the spring 

months and lowest in winter (Figure 7).  

Sulphate accounted for 11% of the overall PM10 average mass concentration, with S being 

the dominant species contributed by this source. The PM10 sulphate contribution was 

found to primarily originate from the northeast sector as shown in Figure 5. Seasonal 

patterns showed that sulphate source concentrations generally had a summer maximum 

and a winter minimum (Figure 7). The decreasing trend in sulphate source contributions 

was consistent with the reduction in sulphur in automotive fuels (6). 
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Figure 4. Profiles of the sources resolved by the PMF analysis of the aggregated data collected 
during 2005- 2022. Top plot: The blue bars are the base values, the unfilled red circle lines are 
the mean fractional displacement (DISP) values, the asymmetric error bars represent the 
maximum and minimum DISP values. The filled black circle dots represent the % explained 
variation. 
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Biomass burning was found to be responsible for 10% of the overall PM10 average concentrations 

and significantly contributed to BC, and K. Biomass burning had its highest contributions during 

winter, likely due to both activity (domestic fires for home heating) and meteorological factors 

such as cold and calm weather. The combined analysis of all the sites indicated an upward trend 

estimate of 0.04 µg/m3 per year, with 95% confidence intervals from 0.02 to 0.06 µg/m3. The 

combined trend was statistically significant at the 0.001 level (Figure 6). However, it is worth 

noting that since 2020, there has been a marked decline in the contribution of biomass burning, 

which is in line with the increased prevalence of electricity being used for space heating. 

Emissions of soil accounted for 7% of the PM10 data and significantly contributed to the 

concentrations of Al, Si, Cu, Ca, Si, Ti, Fe, and Mn. These contributions likely resulted from 

windblown soil, road dust, and dust generated by moving vehicles and road works. There was no 

significant trend for the soil PM10 source factor over the monitoring period (Figure 6). 

 

 

Marine aerosol Sulphate 

Figure 5. CBPF plots for marine aerosol and sulphate factors extracted from the aggregated 
dataset. Wind speeds are in m/s. Values in the parentheses are the 75th percentile values in 
μg/m3. 
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Figure 6. Long-term trends in the PM10 source contributions at all the sites. The plot shows the 
deseasonalised monthly mean concentrations. 
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Overall, the data indicates that majority of the observed reduction in PM10 in Auckland was due to 

improvements in motor vehicle emissions including the regulated transition to low-sulphur fuels 

(<10 ppm S for petrol and diesel) despite an overall increase in the number of vehicles on local 

roads (NZ Ministry of Transport, 2018). The remainder of PM10 reduction appears to be due a 

decrease in marine aerosol (sea salt) contributions. Since marine aerosol is a naturally occurring 

particle, fluctuations in this background source poses a challenge for air quality management. 

3.2.2 Queen Street site 

The selected PMF solution for the Queen Street site resolved five major factors: marine aerosol, 

motor vehicles, sulphate, biomass burning, and soil. The average source contributions indicated 

Figure 7. Temporal variations in PM10 source contributions at all sites (the shaded bars are the 

95 percentile confidence limits in the mean) 
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that marine aerosol and motor vehicle emissions were the most significant contributors to PM10 

concentrations at Queen Street. Figure 8 provides the source profiles extracted from the PMF 

analysis of Queen Street PM10 data. Time series plots of the sources are presented in Appendix E. 

Figure 9 shows the CBPF plots for the sources resolved from the Queen Street data.  

Marine aerosol accounted for 41% of the overall PM10 average mass concentration with sodium 

(Na) and chloride (Cl) being the dominant species contributing to this source. A significant 

downward trend in marine aerosol source contributions was observed (Figure 10). It is unclear 

whether the observed decreasing trend in marine aerosol concentrations is part of a larger inter-

decadal cycle related to Southern Hemisphere circulation patterns and atmospheric transport 

mechanisms or a more permanent trend due to climate change (Davy and Trompetter, 2020). As 

shown by Figure 11, marine aerosol is more predominant during the summer and spring months 

due to higher spring equinox winds (Davy et al., 2017).  

The emissions from motor vehicles accounted for 32% of the overall average PM10 concentration 

and mainly contributed to BC, Fe, Cu, Ti, and Mn concentrations. This profile aligns with previous 

findings by Davy et al. (2011, 2017) indicating that the motor vehicle emissions exhibit similar 

characteristics than in previous years. Some trace elements associated with motor vehicle 

emissions are linked to fuel and oil formulation (e.g., S, Ca, Mg, Na), while others result from 

engine mechanical wear (Fe) or abrasion of brake linings and road surfaces (e.g., Si, Al, Fe, Cu, Ca, 

Mg, K, Ti, and Mn) (Amato et al., 2009). Zinc, for example, is emitted by motor vehicles through 

the combustion of lubricant oils and tire wear and is indicative of stop/start traffic and cold-start 

engine emissions. Copper, zinc, iron, chromium, and manganese are known to be emitted from 

road traffic abrasion processes such as brake pad wear (Gianini et al., 2012). A significant 

downward trend in motor vehicles source contributions over the monitoring period (Figure 10) is 

attributed to bus route changes, with fewer buses using Queen Street since 2011 due to rerouting 

of the public transport system. 

Sulphate accounted for 12% of the overall PM10 average mass concentration, with sulphur (S), 

being the dominant species contributed by this source. Seasonal patterns showed higher sulphate 

concentrations in summer and lower levels in winter (Figure 11), influenced by solar forcing on 

atmospheric reaction pathways (Davy et al., 2017, Davy and Trompetter, 2020). There was a 

decreasing trend in sulphate source contributions attributed to the reduction in sulphur content 

in automotive fuels as detailed by Davy et al. (2017). Marine diesel emissions of primary sulphate 

(Agrawahl et al., 2008a,b, 2009, 2010) should have been reduced starting in January 2020 due to 
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the implementation of the International Maritime Organization’s rule on the sulphur content of 

marine diesel fuel reducing it to 0.5% IMO, 2021). It appears that the contributions from this factor 

did flatten substantially in 2020 (Figure 10). Substantial background concentrations of sulphate 

are likely due to natural oceanic sources as similar concentrations occur in other New Zealand 

urban centres (Laura et al., 2024). The highest 25% of PM10 sulphate contributions primarily 

originated from the northeastern sectors (Figure 9), likely due to ship emissions from the Port of 

Auckland and Hauraki Gulf shipping lanes. Previous reports by Davy et al. (2017, 2020) found that 

emissions from ships entering and exiting the Port of Auckland are a primary source of sulphate. 
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Soil (6%)

Marine aerosol 
(41%)

Motor vehicles 
(32%)

Secondary 
sulphate (12%)

Biomass burning 
(9%)

Figure 8. Profiles of the sources resolved by the PMF analysis of the Queen Street site data 

collected during 2006-2022. Top plot: The blue bars are the base values, the unfilled red circle 

lines are the mean fractional displacement (DISP) values, the asymmetric error bars represent the 

maximum and minimum DISP values. The filled black circle dots represent the % explained 

variation. 
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Biomass burning Marine aerosol 

Soil 

Sulphate Motor vehicles 

Figure 9. CBPF plots for each of the seven factors extracted from the Queen Street site dataset. Wind 

speeds are in m/s. Values in the parentheses are the 75th percentile values in μg/m3. 
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Figure 10. Long-term trends in the PM10 source contributions at the Queen Street site. The plot shows 
the deseasonalised monthly mean concentrations. 



 
Long-term trends and source apportionment of particulate matter (PM10) in Auckland  23 

 

Biomass burning contributed 9% to the overall average PM10 concentrations and significantly 

contributed to hydrogen (H; marker of organic carbon), and potassium (K). Potassium is a 

commonly used marker element for biomass combustion, while Davy et al have shown that 

elevated concentrations of arsenic occur every winter in many New Zealand urban areas as a 

result of the use of copper chrome arsenate treated timber as fuel for domestic space-heating 

appliances (Davy et al 2014). Particles from biomass burning in Auckland’s CBD likely originate 

from surrounding suburbs (Figure 9), with peak contributions during winter due to emissions from 

solid fuel fires for domestic heating in neighbouring residential areas. Like in the PM2.5 source 

apportionment results (Boamponsem et al. 2024), there is no significant trend observed for the 

biomass burning source factor (Figure 10). According to census results and home heating surveys, 

despite the increasing number of households in Auckland, there has been a decline in the number 

of households using solid fuel for home heating (Metcalfe et al. 2018). The last three New Zealand 

Censuses have included a question regarding the methods used to provide heat for households. In 

2013, 21% of Auckland households stated that the combustion of wood was a heating method 

Biomass burning Marine aerosol 

Motor vehicles   Sulphate 

Soil 

Figure 11. Temporal variations in PM10 source contributions at the Queen Street site (the 
shaded bars are the 95 percentile confidence limits in the mean). 
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used, a fall from 30% of households recorded in the 2001 census (Statistics New Zealand, 2014). 

Efficient heat pump electrical heating options are becoming increasingly common for the main 

living areas throughout Auckland as the proportion of dwellings burning wood, coal, and liquefied 

petroleum gas (LPG) declines (Stones-Havas, 2014; Statistics New Zealand, 2014; Crimmins, 2017). 

Emissions of soil accounted for 6% of the PM10 data and substantially contributed to the 

concentrations of aluminium (Al), silicon (Si), titanium (Ti), iron (Fe), and manganese (Mn). This 

source includes windblown soil, road dust, and dust generated by moving vehicles and road works 

(Davy et al., 2011). Figure 11 suggests that the soil source is primarily anthropogenic since it has a 

weekday/weekend concentration difference. The trends in soil are influenced by significant road 

work activity on Queen Street during 2007-2008, decreasing afterward (Figure 10). 

 

3.2.3 Takapuna site 

The PM10 pollution rose at the Takapuna site shows the highest concentrations from the 

southwestern quarter where SH1 is located relative to the site (Appendix F). A five-factor PMF 

solution was also resolved for the Takapuna site. These factors are marine aerosol, motor 

vehicles, biomass burning, sulphate, and soil. Figure 12 presents the source profiles extracted 

from the PMF analysis of Takapuna PM10 data. Time series plot of the sources is given in Appendix 

G. 

Marine aerosol accounted for 44% of the overall PM10 average mass concentration, with Na and Cl 

being the dominant species contributed by this source. The Takapuna PM10 marine aerosol 

contribution mainly originated from the west and northeast directions (Figure 13). In line with the 

Queen Street and Henderson sites, a downward trend in marine aerosol source contributions was 

observed at the Takapuna site (Figure 14). The most likely source of the PM10 marine aerosol is the 

Southern Ocean, Tasman Sea, and Pacific Ocean. Like the other sites, the contribution of the 

marine aerosol factor was highest during the spring months and lowest in winter (Figure 15). 



 
Long-term trends and source apportionment of particulate matter (PM10) in Auckland  25 

 

Soil (8%)

Marine aerosol 
(44%)

Motor vehicles (29%)

Sulphate (9%)

Biomass burning 
(10.6%)

Figure 12. Profiles of the sources resolved by the PMF analysis of the Takapuna site data collected 
during 2005- 2022. Top plot: The blue bars are the base values, the unfilled red circle lines are the 
mean fractional displacement (DISP) values, the asymmetric error bars represent the maximum and 
minimum DISP values. The filled black circle dots represent the % explained variation. 
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Motor vehicles were found to account for 29% of the overall average PM10 concentration. This 

source primarily contributed to BC, Ti, Fe, Cu, Mn, and Ba. As with other sites, the higher motor 

vehicle source contribution in winter is consistent with colder months and less efficient 

combustion. The motor vehicle source for PM10 shows a westerly direction for peak concentrations 

as presented below and is likely to be due to traffic on the nearby motorway. As with other sites, 

there was a downward trend in motor vehicles source contributions that is statistically significant 

at the 0.05 level (Figure 14). 

Sulphate accounted for 9% of the overall PM10 average mass concentration, with sulphur as the 

key source indicator species contributed by this source. The highest proportion of PM10 sulphate 

contributions primarily originated from the northeastern sector (Figure 13). The decreasing trend 

in sulphate source contributions was consistent with other sites (Figure 14). Seasonal patterns 

showed that sulphate source contributions generally had a summer maximum and a winter 

minimum (Figure 15). 

Biomass burning was found to be responsible for 10% of the overall PM10 average concentrations 

and significantly contributed to the total mass concentration of BC, and K. Particles from biomass 

burning at Takapuna are considered to originate residential solid fuel combustion from Takapuna 

and surrounding suburbs. As with other sites, biomass burning had its highest contributions 

during winter, likely due to both activity (domestic fires for home heating) and meteorological 

factors such as cold and calm weather. There was a significant upward trend in biomass burning 

source contributions until 2020 followed by a marked decrease in recent years (Figure 14). These 

changes indicate a need for further investigation on the changes experienced by this area of 

Auckland in the recent past. 
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Figure 13. CBPF plots for each of the seven factors extracted from the Takapuna site dataset. Wind 
speeds are in m/s. Values in the parentheses are the 75th percentile values in μg/m3. 



 
Long-term trends and source apportionment of particulate matter (PM10) in Auckland  28 

 

Biomass burning 

 P
M

10
 c

on
ce

nt
ra

ti
on

 

Marine aerosol 

 P
M

10
 c

on
ce

nt
ra

ti
on

 

Motor vehicles 

 P
M

10
 c

on
ce

nt
ra

ti
on

 

Soil 

 P
M

10
 c

on
ce

nt
ra

ti
on

 

Sulphate 

 P
M

10
 c

on
ce

nt
ra

ti
on

 

Figure 14. Long-term trends in the PM10 source contributions at the Takapuna site. The plot shows 
the deseasonalised monthly mean concentrations. 
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Emissions from the soil source accounted for 8% of the PM10 data and significantly contributed to 

the concentrations of Al, Si, Fe, Ti, Ca, and Mn. The soil source contributions at Takapuna likely 

included windblown soil, road dust, and dust generated by construction and road works. The 

highest soil source contributions to PM10 were predominantly from the northwest and southeast 

sectors (Figure 13). Contrary to the PM2.5 source apportionment results (Boamponsem et al. 2024), 

there was a significant downward trend for the soil PM10 source factor over the monitoring period 

(Figure 14). 

3.2.4 Henderson  

PM10 pollution mainly originates from the southwestern quarter as indicated by Appendix H. The 

PMF solution for the Henderson site resolved five factors: marine aerosol, motor vehicles, biomass 

burning, sulphate, and soil. The average source contributions revealed by PMF indicate that 

Biomass burning Marine aerosol 

Motor vehicles Sulphate 

Soil 

Figure 15. Temporal variations in PM10 source contributions at the Takapuna site (the shaded 
bars are the 95th percentile confidence limits in the mean). 
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marine aerosol, motor vehicle emissions, sulphate, and biomass burning are the most significant 

contributors to PM10 concentrations at the Henderson site with lower contributions from soil. 

Figure 16 displays the source profiles extracted from the PMF analysis of Henderson site PM10 

data. Time series plot of the sources is given in Appendix I. 

 

Soil (7%)

Marine aerosol (50%)
Motor vehicles (17%)

Sulphate (12%)

Biomass burning 
(12%)

Figure 16. Profiles of the sources resolved by the PMF analysis of the Henderson site data collected 
during 2006-2022. Top plot: The blue bars are the base values, the unfilled red circle lines are the mean 
fractional displacement (DISP) values, the asymmetric error bars represent the maximum and minimum 
DISP values. The filled black circle dots represent the % explained variation. 



 
Long-term trends and source apportionment of particulate matter (PM10) in Auckland  31 

Marine aerosol accounted for 50% of the overall PM10 average mass concentration, with Na and Cl 

being the dominant species contributed by this source. Marine aerosol contributions at 

Henderson mainly originate from the west-southwest and northeast directions (Figure 17), 

primarily from the Tasman Sea and Pacific Ocean. Like the Queen Street site, a downward trend in 

the marine aerosol source contributions was observed at the Henderson site (Figure 18). The 

contribution of the marine aerosol source was highest during the spring months and lowest in 

winter (Figure 19). 

Motor vehicles accounted for 17% of the overall average PM10 concentration and primarily 

contributed to BC, Cu, Ti, and Ba. The higher motor vehicle source contributions to PM10 

concentrations in winter are consistent with colder conditions and less efficient combustion (cold-

start engine emissions). Motor vehicle emissions from Henderson mainly originate from southeast, 

likely from the nearby Lincoln Road (Figure 17). There was a significant downward trend in motor 

vehicles contributions to PM10 levels over the monitoring period (Figure 18). 

Sulphate accounted for 12% of the overall PM10 average mass concentration, with S, Si, BC, Na, Cl 

and Al being the dominant species contributed by this source. The contributions here were much 

smaller than at Queen St. This difference was expected given that easterly flow is a low 

prevalence direction. The highest per cent of PM10 sulphate contributions primarily originated 

from the northwestern sector (Figure 17), likely the result of biogenic sulphate from the oxidation 

of dimethyl sulphide and dimethyl disulphide (Charlson et al., 1987) similar to what was seen in 

the Canadian harbours (Anastasopolos et al., 2023). There was a significant downward trend in 

the sulphate factor contribution to PM10 levels at the Henderson site (Figure 18). Like the Queen 

Street site, seasonal patterns showed that sulphate source concentrations generally have a 

summer maximum and a winter minimum (Figure 19) suggesting a strong influence of biogenic 

sulphate from the ocean.  

Biomass burning contributed 14% to the overall PM10 average concentrations, significantly 

contributing to BC, and K. As with other sites, biomass burning had its highest contributions 

during winter, likely due to emissions from solid fuel fires for domestic heating. Similar to the 

Queen Street site, the trend in the contribution of biomass burning since 2018 has been markedly 

downwards (Figure 18). The apparent reduction in biomass burning emissions at the Henderson 

and Queen Street sites may be attributed to the use of alternative space-heating technologies 

such as heat pumps, despite the city's population growth. This was an explicit objective of the 

Resource Management (National Environmental Standards for Air Quality) Regulations 2004 and 
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the Building Act 2004 by encouraging cleaner forms of heating and providing installation 

requirements.  

Emissions from soil suspension accounted for 7% of the PM10 data and substantially contributed 

to Al, Si, Ti, Ca, Fe, and Mn levels. These contributions are likely the result of road dust, and dust 

generated by moving vehicles and road works. Short-term road works, construction activities, and 

demolition near the monitoring site have contributed to this factor. Soil source contributions at 

Henderson site were highest from the southeast sector, likely originating from the construction 

and agricultural activity in the Henderson Valley area. There is no significant upward trend for the 

soil PM10 source factor over the monitoring period (Figure 18). 

 



 
Long-term trends and source apportionment of particulate matter (PM10) in Auckland  33 

 

Biomass burning 

Motor vehicles 

Marine aerosol 

Soil 

Sulphate 

Figure 17. CBPF plots for each of the seven factors extracted from the Henderson dataset. Wind 

speeds are in m/s. Values in the parentheses are the 75th percentile values in μg/m3. 
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Figure 18. Long-term trends in the PM10 source contributions at the Henderson site. The plot 
shows the deseasonalised monthly mean concentrations. 
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Biomass burning Marine aerosol 
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Figure 19. Temporal variations in PM10 source contributions at the Henderson site (the 

shaded bars are the 95 percentile confidence limits in the mean) 
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4 Conclusions 

This study has provided valuable insights into the composition, sources, and trends of PM10 in 

Auckland. In line with the findings by Davy et al. (2017), Davy and Trompetter (2020) and 

Boamponsem et al. (2024), this study identified five sources that are common to all sites. These 

are marine aerosol, motor vehicles, biomass burning, sulphate, and soil. The marine aerosol 

component of urban air particulate matter is part of the ‘natural’ background and therefore a 

challenge to manage. The soil source was present as a minor contributor at all sites and was 

largely dependent on the nature of local dust generating activities. Over the 2006-2022 

monitoring period, a consistent decrease in PM10 concentrations was observed across all 

monitored sites. The decreasing trends of PM10 is mainly associated with decreases in 

contributions from the primary anthropogenic PM10 source, motor vehicle emissions due to 

improvements in fuel formulation and advancements in engine technology. 

Biomass burning was found to contribute significantly to PM10 during winter months, primarily due 

to solid fuel fire emissions from residential wood burning for space heating purposes. Stabilisation 

of biomass burning contributions to PM10 levels at Queen Street and Henderson is likely due to 

alternative heating technologies and regulatory measures, despite population growth.  

Emissions of particulate matter from ships’ engines were found to be directly impacting on the 

Auckland city centre and the wider region, through the formation of secondary aerosol species 

from the gaseous combustion products reflective of the high sulphur content of shipping fuels. 

Sulphate concentrations were highest during spring and summer months and showed a decreasing 

trend over the monitoring period. This reduction is attributed to fuel formulation regulations that 

stipulated the introduction of low-sulphur automotive fuels between 2006 and 2010, which led to 

decreased precursor gases such as SO2, primarily from the combustion of sulphur-containing fuels 

in urban areas.  

This source apportionment study in Auckland together with our earlier paper (Boamponsem et al. 

2024), have shed light on the main contributors to airborne particulate matter and pollutant 

gases. This represents the largest source apportionment study undertaken in New Zealand to date 

and provides key evidence for air quality management and health effects studies in both the 

Auckland region and New Zealand as a whole. 
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7 Appendices 

8 Appendix A: PM10 concentration trends – 2006 to 2022 
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Figure A1. Long-term trends in the PM10 concentrations (Gravimetric) at the Queen Street, 

Takapuna, and Henderson. The plot shows the deseasonalised monthly mean concentrations. 
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9 Appendix B: PM10 elemental concentrations box plot 

Figure A2. Box and whisker plot of PM10 elemental concentrations across all monitoring sites (y- 

axis in logarithmic scale). 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. 
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10 Appendix C: Box plot of all sources identified 

Figure A3. Boxplot of the PM10 gravimetric mean concentrations and the source contributors 

across the 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. 
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11 Appendix D: Pollution roses for Queen Street 

Figure A4. PM10 pollution rose for Queen Street 
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12 Appendix E. Source profiles time series – Queen Street 
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Figure A5. Time series of contributions of the factors resolved using the PMF analysis (Queen Street site) 
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13 Appendix F: Pollution rose for Takapuna site 

Figure A6. PM10 pollution roses for Takapuna site 
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14 Appendix G: Source profiles time series – Takapuna site 
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Figure A7. Time series of contributions of the factors resolved using the PMF analysis (Takapuna site) 



Long-term trends and source apportionment of particulate matter (PM10) in Auckland  54 

15 Appendix H: Pollution roses for Henderson 

Figure A8. PM10 pollution roses for Henderson 
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16 Appendix I: Source profiles time series plot – Henderson site 

Biomass burning 

Marine aerosol 

Motor vehicles 

Sulphate 

Soil 

Year 

PM
10

 s
ou

rc
e 

co
nt

ri
bu

ti
on

 (
µg

/m
3 )

Figure A9. Time series of contributions of the factors resolved using the PMF analysis (Henderson site) 
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17 Appendix J: Source profiles time series plot – All sites 
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Figure A10. Time series of contributions of the factors resolved using the PMF analysis (Auckland) 
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	This study underscores the importance of ongoing monitoring and emissions reduction strategies, particularly targeting motor vehicles and biomass burning, for enhancing air quality and public health. This research contributes to a broader understanding of PM dynamics in Auckland, informing policy development and air quality management strategies.
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	Glossary of terms, acronyms, and abbreviations
	Term
	Meaning
	Aerosol
	A mixture of solid and/or liquid 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
	Airshed
	A geographic area established, as defined by the national environmental standard for air quality (NESAQ), to manage air pollution.
	Ambient air
	The external air environment (does not include the air environment inside buildings or structures)
	Black carbon, BC
	Is an air pollutant made up of tiny soot particles discharged into the atmosphere from combustion processes. 
	BS-DISP
	Bootstrap-Displacement. A statistical method used to estimate the uncertainties of the PMF results.
	HAPINZ
	Health and Air Pollution in New Zealand. The HAPINZ 3.0 study investigated the impact of air pollution on New Zealanders' health. (Kuschel et al. 2022)
	Marine aerosol
	Particulates emitted from the ocean's surface such as sea salt and byproducts of marine biogenic activity, primarily through the action of wind and waves. 
	MfE
	Ministry for the Environment
	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
	PM
	Particulate Matter. It 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
	PMF
	Positive Matrix Factorisation. It is a multivariate factor analysis tool that decomposes a matrix of speciated sample data into two matrices: factor contributions and factor profiles.
	Pollution rose
	A graphic tool used to get a highlight the relationship between wind direction and pollutant concentrations. Generally used to identify directions where there are significant emission sources impacting the measurement site.
	Receptor models
	Receptor models are mathematical approaches for quantifying the contribution of sources to
	samples based on the composition or fingerprints of the sources.
	SO2
	Sulphur dioxide, a type of air pollutant.
	Stats NZ 
	Statistics New Zealand
	USEPA
	United States Environmental Protection Agency
	WHO
	World Health Organization
	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 quality is a major environmental issue in urban centres worldwide, with adverse effects on both human health and local visibility (Dehghani et al., 2020; Forouzanfar et al., 2016; Moghadamnia et al., 2017; Tao et al., 2011; Yorifuji et al., 2014; Hu et al., 2020; Pirsaheb et al., 2020; WHO, 2021; Stanimirova et al., 2023). The repercussions of compromised air quality span from functional impairments to a spectrum of health symptoms, leading to reduced life expectancy and even death. Globally, air pollution causes over seven million deaths annually (WHO, 2018, 2021; Pirsaheb et al., 2020). In New Zealand alone, the societal costs attributed to anthropogenic air pollution in 2016 amounted to $15.6 billion (Kuchel et al., 2022).
	Of the various pollutants degrading air quality, particulate matter (PM) is the most detrimental to human health, with both short- and long-term exposure linked to increased morbidity and mortality rates (Bergamaschi et al., 2007, Smodiš, 2007, Cavanagh et al., 2009, Atkinson et al., 2010, Tobías et al., 2018, de Jesus et al., 2020; WHO, 2021). Global estimates indicate that approximately 4.7 million deaths annually can be attributed to PM exposure (Health Effects Institute, 2024). The detrimental health impacts from PM exposure have been well-documented in numerous epidemiological studies, including immune system reactions, lung irritation, respiratory and cardiovascular diseases, and cancer (Song et al., 2017; Yin et al., 2019; Dai et al. 2021).
	PM10 (particulate matter with aerodynamic diameter ≤10 μm) and PM2.5 (with diameter ≤ 2.5 μm) are the metrics used in assessing PM impacts on health (in terms of the burden on individuals, the health system, and society) (Kuchel et al., 2022; Health Effects Institute, 2018; MfE and Stats NZ, 2021; Dehghani et al., 2020; GBD, 2020). Coarser PM typically deposits in the upper airways, while finer PM, penetrates deeper into the lungs (EFCA, 2019; Kuchel et al., 2022).
	Particulate matter is a heterogeneous mixture of suspended liquid droplets and solid particles, characterised by variations in size, shape, and chemical composition across space and time (Potukuchi and Wexler, 1995; Pope III et al., 2009; Janssen et al., 2011; Maleki et al., 2021). Monitoring the mass concentration of air particulate matter alone offers limited insights into the contributing sources. Source apportionment entails the estimation of contributions to airborne pollutants originating from both natural and anthropogenic emissions (Hopke, 2009). Receptor modelling techniques facilitate the estimate of the relative mass contributions from various sources affecting total air particulate matter concentrations (Davy and Trompetter, 2020). The use of receptor modelling techniques and other appropriate statistical techniques enable the estimation of source contributions through the analysis of elemental concentrations in PM (Davy and Trompetter, 2020; Boamponsem et al. 2024). These analyses can help link policy interventions and economic drivers with changes in pollution source mixes and impacts (Hopke and Hidy, 2022).
	The application of receptor models relies on chemical composition and physical data matrices generated from particulate matter samples collected at monitoring sites. There are multiple statistical models and approaches available, such as chemical mass balance (CMB), and positive matrix factorisation (PMF) (Viana et al., 2008 Hopke et al., 2020a). PMF is a powerful and robust tool for source resolution, offering advantages in handling highly time-resolved aerosol composition data with minimal prior knowledge requirements (Ancelet et al., 2012, 2014; Pancras et al., 2013; Moreno et al., 2013; Hovorka et al., 2015; Hopke, 2016; Pokorná et al., 2020). This information can support the building of a complete picture of air quality in Auckland for policy makers to design more effective and efficient regulatory strategies. The findings in this study can also be used in health effects studies to identify those sources most strongly associated with adverse health outcomes (Rich et al., 2019; Croft et al., 2020; Hopke et al., 2020b).
	This study’s objectives included identifying the sources contributing to PM10 pollution episodes and tracking source contribution trends over time. This study is part of the largest source apportionment research project in New Zealand to date, providing invaluable insights for both the Auckland region and the entire nation. Building upon a prior publication from this project (Boamponsem et al., 2024), which focused on the source apportionment and trends analysis of PM2.5 and gaseous pollutants, this paper presents the results of an extensive receptor modelling study utilising PMF on PM10 samples collected from 2006 to 2022 at three continuous ambient air quality monitoring stations across Auckland. 
	2.1 PM10 samples collection, analysis, and sampling sites

	Continuous instrumental monitoring of ambient air quality has been ongoing in the Auckland region for several decades with the Auckland Council amassing data from 1964 to date. These datasets constitute the longest continuous air quality monitoring record in New Zealand. Auckland's ambient air quality monitoring network comprises 10 permanent sites. These sites have a range in monitoring capabilities representing diverse sources and exposure scenarios, from suburban residential areas to high-traffic locations. While some sites focus on monitoring specific pollutants, others continuously measure a suite of pollutants.
	/
	Figure 1. Auckland Council air quality monitoring sites. Takapuna (Lat: -36.7803; Long: 174.7489), Queen Street (Lat: -36.8476; Long. 174.7655), and Henderson (Lat: -36.8676; Long: 174.6282) were selected for the PM10 source apportionment study.
	For the source apportionment studies, particulate matter (PM10) sampling is ongoing at three monitoring sites: Queen Street, Takapuna, and Henderson. The Queen Street site is situated in the heart of Auckland's city centre, overlooking the primary commercial shopping corridor. The area combines residential apartments, hotels, corporate offices, commercial enterprises and the nearby Port of Auckland. The monitoring station essentially resides within a street canyon aligned north-northeast to south-southwest. Over time, the Queen Street area has undergone numerous changes and upgrades, including alterations to bus routes since 2011, affecting public transport usage. Meteorological conditions at Queen Street are heavily influenced by Auckland central business district’s street canyons, with the prevailing wind direction aligned with Queen Street, modified by eddies and turbulence around tall structures. 
	The Henderson site is located within the grounds of Henderson Intermediate School, on Lincoln Road, Henderson. The site is classed as a suburban site. It is approximately 2km northwest of the Henderson shopping and commercial area. Land use in the area is a mixture of residential and commercial activities with Te Pai Park industrial area (mainly warehousing and light industrial activities) 500m to the northeast and the Waitakere Hospital 300m southeast of the site. The eastern side of the monitoring station is adjacent to Lincoln Road. To the west is the school, and beyond that are residential properties. 
	The Takapuna site is located approximately 3.5km northwest of the Takapuna shopping and commercial area. The northern side of the monitoring site borders a two-metre mesh fence near Taharoto Road, along the Westlake Girls High School sports field’s edge. Approximately 100 metres southeast of the site is a concrete batching plant for ready-mix concrete production. Beyond the immediate surroundings, residential properties extend. The terrain surrounding the Westlake Girls High School site ranges from flat to rolling, with the coastline of the Hauraki Gulf situated three kilometres east. Notably, significant development in the vicinity has occurred over the years, including the redevelopment of school playing fields, the installation of a busway along the northern motorway and the development of the Smales Farm precinct into a bus interchange hub, completed in early 2008 (Davy et al., 2017). 
	Filter-based (Whatman PTFE 47 mm) PM10 samples at all sites have been collected since 2005 in at least one site. Queen Street samples were collected daily until 2016 while at the other two sites samples were collected on a 1-day-in-3 basis until 2016. From July 2016 onwards, samples have been collected on a 1-day in-6 basis using Partisol samplers (Rupprecht & Patashnick, Albany, NY, USA). Summary information regarding data coverage and instruments used for PM10 sampling can be found in Table 1.
	PM10 concentrations were determined gravimetrically by Watercare Services Limited, and the samples were then forwarded to the New Zealand Ion Beam Analysis Facility, operated by the Institute of Geological and Nuclear Sciences in Lower Hutt, for elemental and black carbon (BC) laboratory analysis. Accelerator based Ion Beam Analysis techniques (PESA, PIXE, PIGE) were used to determine elemental concentrations from Hydrogen (H) and Sodium (Na) to Uranium (U) in the samples while black carbon measurements utilised a M43D Digital Smoke Stain Reflectometer (Edwards et al., 1983; Barry et al. 2012; Trompetter et al. 2005, 2014). 
	Table 1. Summary of Auckland air quality PM10 source apportionment monitoring sites: Instruments, Sample Counts, and Sampling Periods
	Site
	PM10 instrument 
	Number of Filter Samples
	Sample Period
	Takapuna*
	Thermo 2000H Partisol, 1 in 6 days sampling
	1550
	Dec 2005 – Dec 2022
	Queen Street*
	Thermo 2000H Partisol,1 in 6 days sampling
	3709
	Jan 2006 – Dec 2022
	Henderson*
	Thermo 2000H Partisol,1 in 6 days sampling
	1489
	Aug 2006 – Dec 2022
	*Takapuna and Henderson were 1-day-in-3 sampling until June 2016, while Queen Street was daily until June 2016
	The Ion Beam Analysis was performed using a 3 MeV accelerated proton beam with standards (SrF2, NaCl, Cr, Ni, SiO, KCl, and Al) run before and after each analytical cycle. Spectral X-ray peak deconvolution was conducted using Gupix software (Maxwell et al., 1989, 1995). The number of pulses (counts) in each peak for each element is used by the Gupix software to calculate the concentration of that element. The background and neighbouring elements determine the statistical error and the limit of detection. Note that Gupix provides a specific statistical error and limit of detection (LOD) for each element in each particulate matter sample. For further details on the IBA techniques used, analytical uncertainties and LODs, see previous report by Ancelet et al., (2012).
	Meteorological ten-minute average parameters were continuously monitored at the three monitoring sites. Wind speed and direction are real-time measurements obtained with the Vaisala Weather Transmitter WXT520. 
	2.2 Data analysis methods

	Receptor modelling analysis of the PM10 elemental and black carbon datasets was performed using positive matrix factorisation (PMF) with EPA PMF 5.0. PMF is mathematically explained in detail by Paatero and Tapper (1993), Norris et al. (2014), and Hopke (2016). 
	Detailed explanation of the general PMF principles and terminologies are provided by Norris et al. (2014). The software requires two input matrices, one matrix with the PM10 elemental concentrations and one with the uncertainties associated with those concentrations. The methodology for developing an uncertainty matrix associated with the elemental concentrations for this work is discussed in detail by Davy et al. (2017). Determination of the number of factors (sources) extracted from the data involved a combination of Qrobust and Qtheoretical values, scaled residual distributions, and the physical/chemical interpretation of resulting solutions. Rotational ambiguity was explored through displacement analysis (DISP), and measurement errors were assessed using bootstrap analysis (BS) (Paatero et al., 2014). The source profile plots were generated using a python programming script. 
	To aid in source identification, the time-series of factor mass contributions and conditional bivariate probability function (CBPF) plots were examined. Conditional bivariate probability function (CBPF) analysis helps to identify wind directions and speeds where high source contributions were likely related. CBPF analysis (Uria-Tellaetxe and Carslaw, 2014) was conducted using the Openair R package (Carslaw and Ropkins, 2012; Carslaw, 2018). Pie charts and box plots were generated using MS Excel and SPSS (version 28).  
	For the trend analysis of PM10 and source contributions, the Theil Sen function in Openair R package was used (Carslaw 2012, 2015). The analysis of trends in the PM10 concentration and source contribution data are accompanied by confidence interval estimates for the observed trends. Detailed description of the Theil Sen trend method is given by Carslaw (2015). To analyse the overall trends in PM10 concentration across Auckland spanning from 2006 to 2022, we utilised aggregated data obtained from nine monitoring sites equipped with Beta attenuation monitors (BAM) and T640 PM mass monitors. These sites are Queen Street, Henderson, Takapuna, Penrose, Glen Eden, Pakuranga, Patumahoe, Papatoetoe, and Khyber Pass Road (See Figure 1). 
	3.1 Long-term trends in PM10 and black carbon concentrations

	The analysis of the deseasonalised long-term trends in PM10 concentrations in Auckland, utilising aggregated data from nine air quality monitoring sites (Queen Street, Takapuna, Henderson, Penrose, Khyber Pass Road, Patumahoe, Pakuranga, Papatoetoe, and Glen Eden) found a significant year-on-year reduction of 0.22 μg/m³ (p < 0.001) over the monitoring period from 2006 to 2022. This trend is visually shown by the solid red line in Figure 2A, with upper (-0.17 μg/m³/year) and lower (-0.26 μg/m³/year), 5% and 95% confidence bounds, respectively, indicated by the hatched lines. All three sites considered for source apportionment in this study indicated a statistically significant decreasing trend (99.9% confidence interval) in PM10 levels over the monitored period (Appendix A).  
	Analysing the deseasonalised, long-term trends in PM10 black carbon concentrations by aggregating data from the three PM10 source apportionment sites found a year-on-year reduction of 225 ng/m³ (p < 0.001) over the monitored period from 2006 to 2022 (See Figure 2B). This decrease is consistent with the overall decreasing trend in PM10 levels in Auckland. When the trend in the BC to PM10 ratio was analysed, it was found that this was decreasing: from approximately 30% in 2006 to 10% in 2022 (See Figure 3). This result is different from the BC/PM2.5 ratio trend analysis results provided by Boamponsem et al. (2024). Several factors have contributed to the downward long-term trends in PM10 levels across Auckland. These factors will be discussed in detail as part of the source apportionment results presented and discussed in Section 3.2.
	 /
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	The speciation data provides the opportunity to aggregate the data from all the sites and examine the concentration trends for each individual elemental species as provided by Davy and Trompetter (2021). This result is relevant in terms of the overall environmental loadings originating from air PM10 emissions. Appendix B presents a box and whisker plot for the key elemental concentrations in the overall PM10 dataset.
	3.2 Source apportionment with PMF

	Local PM10 emission sources in Auckland as documented by Davy et al. (2011, 2017, 2020), Boamponsem et al. (2017, 2024), Xie et al. (2019), Crimmins et al. (2019), and Patel (2020, 2024), include:
	 Motor vehicles – all roads act as direct sources; the relative contribution of diesel or petrol vehicles to ambient PM loadings at a monitoring site is dependent on the proximity to the nearest road and the relative traffic volume of each vehicle type.
	 Local wind-blown soil or road dust sources; dust emissions from road works, construction activities such as new office blocks, apartments, and building refurbishments. Major road works and footpath widening/refurbishment.
	 Biomass burning from solid fuel fires used for domestic heating during the winter.
	 Port activities – emissions from shipping traffic to and from the Port of Auckland.
	 Trans-boundary sources; Australia bush fires and dust storms.
	 Marine aerosol (Sea salt).
	 Secondary particulate matter resulting from atmospheric gas-to-particle conversion processes (sulphate and nitrate species, organic particle species resulting from photochemical smog events).
	 Local commercial/industrial activities – there are a range of light commercial activities (e.g., large brewery, concrete batching plant, quarry, and printing).
	 Long-range transport of industrial emissions.
	 ‘One-off’ emission events: Fireworks displays and other special events; Short-term, road work and demolition/construction activities.
	In the input data statistics provided by the PMF model, signal-to-noise ratio (S/N), calculated by the program for each constituent allows for classiﬁcation of the element/pollutant as ‘‘strong”, ‘‘bad” or ‘‘weak”. The key source contributors identified for Queen Street, Takapuna, and Henderson sites were found, on average, to explain 99%, 94%, and 93% respectively, of the PM10 mean gravimetric mass.
	The estimated Q values from the PMF solutions were close to the theoretical value for each of the sites. The observed PM10 concentrations and those calculated from the PMF had a high correlation, and the scaled residual distributions showed good fits to the included species.
	Based on the base model, BS, DISP, and BS-DISP from PMF, we found that the solutions were very stable and interpretable, and all factors were mapped in 100% of the 200 bootstrap runs when the five to nine factors were explored depending on the site. All the DISP runs had zero swaps, and there were no swaps in the BS-DISP runs for the best-fit solutions, indicating a stable model solution for each site. For each PMF solution, the PM10 species and the contributions were normalised using the apportioned PM10 values in the profiles. 
	Overall, five unique sources were identified by the PMF analyses as responsible for over 97% of the PM10 concentrations in Auckland. These sources were motor vehicles, biomass burning, sulphate (primary and secondary), soil, and marine aerosol. It is important to note that commercial and industrial activities can have localised but minor impacts on air quality in Auckland (Boamponsem et al., 2024; Davy et al., 2020). Appendix B and C provide box plots of the elemental concentrations in PM10 samples and source contribution across the three sites. Table 2 presents the mean contributions (mass and fractional) of the identified sources to the observed PM10 mass concentrations. The source profiles for each of the three sites and aggregated data are presented by the sections below.
	Table 2. Mean contributions (mass and fractional) of the sources to the observed mass concentrations.
	 
	Henderson
	Takapuna
	Queen St
	All sites
	Mean mass concentrations (µg m-3)
	PM10
	13.3
	15.2
	17.2
	15.9
	Biomass burning
	1.8
	1.4
	1.5
	1.5
	Soil
	0.9
	1.2
	1.0
	1.0
	Motor vehicles
	2.1
	4.2
	5.4
	4.4
	Marine aerosol
	6.2
	6.3
	7.1
	6.7
	Sulphate
	1.5
	1.3
	2.1
	1.8
	Mean % contribution
	 Source
	Henderson
	Takapuna
	Queen St
	All sites
	Biomass burning
	14.0
	10.0
	9.0
	10.0
	Soil
	7.0
	8.0
	6.0
	7.0
	Motor vehicles
	17.0
	29.0
	32.0
	28.0
	Marine aerosol
	50.0
	44.0
	41.0
	44.0
	Sulphate
	12.0
	9.0
	12.0
	11.0
	3.2.1 All sites combined.

	A five-factor PMF solution was resolved for the aggregated data. These factors are marine aerosol, motor vehicles, biomass burning, sulphate (primary and secondary), and soil. Figure 1Figure 4 presents the source profiles extracted from the PMF analysis the aggregated data. Time series plot of the sources is given by Appendix J.
	Motor vehicles were found to account for 28% of the overall average PM10 concentration. They primarily contributed to BC, H, Ba, and Cu. There was a downward trend in motor vehicles source contributions over the monitoring period (Figure 6). 
	Marine aerosol accounted for 44% of the overall PM10 average mass concentration, with Na and Cl being the dominant species contributed by this source. The PM10 marine aerosol contribution primarily originated from the southwest, northwest, and northeast directions at higher wind speeds, likely from the Pacific Ocean, Tasman Sea, and Southern Ocean (Figure 5). The contribution of the marine aerosol factor was highest during the spring months and lowest in winter (Figure 7). 
	Sulphate accounted for 11% of the overall PM10 average mass concentration, with S being the dominant species contributed by this source. The PM10 sulphate contribution was found to primarily originate from the northeast sector as shown in Figure 5. Seasonal patterns showed that sulphate source concentrations generally had a summer maximum and a winter minimum (Figure 7). The decreasing trend in sulphate source contributions was consistent with the reduction in sulphur in automotive fuels (6).
	/
	Biomass burning was found to be responsible for 10% of the overall PM10 average concentrations and significantly contributed to BC, and K. Biomass burning had its highest contributions during winter, likely due to both activity (domestic fires for home heating) and meteorological factors such as cold and calm weather. The combined analysis of all the sites indicated an upward trend estimate of 0.04 µg/m3 per year, with 95% confidence intervals from 0.02 to 0.06 µg/m3. The combined trend was statistically significant at the 0.001 level (Figure 6). However, it is worth noting that since 2020, there has been a marked decline in the contribution of biomass burning, which is in line with the increased prevalence of electricity being used for space heating.
	Emissions of soil accounted for 7% of the PM10 data and significantly contributed to the concentrations of Al, Si, Cu, Ca, Si, Ti, Fe, and Mn. These contributions likely resulted from windblown soil, road dust, and dust generated by moving vehicles and road works. There was no significant trend for the soil PM10 source factor over the monitoring period (Figure 6).
	/
	/
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	Overall, the data indicates that majority of the observed reduction in PM10 in Auckland was due to improvements in motor vehicle emissions including the regulated transition to low-sulphur fuels (<10 ppm S for petrol and diesel) despite an overall increase in the number of vehicles on local roads (NZ Ministry of Transport, 2018). The remainder of PM10 reduction appears to be due a decrease in marine aerosol (sea salt) contributions. Since marine aerosol is a naturally occurring particle, fluctuations in this background source poses a challenge for air quality management.
	3.2.2 Queen Street site

	The selected PMF solution for the Queen Street site resolved five major factors: marine aerosol, motor vehicles, sulphate, biomass burning, and soil. The average source contributions indicated that marine aerosol and motor vehicle emissions were the most significant contributors to PM10 concentrations at Queen Street. Figure 8 provides the source profiles extracted from the PMF analysis of Queen Street PM10 data. Time series plots of the sources are presented in Appendix E. Figure 9 shows the CBPF plots for the sources resolved from the Queen Street data. 
	Marine aerosol accounted for 41% of the overall PM10 average mass concentration with sodium (Na) and chloride (Cl) being the dominant species contributing to this source. A significant downward trend in marine aerosol source contributions was observed (Figure 10). It is unclear whether the observed decreasing trend in marine aerosol concentrations is part of a larger inter-decadal cycle related to Southern Hemisphere circulation patterns and atmospheric transport mechanisms or a more permanent trend due to climate change (Davy and Trompetter, 2020). As shown by Figure 11, marine aerosol is more predominant during the summer and spring months due to higher spring equinox winds (Davy et al., 2017). 
	The emissions from motor vehicles accounted for 32% of the overall average PM10 concentration and mainly contributed to BC, Fe, Cu, Ti, and Mn concentrations. This profile aligns with previous findings by Davy et al. (2011, 2017) indicating that the motor vehicle emissions exhibit similar characteristics than in previous years. Some trace elements associated with motor vehicle emissions are linked to fuel and oil formulation (e.g., S, Ca, Mg, Na), while others result from engine mechanical wear (Fe) or abrasion of brake linings and road surfaces (e.g., Si, Al, Fe, Cu, Ca, Mg, K, Ti, and Mn) (Amato et al., 2009). Zinc, for example, is emitted by motor vehicles through the combustion of lubricant oils and tire wear and is indicative of stop/start traffic and cold-start engine emissions. Copper, zinc, iron, chromium, and manganese are known to be emitted from road traffic abrasion processes such as brake pad wear (Gianini et al., 2012). A significant downward trend in motor vehicles source contributions over the monitoring period (Figure 10) is attributed to bus route changes, with fewer buses using Queen Street since 2011 due to rerouting of the public transport system.
	Sulphate accounted for 12% of the overall PM10 average mass concentration, with sulphur (S), being the dominant species contributed by this source. Seasonal patterns showed higher sulphate concentrations in summer and lower levels in winter (Figure 11), influenced by solar forcing on atmospheric reaction pathways (Davy et al., 2017, Davy and Trompetter, 2020). There was a decreasing trend in sulphate source contributions attributed to the reduction in sulphur content in automotive fuels as detailed by Davy et al. (2017). Marine diesel emissions of primary sulphate (Agrawahl et al., 2008a,b, 2009, 2010) should have been reduced starting in January 2020 due to the implementation of the International Maritime Organization’s rule on the sulphur content of marine diesel fuel reducing it to 0.5% IMO, 2021). It appears that the contributions from this factor did flatten substantially in 2020 (Figure 10). Substantial background concentrations of sulphate are likely due to natural oceanic sources as similar concentrations occur in other New Zealand urban centres (Laura et al., 2024). The highest 25% of PM10 sulphate contributions primarily originated from the northeastern sectors (Figure 9), likely due to ship emissions from the Port of Auckland and Hauraki Gulf shipping lanes. Previous reports by Davy et al. (2017, 2020) found that emissions from ships entering and exiting the Port of Auckland are a primary source of sulphate.
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	Biomass burning contributed 9% to the overall average PM10 concentrations and significantly contributed to hydrogen (H; marker of organic carbon), and potassium (K). Potassium is a commonly used marker element for biomass combustion, while Davy et al have shown that elevated concentrations of arsenic occur every winter in many New Zealand urban areas as a result of the use of copper chrome arsenate treated timber as fuel for domestic space-heating appliances (Davy et al 2014). Particles from biomass burning in Auckland’s CBD likely originate from surrounding suburbs (Figure 9), with peak contributions during winter due to emissions from solid fuel fires for domestic heating in neighbouring residential areas. Like in the PM2.5 source apportionment results (Boamponsem et al. 2024), there is no significant trend observed for the biomass burning source factor (Figure 10). According to census results and home heating surveys, despite the increasing number of households in Auckland, there has been a decline in the number of households using solid fuel for home heating (Metcalfe et al. 2018). The last three New Zealand Censuses have included a question regarding the methods used to provide heat for households. In 2013, 21% of Auckland households stated that the combustion of wood was a heating method used, a fall from 30% of households recorded in the 2001 census (Statistics New Zealand, 2014). Efficient heat pump electrical heating options are becoming increasingly common for the main living areas throughout Auckland as the proportion of dwellings burning wood, coal, and liquefied petroleum gas (LPG) declines (Stones-Havas, 2014; Statistics New Zealand, 2014; Crimmins, 2017).
	Emissions of soil accounted for 6% of the PM10 data and substantially contributed to the concentrations of aluminium (Al), silicon (Si), titanium (Ti), iron (Fe), and manganese (Mn). This source includes windblown soil, road dust, and dust generated by moving vehicles and road works (Davy et al., 2011). Figure 11 suggests that the soil source is primarily anthropogenic since it has a weekday/weekend concentration difference. The trends in soil are influenced by significant road work activity on Queen Street during 2007-2008, decreasing afterward (Figure 10).
	3.2.3 Takapuna site

	The PM10 pollution rose at the Takapuna site shows the highest concentrations from the southwestern quarter where SH1 is located relative to the site (Appendix F). A five-factor PMF solution was also resolved for the Takapuna site. These factors are marine aerosol, motor vehicles, biomass burning, sulphate, and soil. Figure 12 presents the source profiles extracted from the PMF analysis of Takapuna PM10 data. Time series plot of the sources is given in Appendix G.
	Marine aerosol accounted for 44% of the overall PM10 average mass concentration, with Na and Cl being the dominant species contributed by this source. The Takapuna PM10 marine aerosol contribution mainly originated from the west and northeast directions (Figure 13). In line with the Queen Street and Henderson sites, a downward trend in marine aerosol source contributions was observed at the Takapuna site (Figure 14). The most likely source of the PM10 marine aerosol is the Southern Ocean, Tasman Sea, and Pacific Ocean. Like the other sites, the contribution of the marine aerosol factor was highest during the spring months and lowest in winter (Figure 15).
	/
	Motor vehicles were found to account for 29% of the overall average PM10 concentration. This source primarily contributed to BC, Ti, Fe, Cu, Mn, and Ba. As with other sites, the higher motor vehicle source contribution in winter is consistent with colder months and less efficient combustion. The motor vehicle source for PM10 shows a westerly direction for peak concentrations as presented below and is likely to be due to traffic on the nearby motorway. As with other sites, there was a downward trend in motor vehicles source contributions that is statistically significant at the 0.05 level (Figure 14).
	Sulphate accounted for 9% of the overall PM10 average mass concentration, with sulphur as the key source indicator species contributed by this source. The highest proportion of PM10 sulphate contributions primarily originated from the northeastern sector (Figure 13). The decreasing trend in sulphate source contributions was consistent with other sites (Figure 14). Seasonal patterns showed that sulphate source contributions generally had a summer maximum and a winter minimum (Figure 15).
	Biomass burning was found to be responsible for 10% of the overall PM10 average concentrations and significantly contributed to the total mass concentration of BC, and K. Particles from biomass burning at Takapuna are considered to originate residential solid fuel combustion from Takapuna and surrounding suburbs. As with other sites, biomass burning had its highest contributions during winter, likely due to both activity (domestic fires for home heating) and meteorological factors such as cold and calm weather. There was a significant upward trend in biomass burning source contributions until 2020 followed by a marked decrease in recent years (Figure 14). These changes indicate a need for further investigation on the changes experienced by this area of Auckland in the recent past.
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	Emissions from the soil source accounted for 8% of the PM10 data and significantly contributed to the concentrations of Al, Si, Fe, Ti, Ca, and Mn. The soil source contributions at Takapuna likely included windblown soil, road dust, and dust generated by construction and road works. The highest soil source contributions to PM10 were predominantly from the northwest and southeast sectors (Figure 13). Contrary to the PM2.5 source apportionment results (Boamponsem et al. 2024), there was a significant downward trend for the soil PM10 source factor over the monitoring period (Figure 14).
	3.2.4 Henderson 

	PM10 pollution mainly originates from the southwestern quarter as indicated by Appendix H. The PMF solution for the Henderson site resolved five factors: marine aerosol, motor vehicles, biomass burning, sulphate, and soil. The average source contributions revealed by PMF indicate that marine aerosol, motor vehicle emissions, sulphate, and biomass burning are the most significant contributors to PM10 concentrations at the Henderson site with lower contributions from soil. Figure 16 displays the source profiles extracted from the PMF analysis of Henderson site PM10 data. Time series plot of the sources is given in Appendix I.
	/
	Marine aerosol accounted for 50% of the overall PM10 average mass concentration, with Na and Cl being the dominant species contributed by this source. Marine aerosol contributions at Henderson mainly originate from the west-southwest and northeast directions (Figure 17), primarily from the Tasman Sea and Pacific Ocean. Like the Queen Street site, a downward trend in the marine aerosol source contributions was observed at the Henderson site (Figure 18). The contribution of the marine aerosol source was highest during the spring months and lowest in winter (Figure 19).
	Motor vehicles accounted for 17% of the overall average PM10 concentration and primarily contributed to BC, Cu, Ti, and Ba. The higher motor vehicle source contributions to PM10 concentrations in winter are consistent with colder conditions and less efficient combustion (cold-start engine emissions). Motor vehicle emissions from Henderson mainly originate from southeast, likely from the nearby Lincoln Road (Figure 17). There was a significant downward trend in motor vehicles contributions to PM10 levels over the monitoring period (Figure 18).
	Sulphate accounted for 12% of the overall PM10 average mass concentration, with S, Si, BC, Na, Cl and Al being the dominant species contributed by this source. The contributions here were much smaller than at Queen St. This difference was expected given that easterly flow is a low prevalence direction. The highest per cent of PM10 sulphate contributions primarily originated from the northwestern sector (Figure 17), likely the result of biogenic sulphate from the oxidation of dimethyl sulphide and dimethyl disulphide (Charlson et al., 1987) similar to what was seen in the Canadian harbours (Anastasopolos et al., 2023). There was a significant downward trend in the sulphate factor contribution to PM10 levels at the Henderson site (Figure 18). Like the Queen Street site, seasonal patterns showed that sulphate source concentrations generally have a summer maximum and a winter minimum (Figure 19) suggesting a strong influence of biogenic sulphate from the ocean. 
	Biomass burning contributed 14% to the overall PM10 average concentrations, significantly contributing to BC, and K. As with other sites, biomass burning had its highest contributions during winter, likely due to emissions from solid fuel fires for domestic heating. Similar to the Queen Street site, the trend in the contribution of biomass burning since 2018 has been markedly downwards (Figure 18). The apparent reduction in biomass burning emissions at the Henderson and Queen Street sites may be attributed to the use of alternative space-heating technologies such as heat pumps, despite the city's population growth. This was an explicit objective of the Resource Management (National Environmental Standards for Air Quality) Regulations 2004 and the Building Act 2004 by encouraging cleaner forms of heating and providing installation requirements. 
	Emissions from soil suspension accounted for 7% of the PM10 data and substantially contributed to Al, Si, Ti, Ca, Fe, and Mn levels. These contributions are likely the result of road dust, and dust generated by moving vehicles and road works. Short-term road works, construction activities, and demolition near the monitoring site have contributed to this factor. Soil source contributions at Henderson site were highest from the southeast sector, likely originating from the construction and agricultural activity in the Henderson Valley area. There is no significant upward trend for the soil PM10 source factor over the monitoring period (Figure 18).
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	This study has provided valuable insights into the composition, sources, and trends of PM10 in Auckland. In line with the findings by Davy et al. (2017), Davy and Trompetter (2020) and Boamponsem et al. (2024), this study identified five sources that are common to all sites. These are marine aerosol, motor vehicles, biomass burning, sulphate, and soil. The marine aerosol component of urban air particulate matter is part of the ‘natural’ background and therefore a challenge to manage. The soil source was present as a minor contributor at all sites and was largely dependent on the nature of local dust generating activities. Over the 2006-2022 monitoring period, a consistent decrease in PM10 concentrations was observed across all monitored sites. The decreasing trends of PM10 is mainly associated with decreases in contributions from the primary anthropogenic PM10 source, motor vehicle emissions due to improvements in fuel formulation and advancements in engine technology.
	Biomass burning was found to contribute significantly to PM10 during winter months, primarily due to solid fuel fire emissions from residential wood burning for space heating purposes. Stabilisation of biomass burning contributions to PM10 levels at Queen Street and Henderson is likely due to alternative heating technologies and regulatory measures, despite population growth. 
	Emissions of particulate matter from ships’ engines were found to be directly impacting on the Auckland city centre and the wider region, through the formation of secondary aerosol species from the gaseous combustion products reflective of the high sulphur content of shipping fuels. Sulphate concentrations were highest during spring and summer months and showed a decreasing trend over the monitoring period. This reduction is attributed to fuel formulation regulations that stipulated the introduction of low-sulphur automotive fuels between 2006 and 2010, which led to decreased precursor gases such as SO2, primarily from the combustion of sulphur-containing fuels in urban areas. 
	This source apportionment study in Auckland together with our earlier paper (Boamponsem et al. 2024), have shed light on the main contributors to airborne particulate matter and pollutant gases. This represents the largest source apportionment study undertaken in New Zealand to date and provides key evidence for air quality management and health effects studies in both the Auckland region and New Zealand as a whole.
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