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PREFACE TO THIS EDITION 

Air quality in New Zealand has recently become an issue of great scientific interest and 

public concern. Studies undertaken elsewhere have indicated that both physical and 

dynamic properties of the atmosphere play important roles in determining the levels of air 

contaminants. In Auckland, and New Zealand generally, such investigations are still very 

few in number and limited in scope. This makes it difficult to assess the potential adverse 

effects of air discharges and consequently limits the development of effective air quality 

management strategies due to the high degree of scientific uncertainties. 

In response, this study has been initiated in order to assess the role of weather and 

climatic conditions in determining the levels of air pollution in Auckland. The project was 

funded by The University of Auckland. The main findings were reported in Jiang (2000) 

and published in the form of scientific papers (Jiang et al., 2004; 2005a, 2005b) in a New 

Zealand journal, Weather and Climate (New Zealand Meteorological Society). Since the 

papers were published, over a dozen of air quality researchers, including those from New 

Zealand, Australia, India, Iran, Austria and Switzerland, have contacted me in order to 

discuss in further detail the methods and results presented. The discussions have 

confirmed the importance and usefulness of holistic methods for air quality studies, as 

indicated in the papers. These have motivated the present publication. The aim of this 

book is to demonstrate in detail an integrated approach to air quality problems in 

Auckland through analyses of three inter-related themes: local meteorology-air quality 

relationship, land use-air quality relationship, and the relationship between synoptic 

weather types, local meteorology and air quality. It is hoped that the results and methods 

of this case study can be exposed to and thus helpful for the greater air quality community 

in the New Zealand and wider contexts. For example, the methods can be (and to some 

extent have already been) applied to the recent development of air quality monitoring in 

Auckland since the completion of the present work. 

* * * 

While conducting this work, I have received help from a number of colleagues and 

friends. I am very grateful to Prof. John E. Hay (Meteorology and Air Quality Science) in 

The University of Auckland, for his constructive advice in the course of this research and 

writing this book; to Mr. Gavin Fisher (Air Quality Science and Management) in the 
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National Institute of Water and Atmospheric Research (NIWA), Auckland, for sharing his 

expertise in New Zealand’s air quality. I am indebted to Dr. Daniela Belberova (NIWA, 

Auckland), Dr. James Renwick (NIWA, Wellington), Ms Georgina Daw (NIWA, 

Auckland), for providing meteorological data; to Dr. Harshila Narsey (Environmental 

Science and Research Ltd., Auckland), Mr. Kevin Mahon and Mr. Michael Bird 

(Auckland Regional Council) and Ms. Michelle Wilkinson (NIWA, Auckland), for 

providing air quality data; to Mr. Jason Dixon (Auckland City Council) and Mr. Mark 

Walker (Transit New Zealand), for providing traffic volume data and relevant 

information; and to the Department of Geography, University of Auckland for access to 

land use data. I would like to thank Dr. John Kidson (NIWA, Wellington) for allowing 

me to use his weather type classification and relevant meteorological data and Dr. Radan 

Huth (Department of Climatology, Institute of Atmospheric Physics, Czech Republic) for 

providing copies of publications on weather typing using T-mode principal component 

analysis. I would like to express my appreciation to Librarians Mrs. Hester Mountifield 

and Miss Brenda Dwane in Tamaki Library of The University of Auckland, for access to 

the Supermap 3 Package (released by Transit New Zealand) and other resources. Thanks 

should also go to members of the Air Quality Research Group (AQRG) in the School of 

Environmental and Marine Sciences (SEMS) at University of Auckland, especially to Mr. 

Robert Chauval for sharing his experience in air quality monitoring and to Mr. Peter Keen 

for his technical support. 

Very importantly, I would like to dedicate this book to my family, especially my wife, 

Daniela, for her precious, endless support during the course of this research. Without my 

wife's wonderful support and encouragement I would not have been able to get over those 

times of difficulties in both research and financial aspects, and presentation of this work 

would not have been possible. 

Finally, special thanks should go to the VDM Editors, Corey Quintus and others who 

have facilitated this publication and to those who have reviewed this book. 

 

Ningbo Jiang 

Sydney, Australia 
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ABSTRACT 

Identification and understanding of the main contributory factors to degraded air quality 

in Auckland has become an important research field in recent years. This research was to 

achieve two main outcomes: improving understanding of the relationship between 

meteorological conditions and air quality, and identifying the potential effect of land use 

on the quality of the regional airshed, in an effort to assist with future air quality 

management in Auckland. Although the research was limited to one city, the results are 

valuable for improving the conceptual understanding of formation of high urban pollution 

in a more general sense in the New Zealand and wider contexts. 

Analyses were performed on three inter-related themes: local meteorology-air quality 

relationships, land use-air quality relationships, and the relationships between synoptic 

weather types, local meteorology and air quality. The assessment was focused on winter 

months and on nitrogen oxides (NO and NO2). Multivariate approaches using statistical 

techniques such as principal component analysis (PCA), cluster analysis and PCA-based 

multiple regression procedures were applied to air quality studies for the first time in New 

Zealand. Such integration of inter-related analyses has facilitated a holistic understanding 

of the impacts of weather conditions, both local dispersion and synoptic control, on the air 

quality in Auckland. 

The air quality varied significantly from site to site; the effects of meteorological 

conditions on air quality were significant, but differed between pollutants and for 

different emission source conditions. The inter-site variability of air quality was 

attributable to the differences in land use characteristics and hence emissions from areas 

surrounding the air quality monitoring sites, and the effects of meteorological conditions. 

The difference in the role of meteorological conditions for different pollutants may be due 

to influences of such factors as chemical processes, for which we are very short of data. 

A synoptic climatological index (May-September, 1958-1996) was established for the 

Auckland region (and New Zealand) and linked to local meteorological conditions, and 

subsequently, to air quality in Auckland. The weather type-local meteorology 

relationships were consistent over time, regardless of occurrences of climatic phenomena 

such as ENSO events and New Zealand climate shift; significant changes were identified 

in the frequencies of some synoptic weather types in relation to ENSO events. The 
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weather types which were associated with relatively high and low pollution have been 

identified; and certain synoptic weather types may have holistic effects on both pollutant 

dispersions (physical processes) and chemical processes such as NO/NO2 chemistry 

which in turn could affect the overall pollution loads in this region. The study indicated 

that, when using a synoptic approach to air quality problems within urban regions it is 

important to consider the effects of differences in land use (and thus emissions) 

surrounding a monitoring site in order to seek a physically meaningful evaluation of the 

weather impacts on air quality.  

Implications and applications of the findings are discussed, and limitations of the study 

and future directions also addressed. 
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Chapter 1  INTRODUCTION 

1.1 Introduction 

Air quality in New Zealand is comparatively good by world standards (MFE, 1994, 1997, 

1998). The good air quality mainly results from the country’s geographical location in the 

South Pacific Ocean, the coastal environment of most large cities, and the limited heavy 

industry (MFE, 1998). However, the growth of industry and the increase in population 

and motor vehicle numbers (traffic volumes), all associated with increasing energy 

consumption and hence potentials for high air pollutant emissions, are imposing 

significant pressures on the atmospheric resources (MFE, 1995, 1998). Some evidence 

has already shown an increased potential for adverse effects on human health, materials 

and modified and natural ecosystems (MFE, 1998). Air quality in New Zealand has 

recently become an issue of great scientific interest and public concern. In order to sustain 

and improve the quality of our air resources, air quality objectives are being established 

and addressed through regional air policies and air plans under the Resource Management 

Act 1991 (RMA), the release of Ambient Air Quality Guidelines (MFE, 1994) and the 

Environment 2010 strategies (MFE, 1995). 

Auckland (Figure 1.1), New Zealand’s largest city, with about one third of the country’s 

population, has been identified as one of the regions experiencing diverse air quality 

problems (ARC, 1995, 1997; MFE, 1998). It has been found that during some periods, 

particularly in winter months when the atmosphere is relatively stable, pollutants disperse 

slowly and pollution levels may increase significantly (ARC, 1995, 1997). Moreover, 

observational and modeling studies have shown that some local atmospheric circulation 

patterns, such as land/sea breezes, may enhance the potential for pollution events to occur 

(McKendry, 1989, 1992, 1996; Bell and Fisher, 1995). Very recently, concern has been 

raised about the brown haze phenomena, which are associated with degraded local 

atmospheric visibility (visibility has been identified as one of the main regional air quality 

issues—ARC, 1995, 1997; MFE, 1998). Though not as well developed as Denver haze or 

London smog (London had long suffered smog; the 1952 incidence was particularly 

severe and caused the deaths of over 4000 people—UNEP/GEMS, 1991), such brown 

hazes occur from time to time, especially in winter months. Observational studies show 

that brown hazes were observed in the west or south of the region in the lee of the higher 
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elevation areas and orange hazes on the North Shore and over the central city area (ARC, 

1997; Porteous et al., 1993; Bell and Fisher, 1995). 

 

Figure 1.1 A map of the Auckland region. Source: ARC(1997) 
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Under these pressures, identification and understanding of the main contributory factors 

to air pollution in Auckland has become an important research field (ARC, 1997). In 

response, the present research has been designed to achieve two main outcomes: 1) 

improving understanding of the relationship between meteorological conditions and air 

quality; and 2) identifying the potential effect of land-use features on the quality of the 

regional airshed. Although this research has been limited to one city, the results are 

valuable for improving our conceptual understanding of the formation of high urban air 

pollution levels in a more general sense in the New Zealand and wider contexts. 

1.2 Research objectives and design 

1.2.1 Research objectives 

In a specific region, the variations of pollutant levels in the atmosphere are mainly 

influenced by three interacting factors (Figure 1.2), namely, the emissions from various 

sources, the dispersion and other mechanisms operating through meteorological 

processes, and any secondary formation of contaminants (i.e., chemical processes) in the 

atmosphere (Newton, 1997; Harrison, 1997; MFE, 1997). Emissions, which are always 

strongly influenced by human activities, can be managed to a considerable extent and are 

therefore more amenable to prediction and management intervention; but effects from the 

last two factors, which are related to the atmospheric assimilation capacity (to disperse or 

modify air pollutants), are more difficult to predict and less amenable to human control 

(Lindley and Longhurst, 1998). However, in-depth studies on all three factors are 

essential and important to obtain a comprehensive picture of the properties of the regional 

air quality, in order to achieve effective management of the local air resources (MFE, 

1997). 

While air quality studies of the Auckland region have been conducted by some agencies 

and individuals (e.g., ARC, 1998; Bell and Fisher, 1995; Noonan, 1997), investigations of 

the relationship between meteorological conditions and air quality are still few in number 

and limited in scope. This makes it difficult to assess the potential adverse effects of air 

discharges, and consequently limits the development of effective air quality management 

strategies because of the high degree of scientific uncertainty (Harrison, 1997; 

UNEP/GEMS, 1991; ARC, 1997; MFE, 1999). In practice, dispersion models (using 

actual or estimated emissions data) are the major tool for understanding and predicting the 

potential adverse effects of point sources (Hanna et al., 1982; ARC, 1997; MFE, 1994, 



4 

1998). However, a comprehensive understanding of the ways in which regional 

meteorological conditions affect air quality is critical to modeling the quality of the entire 

airshed (Dennis et al., 1996; ARC, 1997; Fisher et al., 1998), and for supporting the 

integrated approach to air quality management consistent with the RMA. 

Figure 1.2 Air quality research and management. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Studies undertaken elsewhere (e.g., Greene et al., 1999; Bishoffgauss and Kalthoff, 1998; 

Neubauer et al., 1998; Kambezidis et al., 1998; Hanna and Chang, 1995; Tripathi et al., 

1996; Uno et al., 1996; Cheng and Lam, 1998; Hendry and Hide, 1979; Davis and 

Kalkstein, 1990; Davis and Gay, 1993a, b; Rao et al., 1992; and references therein) have 

indicated that both the physical and dynamic properties of the atmosphere, on time scales 

from hours to days, can play an important role in determining the levels of air 

contaminants. Wind speed and direction, and atmospheric turbulence influence the 

transport and dispersion of pollutants. Local and regional atmospheric stability (as a 

In-depth air quality research 

Characterize 

pollutant emissions 

Characterize air 

pollution meteorology 

Characterize air 

pollution chemistry 

Understanding of air quality 

Minimize the scientific uncertainty of management options 

Effective air management 

Sustainability of air resource 

Air quality monitoring 

Assess the status of air quality 



5 

function of the vertical temperature and moisture profiles), which is essentially a 

parameterized measure of the atmospheric vertical mixing, affects the extent to which 

pollutants can accumulate or diffuse within the planetary boundary layer. By influencing 

reaction rates, meteorological conditions such as humidity, temperature, and solar 

radiation also influence both the chemical and physical processes involved in the 

formation of secondary pollutants such as ground level ozone. Indirectly, weather and 

climatic conditions affect air quality by influencing human activities and consequently 

emissions of pollutants. For example, seasonal and diurnal variations in heating and 

cooling requirements and variations in vehicle traffic volumes are related to changing 

weather and climatic conditions (Davis and Gay, 1993a; MFE, 1995; 1998). Therefore, 

air quality can be characterized and managed only with a thorough understanding of the 

influences of atmospheric conditions. 

Hence, the primary aim of this research was to improve our understanding of the 

influences of meteorological conditions on air quality in the Auckland region, and to 

develop the ability to relate changes in air quality to synoptic weather patterns over New 

Zealand, and Auckland in particular, in an effort to help formulate management strategies 

for improving local air resources. 

Integrated approach has recently become a popular notion in modern environmental 

management (e.g., Atkinson et al., 1999; Perelet and Safonov, 1995; Slater, 1996; 

Berthet, 1997; Welkers, 1997; Paquiet and Blancher, 1997; Newton, 1997; MFE, 1995). 

Among the variety of air pollution control/protection strategies, holistic urban planning, 

especially land use planning (as one of its many aspects), has long been considered an 

important and effective option by many environmentalists (e.g., Branch, 1974; Fowler, 

1982; Miller and Wood, 1983; UNEP/GEMS, 1991; Elsom, 1992; Harrison, 1996; 

Newton, 1997; Gargava and Aggarwal, 1996; Joumard et al., 1996; Munn and Maarout, 

1997; Biswas, 1999; Lazar and Posesser, 1999; and references therein). Consistently, 

under the promotion of integrated approaches to the management of air, land and water 

use under the New Zealand RMA, land use planning has also been identified as one 

important aspect of managing the regional air resources in the Proposed Auckland 

Regional Policy Statement (ARC, 1995). It has been recognized by the ARC (1995) that, 

in the Auckland region, there has been a lack of air quality considerations in land use 

planning; many air pollution problems have arisen due to poor planning in the past which 

has resulted in increased sensitivity of adjacent land uses. An example of this is the 

location of residential properties close to industrial areas; with the tendency for Territorial 
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Local Authorities (TLAs) to encourage mixed city zoning, this situation has been 

intensified (ARC, 1995). However, the principle that industrial estates (also called 

industrial areas or industrial zones—Aloisi de Larderel, 1997) and plants and their 

various permanent or potential emissions (in case of incident) should keep an 

environmentally acceptable distance from dense residential areas is no longer an issue of 

debate elsewhere, e.g., in European countries (Berthet and Bourgeois, 1997). 

Overseas studies have demonstrated that land use characteristics within a region are most 

indicative of local emission source conditions of air contaminants, and consequently have 

a strong correlation with the types and levels of local air pollution (e.g., Marsh and 

Grossa, Jr., 1996; Berry et al., 1974; Reed and Lewis, 1978; Nielsen et al., 1996; Newton, 

1997; Kickert et al., 1999; Remero et al., 1999; Jackson and Jackson, 1996; Markham; 

1994). On the one hand, land-use activities (e.g., power generation, industrial and 

commercial activities) affect air quality by emitting anthropogenic pollutants (Marsh and 

Grossa, Jr., 1996). The resulting changes in air quality, on the other hand, can conversely 

lead to changes in land-use characteristics by ways such as adversely affecting human 

health, vulnerable species of plants and animals, and materials (Ayres, 1997; Yunus et. al, 

1996; Brimblecombe and Nicholas, 1995); affecting the properties of water and soil 

through processes such as deposition of air contaminants (Brimblecombe, 1992; Russell 

et al., 1998), and consequently changing the management options of local authorities 

related to city planning schemes (Diamond and Noonan, 1996; Atkinson et al., 1999; 

Elsom, 1987; Tommervik et al., 1998). The intensity of effects depends on the types of 

chemical and physical impacts that pollutants may produce, on the degree to which 

pollutants are concentrated in the air, and on the length of time a given activity or process 

is exposed to pollutants (Elsom, 1987; Marsh and Grossa, Jr., 1996; Yunus et al., 1996). 

The concentration of pollutants depends on the quantity emitted and the location of 

emitting sources relative to the direction and stability of airflows (Hanna et al., 1982; 

Marsh and Grossa, Jr., 1996). Further, land surface characteristics such as roughness, 

albedo, thermal diffusivity, amount of water, and amount of transpiring surfaces in a 

given area influence the meteorological conditions affecting the stability of airflows 

(MFE, 1998; Hanna et al., 1982; Reed and Lewis, 1978). Each of these surface 

characteristics can be extensively modified by the activities or processes and structures 

that occupy urban and rural land (Marsh and Grossa, Jr., 1996; Gill, 1996; Romero et al., 

1998). Therefore, to facilitate a more effective management of the local air resources, it is 
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appropriate to seek a better understanding of the relationship between land use and air 

quality in the Auckland region. 

Nonetheless, very little information is available in the literature in respect to the land use-

air quality relationship for the Auckland region. Due to the complexity of influential 

factors (i.e., numerous uncertainties) and limitations of availability and comparability of 

air quality monitoring data, the present study is an exploratory attempt to support the 

holistic approach to air resource management in terms of land use. 

Specifically, the objectives of the research are to: 

• Quantitatively assess the way in which local meteorological conditions influence air 

quality; 

• Investigate the potential effects of land-use features on air quality; 

• Establish a synoptic climatological index of weather types for the Auckland region; 

• Characterize the linkages between the synoptic weather types and local 

meteorological conditions and, subsequently, air quality; 

• Reveal how the key weather types have changed in the past, in relation to climate 

phenomena such as ENSO events. 

• Provide management and scientific implications of the findings. 

1.2.2 Research design 

The above objectives were targeted mainly through analyses of three inter-related themes 

which are: 1) local meteorology-air quality relationships; 2) land use-air quality 

relationships; 3) the relationships between synoptic weather types, local meteorology and 

air quality. Associated with the analyses, the research was designed in a multi-level form 

as shown in Figure 1.3, including interrelated stages A to F.  Multivariate approaches 

such as principal component analysis (PCA), cluster analysis, and PCA based multiple 

regression procedures were applied to the air quality study for New Zealand, and 

Auckland in particular, for the first time. The assessment was conducted mainly on a 

daily basis, and focused on the morning-rush-hour period on weekdays in winter months 

from May to September when high air pollution levels often occur [refer to ARC (1997) 
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and Chapter 2 of this book for more detailed information]. The multi-stages are briefly 

described as follows: 

Stage A:  

The major task of this stage was to investigate the general characteristics of local 

air quality by analyzing the observations of pollutant concentrations (called air 

quality data hereafter—refer to Table 2.1 in Chapter 2). The basic results of the 

investigation are not to be detailed in this book, because they are very similar to 

those available in the literature (as mentioned in Chapter 2), e.g., in the studies by 

Graham and Narsey (1994) and ARC (1997). Only findings specifically relevant 

to the focus of the present study are presented in Chapter 4. 

Stage B & B1: 

Based on the results from Stage A, and by linking the air quality data to the 

records of several meteorological variables for the same period (refer to Table 2.1 

in Chapter 2), air quality-meteorology relationships were investigated in detail. 

Through the application of multivariate statistical techniques, such as principal 

component analysis and multiple linear regression analysis, the influences of local 

meteorological conditions on air quality were quantitatively assessed and the most 

important meteorological factors affecting air quality were identified. The effects 

of location of emission sources relative to a monitoring site were also revealed, 

highlighting the need and opportunities for advanced studies of land use-air 

quality relationships. The main results are presented in Chapter 4. 

Stage B & B2: 

The effects of land use on local air quality were studied using the air quality data, 

meteorological data, and land-use data (refer to Table 2.1 in Chapter 2). For this 

purpose, a new analytic approach was developed, based on statistical techniques 

including cluster analysis and multiple comparison procedures. The results are 

reported in Chapter 5. 

Stage C: 

The major task of this stage was to establish a climatological index of synoptic 

weather types for the New Zealand and adjacent areas, using long-term gridded 

meteorological data (refer to Table 2.1 in Chapter 2). The classification procedure 
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was based on a statistical technique called obliquely rotated T-mode principal 

component analysis (refer to Chapter 3). The results are described in Chapter 6. 

 

Figure 1.3 Flowchart of the research design. 
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Southern Oscillation Index data, and the local meteorological and air quality data 

(refer to Table 2.1 in Chapter 2). The analysis was based on the findings from 

Stage B & B1, where the important local meteorological parameters of air quality 

have been identified. The main techniques used were one-way analysis of 

variances (one-way ANOVA) and multiple comparison analysis. The results are 

also summarized in Chapter 6. 

Stage E: 

Using the Southern Oscillation Index data (refer to Table 2.1 in Chapter 2) and the 

synoptic climatological index of weather types obtained in Stage C, the changes 

in frequencies of occurrence and intensities of the weather types were 

characterized regarding climate phenomena such as ENSO events. The results are 

also presented in Chapter 6. 

Stage F: 

In this stage, the management and scientific implications of the findings from the 

preceding stages are discussed in terms of air quality management in Auckland, 

and presented in Chapters 7 and 8. 

1.3  Auckland—the study area 

The greater Auckland region is the combination of the Auckland, Manukau, Waitakere 

and North Shore Cities, and the Rodney, Franklin and Papakura Districts (Figure 1.1). 

Over one million people live in this region, accounting for one third of New Zealand’s 

population (Statistics N.Z., 1996). The regional population is forecast to reach 1.6 million 

by 2017 (ARC, 1997). The metropolitan area is situated on a narrow isthmus, 

characterized by high population densities, several large industrial areas and high traffic 

volumes (Bell and Fisher, 1995; Statistics N.Z., 1996; ARC, 1998). Because of this highly 

condensed distribution, the main anthropogenic pollutant emission sources are 

concentrated within this area (ARC, 1998). Air contaminants emitted from this area can 

impact the entire regional airshed (ARC, 1997). 

Numerous pollution sources, both anthropogenic and biogenic, influence Auckland’s air 

quality. While industry, open burning, domestic heating and chemical spray drift are 

significant sources, motor vehicles are identified as the largest anthropogenic emission 

sources (ARC, 1997, 1998). According to the Auckland Air Emissions Inventory (ARC, 
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1998), up to 86% of the total annual pollutant emissions are attributed to motor vehicles. 

However, there is yet no control on vehicular emissions in this region, or elsewhere in 

New Zealand (ARC, 1995; MFE, 1998; MOT, 1998).  

The region’s rapid growth is imposing large pressures on the local air resources (ARC, 

1997). For example, the current 525,000 vehicles equate with a level of car ownership 

that is second only to that of the United States. Car ownership is growing at 

approximately twice the population growth rate. Both the high single occupancy mode of 

travel and large dependence on wood burning for domestic heating are causing adverse 

effects on the air quality. In order to sustain the air resources for the present and future 

generations, it is argued that a holistic and precautionary approach is necessary for air 

quality management (ARC, 1995, 1997). 

1.4 The choice of nitrogen oxides for the study 

A number of pollutants are important for indicating local air quality (GEMS, 1991; 

Jackson and Jackson, 1996; MFE, 1994). Such pollutants include particulate matter (PM), 

sulfur dioxide (SO2), carbon monoxide (CO), ozone (O3), nitrogen dioxide (NO2), lead, 

fluoride, hydrogen sulfide, formaldehyde and other hazardous air pollutants. Of these, 

CO, PM10
1, NO2, O3, and SO2 have been proposed as air quality indicators for New 

Zealand (MFE, 1997). 

In this research, the concentrations of nitrogen oxides (NOx, including NO and NO2) 

were chosen as the relevant indicator. The choice was in part due to problems such as 

availability and comparability of air quality data in Auckland. Relatively comparable and 

long-term records of NO and NO2 concentrations at two monitoring sites (Mt Eden and 

Penrose) were available in this region, and thus were analyzed in the present study (refer 

to Chapter 2 for details). It should be noted, although the ground level ozone and nitrogen 

oxides are chemically interdependent species, ozone data were not available for this 

investigation. The concentrations of fine particles (PM10) are also of concern in 

Auckland; however, very limited PM10 monitoring was conducted at the time of this 

study. Due to the limit of timeframe, only brief results on CO are presented in the 

Appendices section, with details to be reported elsewhere. 

                                                           
1
 Particles which are less than ten micrometers (or microns) in diameter. 
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The choice of nitrogen oxides is also related to the recent concern over the brown haze 

phenomenon in Auckland (ARC, 1997; MFE, 1998). Locally, the phenomenon is thought 

(based on studies overseas) to result from emissions of nitrogen oxides and the reactions 

between these pollutants and other air contaminants such as volatile organic compounds 

(MFE, 1997; 1998). By assessing the role of meteorological conditions in determining the 

levels of nitrogen oxides, this study may add to our understanding of the brown haze 

formation. 

The main health impacts of nitrogen oxides come from nitrogen dioxide. It is a respiratory 

irritant, increasing people’s susceptibility to infections and asthma (UNEP/GEMS, 1991; 

Ayres, 1997; MFE, 1997, 1998). The number of asthmatics is very high in Auckland. 

Studies show that the asthma rate in this region is higher than North America and Europe 

(ARC, 1997).  A recent survey has disclosed that the adult asthma rate in Auckland is as 

high as 23% (Lewis et al., 1997).  It is thus appropriate to seek a better understanding of 

how meteorological conditions influence the levels of such pollutants, which may have 

such a significant impact on human health. 

Overseas studies show that, apart from its respiratory effects, nitrogen dioxide has many 

other impacts. At high levels, it can corrode materials, such as metals, and damage plants 

(Yunus and Iqbal, 1996). Nitrogen oxides play a critical role in the formation of 

photochemical smog and of nitrates (Brimblecombe and Nicholas, 1995; Jackson and 

Jackson, 1996). Photochemical smog takes the form of fine particles and impairs 

visibility. Nitrogen oxides also contribute to the problem of acid rain and snow by 

converting to nitric acid in the atmosphere (Brimblecombe, 1992; Yunus et al., 1996). 

Oxides of nitrogen are formed in most combustion processes by oxidation of the nitrogen 

in the air (Jackson and Jackson, 1996; Graham and Narsey, 1994). Nitric oxide is the 

primary product, but it can then be further oxidized in the ambient air to form nitrogen 

dioxide. As with carbon monoxide, in most metropolitan areas motor vehicles are the 

major source of nitrogen oxides (Yunus et al., 1996; UNEP/GEMS, 1991; Harrison, 

1997). In Auckland, more than 80% of the anthropogenic emissions of NOx are 

contributed by motor vehicles, although they are not yet subject to any local or national 

regulations (ARC, 1995, 1998). Motor vehicles are identified as the largest anthropogenic 

source of air emissions in the region (ARC, 1998); hence, variations in the concentrations 

of such pollutants as nitrogen oxides could be indicative of the quality of the entire 

airshed. 
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1.4.1 Chemistry of nitrogen oxides 

In relation to NO and NO2, three rapid reactions of greatest importance are the following 

(which form the photostationary equilibrium): 

NO2 + hv → NO + O   (1) 

O + O2 → O3    (2) 

NO + O3 → NO2 + O2   (3) 

Vehicle-emitted nitrogen oxides are mainly in the form of NO. It is ozone which is 

predominantly responsible for the conversion of NO into NO2 [primarily through reaction 

(3)]. The implication of this reaction is that the concentration of nitrogen dioxide can not 

exceed the concentration of ozone available to carry out the oxidation. This process is 

generally fast (at a time scale of seconds) and local, and is of great importance in highly 

polluted areas (Bronnimann and Neu, 1997). 

Additional chemistry based on peroxy radicals formed from reactions of hydrocarbons is 

important in converting NO to NO2 without consuming ozone, leading to the build-up of 

enhanced concentrations of ozone. This is a slow and regional process, and strongly 

influences rural areas. When such ozone-polluted air is transported into urban areas, it 

encounters freshly emitted NO from vehicle exhausts and thus leading to elevated NO2 

concentrations through reaction (3). This mechanism accounts for some of the summer 

episodes, often on hot, sunny days. 

A second order reaction is suggested for high nitrogen oxides conditions, 

2NO +O2 → 2NO2   (4) 

This reaction plays no role until NO exceeds certain levels. According to Harrison (1997), 

however, a detailed analysis in the United Kingdom indicates that, even accounting for 

the contribution of reaction (4), the above chemistry can not account for the rate of 

production of nitrogen dioxide in severe pollution episodes. 

Night time chemistry may be playing a role in determining the levels of nitrogen oxides 

(and ozone), especially in the following morning in Auckland (personal communication 

with Gavin Fisher, NIWA, Auckland in 1999); however, very limited knowledge is 

available in this aspect. 
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1.5 Introduction to the chapters 

To present the main results of this research, the book is structured as follows: 

Chapter 1. Provides an overview of the study. The research background, objectives, 

design, and study area within which the research was conducted are described. 

Chapter 2. Gives a general description of the data used in this research in order to 

achieve the objectives. 

Chapter 3. Provides an introductory overview to the main techniques and methods 

utilized in the analyses. 

Chapter 4. Reports the analysis results of the local air quality-meteorology relationships. 

The importance of meteorological conditions to local air quality is 

quantitatively assessed using a multivariate approach; the most important 

factors influencing air quality are identified. 

Chapter 5. Presents the study results on land use-air quality relationships. An approach to 

analyzing the effects of land use on air quality is developed; implications for 

air quality monitoring and land use planning are also discussed. 

Chapter 6. Describes the derivation of a synoptic climatological index for the Auckland 

region using long-term gridded meteorological data from the U.S. National 

Center for Environmental Prediction and National Center of Atmospheric 

Research (NCEP/NCAR) Reanalysis Project; and reports on the relationship 

between synoptic weather types and the regional air quality by linking the 

weather types to both local meteorological data and air quality data. 

Chapter 7. Discusses management and scientific implications of the findings in the 

research. 

Chapter 8. Concludes the research. The limitations, gaps and uncertainties in the research 

are identified and the directions of future study are discussed. 
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Chapter  7 DISCUSSION 

7.1 Introduction 

The broad aim of the current study of air quality in Auckland was to improve the level of 

understanding regarding the relationship between meteorological conditions and air 

quality, and to identify the potential effect of land-use features on air quality, in an effort 

to assist with effective air quality management in the Auckland region. 

Analyses have been designed and performed on three inter-related themes (See Figure 1.3 

in Chapter 1), namely local meteorology-air quality relationships (Chapter 4), land use-air 

quality relationships (Chapter 5), and the relationships between synoptic weather types, 

local meteorology and air quality (Chapter 6). The investigations were conducted using 

daily data and focused on the morning rush hour period on weekdays in winter months 

(May-September). This is the time when air pollution levels are relatively higher and thus 

of more public concern (Figures 2.2~2.4; ARC, 1997). 

The present chapter draws on the findings described in the preceding chapters and 

discusses their management and scientific implications. First, implications of the findings 

from the three major analytical steps are considered in sections 7.2~7.4. In section 7.5 

integrated approaches to air quality research and management are assessed. 

7.2 Influences of local meteorological conditions on air quality 

An important research contribution is that influences of local meteorological conditions 

on air quality have been quantitatively assessed using multivariate statistical techniques 

such as principal component analysis (Chapter 3) for the first time in Auckland, and New 

Zealand in general (Chapter 4; also in Jiang et al., 2005a). The use of air quality data 

from two sites made it possible to consider the spatial variability of pollutant 

concentrations and to examine meteorology-induced variability in air quality for different 

land use types and in the context of multiple pollution sources. This facilitated a 

conceptual understanding of local air quality-meteorology relationships in the Auckland 

context (section 4.5). Implications and applications of the main findings of this analysis 

are pursued as follows: 
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1. Significant effects of local meteorological conditions on air quality 

By way of a multivariate approach, the present study has shown that local meteorological 

conditions (winds and air mass characteristics) had significant effects on the daily 

variations of air quality in Auckland. This confirms the comments often made in the local 

publications in relation to the importance of wind conditions in determining local air 

quality (e.g., ARC, 1997; MFE, 1995, 1998; Fisher et al., 1998). Wind velocity has been 

shown to be the most important meteorological factor affecting local air quality. In winter 

months, as expected, calm conditions were associated with the build up of relatively high 

pollution levels, although some degree of ventilation was necessary for maintaining 

relatively high NO2 levels; strong southwesterlies, the dominant flow pattern which is 

often related to good dispersion conditions over this region, helped maintain good quality 

of the regional airshed. 

The present finding is consistent with studies undertaken elsewhere. For example, 

anticyclonic conditions are associated with high pollution (e.g., Kalkstein and Corrigan, 

1986); and strong airflow regimes are most effective at improving air quality (e.g., 

McGregor and Bamzelis, 1995). It is generally accepted that certain configurations of 

atmospheric conditions are conducive to high atmospheric pollution loads, and others to 

low pollution loads. 

2. Inter-site variability of air quality in this region 

The present study has also identified that the air quality in the study area was very 

different from site to site. The between-site variability can be related to the differences in 

land use and emission sources surrounding the air quality monitoring sites, and to the 

differences in the effects of meteorological conditions given different emission 

conditions. This finding has a few important implications as listed below: 

• Firstly, the inter-site variability has indicated that it is difficult to characterize the 

regional air quality using single-site data. A fuller understanding of the quality of the 

whole airshed relies on a study using multiple-site data, taking into account the 

differences in land use and thus the complexity of multiple emission sources within 

modern urban cities. 

• Secondly, the preceding finding suggests that the current air quality monitoring 

network in this region needs to be enhanced, in order to make data available at more 
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sites and inter-site comparable. The location (siting) of air quality monitors has a 

profound effect on the monitoring results. 

• Thirdly, the present study underlines the importance of meteorological data to the 

assessment of air pollutant concentrations in this region. 

Under the current circumstances, most air quality monitoring sites in Auckland do not 

yet have associated meteorological measuring systems (ARC, 1997). The present 

research has shown the strong influences of meteorological conditions in deciding the 

contaminant dispersion and concentrations and the fact that these influences can be 

significantly different given different emission conditions. To assess the air quality 

properties at a given location, it is important that air quality monitoring be 

accompanied by appropriate meteorological monitoring. This is especially true when 

also considering the complexity of local geographical and meteorological conditions 

in Auckland (ARC, 1997; Hessell, 1990; McKendry, 1989, 1992; Hurnard, 1980). 

When analyzing the available air quality data, meteorological data from other 

monitoring station(s) away from the air quality monitoring site might be utilized in 

some cases (MFE, 1999). Nevertheless, the appropriateness of this approach remains 

to be demonstrated. MFE (1998, 1999) suggested that, because of the meteorological 

complexity of flow around the coasts and hills which affect almost every site in New 

Zealand, measurements obtained at one site are rarely directly applicable to even 

nearby sites. Therefore, it is necessary to enhance the meteorological monitoring in 

the current air quality monitoring network. An alternative would be developing high-

resolution airflow models, which facilitate air quality monitoring and research in this 

region. An airshed monitoring siting scheme will be discussed in section 7.3. 

3. Inter-pollutant differences in the effects of local meteorological conditions on air 

quality 

The analysis in Chapter 4 has disclosed that the influences of meteorological conditions 

on the levels of NO and NO2 were significantly different. While calm conditions were 

associated with the build up of relatively high NO levels, some degree of ventilation was 

necessary for maintaining relatively high NO2 levels. It was suggested that the inter-

pollutant differences were likely to be caused by other factors such as chemical processes 

involved during the dispersal of pollutants [e.g., reactions (1) ~ (4) in Section 1.4.1, 

Chapter 1]. Consistently, studies overseas (e.g., Harrison, 1997; Williams et al., 1988) 
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also argued that the availability of oxidants such as ozone is important in determining the 

NO2 levels in the urban atmosphere. 

The synoptic climatological analysis in Chapter 6 has provided a further insight into the 

synoptic control of air quality within a holistic framework, as is supplementary to the 

analysis in Chapter 4. It is interesting that the cold anticyclonic type H, often associated 

with poor dispersal conditions (low wind speed, possible planetary boundary layer 

inversions), corresponded to low NO2 levels at one monitoring site. The suggested factors 

include a reduced supply of O3 because of poor ventilation and intensified disassociation 

of NO2 to NO due to high solar input under this synoptic situation. On the contrary, the 

cyclonic type L, often considered to provide good dispersion conditions, was associated 

with high NO2 levels at the same monitoring site. The processes may include sufficient 

mixing-in of O3 from the surrounding atmosphere by enhanced ventilation, reduced 

disassociation of NO2 to NO due to low solar input, and downward transport of O3 from 

the upper troposphere under this weather type. These findings imply a strong holistic 

effect of synoptic weather on the NO/NO2 chemistry. 

However, the present investigation has been limited by the unavailability of compatible 

O3 data. It is very desirable to have O3, NO, NO2 and meteorological data collected (even 

for a very short period) at the same monitoring sites, in order to facilitate a more in-depth 

understanding of concentrations of nitrogen oxides in the urban Auckland. Monitoring of 

O3 and other relevant oxidants can be very meaningful in terms of a study of the 

formation of local brown haze phenomenon, which degrades local atmospheric visibility 

and has been of much public and policy concern in Auckland (ARC, 1997; MOT, 1999; 

MFE, 1998). 

7.3 Effect of land use on air quality 

Another contribution of importance is that the air quality-land use relationship has been 

quantitatively investigated for Auckland for the first time using a specifically designed 

analytic approach (Chapter 5). The approach is based on statistical techniques including 

cluster analysis, one-way ANOVA, multiple comparison procedures and with the aid of 

GIS technology. The relationship between land use and air quality has been justified 

extensively overseas (e.g., Berry, 1974; Reed and Lewis, 1978; Miller and Wood, 1983; 

Newton, 1997; Yang, 1998; Davidson et al., 1998). Prior to the present study, however, 

no such analysis had been undertaken for New Zealand. The present approach is 
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distinctive in that NO and NO2 concentrations have been related to land use, validated at 

two sampling sites, taking into account of the prevailing weather conditions. Those 

sophisticated methodologies used overseas are often very data intensive, and generally 

discussed the air quality impacts of land use patterns by relating the pollutant emissions to 

land use patterns (e.g., Newton, 1997; Tommervik et. al, 1998; Berry et al., 1974). For the 

Auckland (and New Zealand) case, due to problems such as availability and 

comparability of air quality data (and relevant information), such simple statistical 

methods as demonstrated in Chapter 5 are practically useful for assessing the impact of 

land use on air quality. The investigation has disclosed that, despite local site effects, air 

pollutant concentrations were highly correlated with the spatial differences in land use, 

indicating a strong influence of land use patterns on Auckland’s air quality. Implications 

and applications of the main findings are considered in the following:  

1. Air quality considerations in land use, transport and urban planning 

Identification of a significant correlation between land-use features and air quality in the 

Auckland context confirms the importance of land use, transport and urban planning to air 

quality management. 

Experiences and studies undertaken elsewhere have revealed that integrated and 

precautionary land use and urban planning is a most effective approach to air quality 

management (e.g., Berry, 1974; Marsh and Grossa, Jr., 1996; Olcese and Toselli, 1997; 

Newton, 1997; UNEP/GEMS, 1991). While remedial action to improve air quality in 

urban areas has proved inevitably expensive (Harrison, 1997), integrated management 

and planning minimizes adverse effects of air pollution as well as other environmental 

impacts such as water and soil pollution, and, floods and droughts (e.g., Berthet and 

Bourgeois, 1997; Welkers, 1997). Therefore, the strong correlation between land use and 

air quality in Auckland indicates that air quality considerations in land use planning are 

important for efficiently managing the regional air resources. 

The Auckland Regional Policy Statement (ARC, 1995) has identified land use planning as 

an important aspect for precautionary air quality management. However communication 

and co-operation between land use planners and air quality (and/or environmental) 

managers are far from effective. This situation is in part due to limited air quality 

(environmental) awareness among the land use planners; lack of appropriate analytic 

tools, and thus studies, of the land use-air quality relationships is another cause. Given the 
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limitation of air quality data and land use information, the method provided in Chapter 5 

can serve as a starting point and guidance to the assessment of air quality impacts of land 

use in Auckland. 

2. Implications of differences in the land use-air quality relationship for different 

pollutants 

Another important finding of this study is that the relationship between land use and local 

air quality varied between pollutants. It has been found that NO2 levels were less sensitive 

to variations in land-use characteristics than NO levels. The finding further supports the 

conclusion reached in Chapter 4 that some factors other than emission rates and 

meteorological conditions are important in determining NO2 concentrations in urban 

Auckland's atmosphere. It is likely that the meteorology-chemistry coupling effect is 

important in assessing variations in the levels of NO2 in Auckland. This again indicates 

the importance of O3 monitoring and study for better understanding the NO2 

concentrations in this region. 

3. A proposed siting scheme for airshed monitoring 

Reliable information about the state of the environment is needed to make efficient 

decisions about how it should be managed (MFE, 1997). The most valuable information 

about the state of the environment comes from effective environmental monitoring; the 

amount of environmental monitoring should be sufficient to enable the local authority to 

effectively carry out its functions (MFE, 1999). However, for monitoring air quality 

within an urban airshed, questions such as at which sites air monitors should be located, 

or how many monitors are necessary in order to characterize the air quality conditions in 

the study area, still remain to be answered. 

Based on the strong land use-air quality-meteorology interactions, an approach to 

establishing air quality monitoring network is shown in Figure 7.1. The approach is based 

on and modified from the land-use classification procedures developed in Chapter 5. The 

purpose is to identify clusters of different land use areas (with different emission 

conditions), which are then related to local meteorology and topology to guide the 

establishment of a monitor siting scheme. First, the entire study area is subdivided into a 

number of small square grids (instead of sectors as used in the present research)  
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Figure 7.1 Proposed siting approach to airshed monitoring. 
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example, to monitor pollutant concentrations in a sub-region mainly influenced by area 

sources, the monitoring site should not be too close to any specific arterial or major 

commercial roads (e.g., for NOx monitoring, the minimum distance of 1000 meters is 

recommended). On the other hand, to monitor pollution conditions in a sub-region where 

traffic corridors are the major emission sources, the monitor should not be too far from 

the sources. In the meantime, local topographical and meteorological conditions are also 

studied in order to determine whether appropriate meteorological monitoring is important 

and thus should necessarily be conducted. Consequently, an air quality monitoring siting 

plan can be determined, which would act as a regional air quality monitoring network for 

the purpose of environmental management. 

7.4 Relationships of synoptic weather types with the local 

meteorological conditions and air quality 

One important outcome of this research rests on the application of a synoptic 

climatological method to the air quality issues in Auckland (Chapter 6; also in Jiang et al., 

2004, 2005b). Since there was no previous application of synoptic climatological methods 

to air quality studies in New Zealand, the present assessment was exploratory and based 

on the results presented in Chapters 4 and 5. The implications of some significant findings 

are discussed below: 

1. Synoptic weather type classification based on obliquely rotated T-mode principle 

component analysis 

The present classification, when compared with that of Kidson (1997), was better able to 

distinguish the differences in flow regimes; the weather types corresponded to distinctive, 

temporally consistent, local meteorological conditions in Auckland. 

This confirms the study by Huth (1996) who suggested that the rotated T-mode PCA 

method is ideal for circulation classification purposes. While more detailed comparison 

between the present and other classifications such as Kidson’s (1997) can be useful for 

methodological development, the findings may also indicate a significant utility of the 

present classification for environmental studies in New Zealand. This is practically 

important due to problems such as data availability and comparability in the region, 

including the absence of meteorological data at the air quality monitoring sites. 
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2. Application of the air pollution-weather type relationship in air quality 

management 

The impacts of synoptic weather conditions on local air quality have been assessed in an 

integrated manner and the weather types which were associated with relatively high and 

low pollution have been identified. It was indicated that certain synoptic weather types 

may have holistic effects on both pollutant dispersion conditions (physical processes) and  

chemical processes such as NO/NO2 chemistry which in turn could affect the overall 

pollution loads in this region. 

One application of the weather type-air quality relationships involves the development of 

a prediction mechanism to identify high pollution episodes (Greene et al., 1999). Since 

the synoptic weather type-local meteorology relationships were temporally consistent 

(e.g., during ENSO cycles), the synoptic climatological index established in this research 

can be combined with a 2-3 day weather forecast to identify the upcoming synoptic 

conditions (type), which may be associated with usually high pollution episodes. A 

predictive synoptic model could be combined with emission and dispersion models to 

more effectively predict high pollution episodes. Another application of the findings of 

the present study is to examine the differential or synergistic impacts of climate and air 

pollution on human health (e.g., human mortality). 

3. Air quality implications of climatic variability — changes in frequencies of synoptic 

weather types regarding ENSO events 

Studies elsewhere (e.g., Shrouds, 1994) have emphasized that climatic variability in 

weather conditions play a significant role in influencing local air quality. The present 

study has revealed that the relationships between synoptic weather types and local 

meteorological conditions were consistent over time, and that significant changes in the 

frequencies of some weather types corresponded to occurrences of ENSO events (Chapter 

6). Due to the significant effects of local meteorological conditions on air quality 

(Chapter 4) and the weather type-air quality relationships (Chapter 6), occurrences of El 

Niño and La Niña events may influence the local meteorological conditions and 

consequently air quality. 

Specifically, during El Niño events, the frequency of the SWH type was significantly 

higher (>6%, significant at a 0.05 level for two-tailed Mann-Whitney test) than normal, 

with decreased frequencies for the H, NE and THE types. During La Niña periods, the 
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increased frequency of the L type (>2%, significant at a 0.1 level for a two-tailed Mann-

Whitney test) occurred along with the decreased frequency of the SWH type. Since the 

prevailing, strong southwesterlies under the SWH type help maintain good air quality (as 

 

Figure 7.2 Scenario: how an El Niño or La Niña episode may influence the overall quality of the 

Auckland airshed in winter months. 
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may influence the overall quality of the Auckland airshed in winter months is shown in 

Figure 7.2. 

7.5 Integrated approach to air quality assessment 

Although methodological procedures were not the main focus of this research, 

applications of certain analytical procedures may reveal implications for the 

understanding produced. A primary feature of this research lies in applications of the 

multivariate approach, and especially the synoptic climatological methodology, to New 

Zealand air quality studies for the first time. Implications are further discussed as follows: 

1. The usefulness of a multivariate approach to air quality studies in Auckland and 

New Zealand 

One important contribution of this research is that applications of a multivariate approach, 

and especially the synoptic climatological method, to air quality studies in New Zealand 

have been demonstrated. The multivariate approach made it possible to analyze the 

influences of local meteorological conditions and land use patterns on air quality, whilst 

the synoptic analytic procedure facilitated an evaluation of the impacts of varying weather 

conditions on air quality in an integrated manner. Taking into account the complexity of 

the topography and the meteorological conditions on the one hand (MFE, 1999), and the 

variety of sources of pollutants within urban regions on the other (Berry and Horton, 

1974; Wright, 1997), such approaches are potentially very useful not only for the 

Auckland region, but also for other areas in the country. Hence, there is a value for the 

methods and results discussed in this research to be further applied to wider contexts. 

For example, in Auckland the methodology and analysis described here could be 

extended to other pollutants such as ozone and particulate matter (PM), and/or other sites 

such as those close to rural areas or to major point sources of pollutants, for more 

extensive investigations. In cities such as Christchurch where atmospheric conditions 

contribute to air pollution problems (MFE, 1998), such approaches would be very useful 

for an integrated assessment of the regional air quality and consequently could contribute 

to the effective management of local air resources. 
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2. Integrated analyses helped the understanding of air quality in the Auckland region 

Another distinctive and important contribution of the research rests in the integration of 

three inter-related analyses [respectively on local meteorology-air quality relationships 

(Chapter 4), land use-air quality relationships (Chapter 5), and relationships of synoptic 

weather types with local meteorological conditions and air quality (Chapter 6)]. As 

discussed in Chapters 4 to 6, the results of the three themes of investigations have been 

supportive of each other. For example, on the one hand, investigation of the significant 

effects of local meteorological conditions and land use characteristics on air quality 

(Chapters 4 and 5) has facilitated a meaningful understanding of the inter-site variability 

of the synoptic weather type-air quality relationship identified in the synoptic analysis 

(Chapter 6). In the absence of the first two analyses, the importance of land use patterns 

and hence local emission conditions to the understanding of the weather type-air quality 

relationship might not be revealed, and the relationship might not be interpreted correctly. 

On the other hand, study of the weather type-air quality relationship has not only 

confirmed the results in Chapter 4, but also provided further insight into the complex 

weather-air quality relationship within a holistic framework. 

Such an integration of analyses is very useful in facilitating a conceptual understanding of 

the air quality-land use-meteorology relationships in the study area. This approach is 

likely to become an important direction of air quality assessment practice in the future, 

and is worth further validation. 

3. Holistic approach to air quality research and management 

The present study has shown that the air quality-meteorology relationship varied from site 

to site and from pollutant to pollutant. The inter-site variability was related to the 

coupling effects of local meteorological conditions and distributions of major emission 

sources surrounding the air quality monitoring sites; variations in the relationships for 

different pollutants were likely caused by a holistic effect of synoptic weather on both 

pollutant dispersion and chemical processes. These features make the assessment of 

regional air quality very complicated. The complexity demonstrates the need for more in-

depth research in aspects of both pollutant emissions (e.g., land use patterns), air quality 

meteorology and air quality chemistry in order to help effective management of the 

regional air resources (Figure 1.2; ARC, 1997; MFE, 1997, 1998). 
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Hence, air quality research should be approached in an integrated manner, given the 

complexity of topography, meteorology and land use patterns in New Zealand, and in 

most urban cities for a wider context. Specifically, the study on air quality should be 

undertaken in terms of multi-site data and of key pollutants. This point has been 

demonstrated in the present study through the use of multivariate methodologies and the 

integrated analyses. It is also very consistent with the integrated approach to air resource 

management advocated by the RMA 1991 for New Zealand. 
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Chapter  8 CONCLUSIONS AND FUTURE DIRECTIONS 

In recent years, air quality in New Zealand has become an issue of increasing scientific 

interest and public concern. The development of industry and the growth in population 

and motor vehicle numbers, all associated with increased energy consumption, are 

imposing significant pressures on the atmospheric resources (MFE, 1995, 1998; MOT, 

1998). Evidence has been shown for the adverse effects of air pollution on human health, 

materials and modified and natural ecosystems in this country (MFE, 1998). Auckland, 

the fastest growing region with about one third of New Zealand’s population, is now 

experiencing diverse air quality problems such as brown haze phenomena (ARC, 1995, 

1997). Under these pressures, identification and understanding of the main contributory 

factors to degraded air quality in Auckland has become an important research field. In 

response, the purpose of the present study was to improve our understanding of the spatial 

and temporal variability of air quality in Auckland, by focusing on the influences of land 

use and meteorological conditions, in an effort to improve the future management of air 

resources in this region. Although the investigation has been limited to one city, the 

results are valuable for improving our understanding of the formation of high urban air 

pollution in a more general sense in the New Zealand and wider contexts. 

8.1 Objectives 

The present study had two goals: a) improving understanding of the impacts of 

meteorological conditions on air quality; and b) identifying the potential effects of land-

use features on the quality of the regional airshed, in an effort to assist with informed 

formulation of management strategies for the air resources in Auckland. These resulted in 

six objectives for the study: 

1) Assess the ways in which local meteorological conditions influence air quality; 

2) Investigate the potential effects of land use on air quality; 

3) Establish an index of synoptic weather types for the Auckland/New Zealand region; 

4) Characterize the linkages between the synoptic weather types, local meteorological 

conditions and air quality; 
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5) Characterize the ways in which the key weather types had changed in the past in 

relation to such climate phenomena as ENSO. 

6) Explore the management and scientific implications of the findings. 

8.2 The methodology 

An important facet of this research is that the objectives were targeted through integrated 

analyses of three inter-related themes: the local meteorology-air quality relationship 

(Chapter 4), the land use-air quality relationship (Chapter 5) and the relationship between 

synoptic weather types, local meteorology and air quality (Chapter 6). The assessment 

was focused on winter months when pollutant emissions and concentrations are higher 

than other seasons, and on nitrogen oxides (NO and NO2). Although concentrations of a 

range of pollutants are important variables indicating air quality within urban cities 

(UNEP/GEMS, 1991; Jackson and Jackson, 1996; MFE, 1994), NO and NO2 were chosen 

for the present investigation because they are identified as pollutant species of particular 

importance for Auckland and relatively comparable and long-term records at two 

monitoring sites (Mt Eden and Penrose) were available in this region (ARC, 1997). 

The primary feature of this research is dependent on applications of multivariate 

approaches to air quality studies in New Zealand, and Auckland in particular. The 

approaches have allowed for the analysis to be conducted in an integrated framework, and 

have proved powerful and successful for obtaining physically meaningful results for the 

Auckland case. Multivariate statistical techniques such as principal component analysis 

(PCA), cluster analysis and PCA-based multiple regression procedures were applied to 

the New Zealand context. Specifically, this research is distinctive in that a synoptic 

climatological method using obliquely rotated T-mode PCA as classification tool was for 

the first time applied to evaluations of impacts of weather conditions on air quality, and 

that a synoptic index based on a 39-year data set has been established and analyzed 

regarding occurrences of ENSO events and New Zealand’s climate shift. The advantage 

of a synoptic approach to air pollution climatology is that air quality is not merely related 

to changes in an individual weather element, but to the totality of weather (Greene et al., 

1999). In addition, though not the focus of the present study, special attentions have been 

given to the examination of statistical methods throughout the analyses, which added to 

justified interpretations of results. 
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8.3 The findings and implications 

Through analyses of three inter-related themes, the main findings and their implications 

are summarized in the following three subsections [brief reports can also be found in 

Jiang et al. (2000; 2004; 2005a; 2005b)]. 

8.3.1 The air quality-local meteorology relationship 

1) Through a Varimax rotated PCA on the two-site meteorological data, the dominant 

local meteorological conditions were revealed and the strong between-site co-

variations of multiple meteorological variables identified (Chapter 4). These have 

subsequently facilitated an evaluation of the influences of local meteorological 

conditions on air quality in Auckland. 

Implication: PCA facilitates a multivariate approach to air quality studies; the 

dominant meteorological patterns can be used to categorise local weather conditions 

in Auckland. 

2) Local meteorological conditions had significant effects on local air quality. As 

expected, wind velocity was identified as the most relevant meteorological factor 

affecting local air quality. Strong southwesterlies, a dominant flow pattern that often 

provides good ventilation over the study area, helped maintain good air quality; calm 

conditions, which are often indicated by relatively low early morning temperatures 

with light winds often from the south, were associated with the build up of pollutants 

in winter.  

Implication: the importance of wind conditions in determining local air quality (ARC, 

1997; MFE, 1995, 1998) is quantitatively confirmed; the finding is consistent with 

studies undertaken elsewhere, confirming that any analysis and effective management 

of air quality must contain a meteorological component (e.g., Davis and Gay, 1993a, 

b). If the weather is cold and calm during the morning rush hour period when traffic 

volume is relatively high (ARC, 1998), there is a higher potential for pollution events 

to occur. 

3) The effects of meteorological conditions differed between pollutants. NO levels were 

more related to meteorological conditions than NO2 levels; some degree of ventilation 

was necessary for maintaining relatively high NO2 levels. The effects of 

meteorological conditions on local NO2 levels also varied with source conditions. 
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Implication: comprehensive evaluations of the meteorology-air quality relationship 

are recommended for a range of pollutants; since ozone and VOCs are involved in the 

NOx chemistry (Chapter 1), ozone and VOCs monitoring and studies should be 

enhanced for the Auckland region. 

4) A poor correlation (linear) was found between solar radiation and concentrations of 

NO and NO2 during the morning rush hour, though under certain conditions brown 

hazes were observed in the early morning. 

Implication: a non-linear correlation or a holistic effect of multiple meteorological 

other variables may exist; the mechanisms leading to the formation of local 

brown/orange hazes need extensive investigations. For example, a study of pollutants 

including particulate matters, ozone, VOCs and other oxidants and of the effects of 

increased oxidant precursor pollutant emissions is necessary for better understanding 

of the brown haze in Auckland. 

5) Air quality had high spatial variability in Auckland. The between-site variations were 

attributable to the coupling of differences in land use and hence emissions from areas 

surrounding the air quality monitoring sites and differences in the effects of 

meteorological conditions given different emission conditions. 

Implication: Such variability makes it difficult to characterize the regional air quality 

using single-site data; meaningful interpretations of air quality data from a single site 

require knowledge of both meteorological and emission conditions; a comprehensive 

understanding of the quality of the whole airshed would rely on a study on multi-site 

data. This implies the need to enhance the current air quality monitoring network in 

this region (e.g., add in a meteorological monitoring component at the current air 

quality monitoring sites), in order to make data available at more sites, and inter-site 

comparable. 

8.3.2 The air quality-land use relationship 

1) A strong correlation between land use and air quality has been identified in the 

Auckland context for the first time. 

Implication: it is mainly because of the strong influences of different land uses (thus 

emissions) coupled with meteorological conditions such as wind regimes that the 
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local air quality was so different from site to site; the finding again implies a difficulty 

in characterizing the regional air quality using single-site data — an in-depth study 

needs to be conducted on multi-site data, i.e., in a holistic manner; an analysis of 

regional land use patterns can identify potential air pollution “hot pockets” and 

therefore guide the positioning of air quality monitors; the finding confirms the 

importance of holistic land use, transport and urban planning to effective air quality 

management (e.g., Berry, 1974; Olcese and Toselli, 1997; Newton, 1997), supporting 

the integrated approach to managing local air resources advocated by the RMA for 

New Zealand. 

2) The relationship between land use and local air quality varied for different pollutants; 

NO2 levels were less sensitive to land use characteristics than NO levels. 

Implication: the meteorology-chemistry coupling effect is important in assessing 

variations in the levels of NO2 in Auckland. This again indicates the importance of O3 

monitoring and study for understanding the NO2 concentrations in this region. 

3) A simple statistical approach, which was designed to relate single-point pollutant 

concentrations to the surrounding land use features (thus emissions) and evaluated at 

two air quality (NO and NO2) monitoring sites, has proved helpful for obtaining 

physically meaningful results. 

Implication: this method can be further improved (e.g., calculate the air flux through 

the monitoring site) and extended to other monitoring sites and other pollutants. This 

is significant due to such limitations as data availability and comparability and 

analytic resources in this region. 

8.3.3 A synoptic climatological approach to air quality 

1) A synoptic climatological index of ten typical weather types  has been established for 

the Auckland region using obliquely rotated T-mode PCA based on the NCEP/NCAR 

1000 hPa geopotential height reanalysis. The synoptic weather types were able to 

distinguish between local meteorological conditions in the study area; the weather 

type-local meteorology relationship was consistent over time. The present 

classification, when compared with that of Kidson (1997), was better able to 

distinguish the differences in flow regimes over the Auckland region. 
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Implication: the rotated T-mode PCA is useful for the circulation classification for the 

New Zealand region; occurrences of synoptic weather types are indicative of local 

meteorological conditions and consequently local air quality; the synoptic index can 

be applied to other sites, other pollutants, within or outside the Auckland region and 

at a nationwide scale; it can be useful for future air pollution evaluations and 

mesoscale modeling studies if introduced as boundary field input, and can also be 

useful for examination of the differential or synergistic impacts of climate and air 

pollution on human health. 

2) The changes in the frequencies of some synoptic weather types corresponded to 

occurrences of ENSO events. In general, the frequency changes in El Niño events 

tended to be more significant than in La Niña episodes (focused on May to September 

in this study). 

Implication: it is mainly the significant changes in frequencies of some key synoptic 

weather types that led to significant differences in local weather and climatic 

conditions between El Niño and La Niña events; due to the temporally consistent 

weather type-local meteorology relationships, the significant effects of meteorological 

conditions on local air quality and the weather type-air quality relationships, the 

changes in frequencies in relation to occurrences of El Niño or La Niña events have a 

potential for influencing local meteorological conditions and consequently air quality 

in this region — El Niño episodes possibly help maintain better-than-normal air 

quality, whilst during La Niña episodes the regional air quality may not be 

significantly different from normal (under given emission conditions). 

3) The synoptic climatological analysis has provided further insight into the complex 

weather-air quality relationship within a holistic framework, in addition to the 

analysis of the local meteorology-air quality relationships as discussed earlier. The 

weather types which were associated with relatively high and low pollution have been 

identified. Certain synoptic weather types can have holistic effects on both pollutant 

dispersions (physical processes) and chemical processes such as NO/NO2 chemistry 

which in turn could affect the overall pollution loads in this region. Solar radiation 

may be important in determining morning the rush hour nitrogen oxides 

concentrations in Auckland, as is not identified in section 8.3.1. 

Implication: the synoptic climatological approach is useful for air quality studies in 

Auckland; integrated approaches such as a combination of local dispersion analysis 
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and synoptic analysis can lead to improved understanding of the impacts of weather 

conditions on the quality of the regional airshed; one application of the weather type-

air quality relationships is the ability to predict conditions leading to high pollution 

episodes; there is a need to investigate the effects of downward transport of ozone 

from the upper troposphere on local nitrogen oxides concentrations; it is very 

desirable to have ozone, NO and NO2 and meteorological data collected at the same 

monitoring sites to facilitate a further understanding of concentrations of nitrogen 

oxides in this region. 

4) The weather type-air quality relationships varied between sites, resulting from the 

coupling of local meteorological conditions such as wind regimes and variations in 

the major emission sources surrounding each monitoring site. 

Implication: In a synoptic approach to air quality in urban regions, it is important to 

consider the effects of different patterns of land use thus emissions to seek a 

physically meaningful assessment of the air quality impacts of weather conditions. 

This aspect has not been sufficiently addressed in previous air quality studies. 

8.4 Limitations of the present study and future directions 

8.4.1 Limitations of the present study 

The integration of analyses of three inter-related themes has proved very useful and 

successful in facilitating a conceptual understanding of the air quality-land use-

meteorology relationships in Auckland. However, there are some limitations that should 

be noted as follows:  

Firstly, the meteorological monitoring equipment, which provided the local 

meteorological data in the analyses, was not co-located with the air quality monitoring 

sites. The data for two meteorological sites were used in combination in an effort to 

represent the larger-scale weather conditions in the area. While the study has been able to 

develop physically meaningful results, the suitability of this approach needs further 

validation. Given the meteorological sites are up to 15 kilometers from the air quality 

sites, it is possible that the analytic results might be to some extent compromised. For 

example, air flows may differ more over the Auckland City due to possible tunnel effects 

between tall buildings. This limitation could be overcome in the future through enhanced 
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meteorological monitoring in the air quality monitoring network in Auckland (ARC, 

1997). 

Secondly, due mainly to problems of data availability and comparability, air quality data 

for two sites were analyzed in the present study. The use of air quality data from two sites 

has facilitated examination of meteorologically-induced variability in air quality in the 

context of land use and hence spatial variations in emissions. However, given the site-to-

site variations in air quality, an analysis based on more sites representative of distinct 

land-use features is desirable in order to obtain a comprehensive understanding of the 

relationships between the regional air quality, land use and meteorological conditions. 

Form this point of view, the regional representativeness of the results produced in this 

investigation needs further evaluation. 

Thirdly, only NO and NO2 concentrations were analyzed in the present study. Although 

motor vehicles are the major emission source in Auckland (ARC, 1998), the physical and 

chemical properties and behaviors of pollutants differ. For example, for CO the 

characteristic of interest is that its concentration gradients are steep from the emission 

sources; however, the chemistry of NO2 is such that it has the potential to remain at 

elevated levels at considerable distance from emission sources such as traffic corridors 

(Elsom, 1987; MOT, 1998). Therefore, the methods used in the present study need to be 

validated on other air pollutants. Specifically, since the level of O3 in the ambient air is 

likely an important influence on NO2 concentrations, an investigation on the O3 pollution 

meteorology for this region is necessary if pursuing a better understanding of the 

variations in local NOx levels. 

Finally, the analysis was only undertaken for winter months (May-September), when air 

pollutant concentrations and emissions are relatively higher than other seasons (Chapter 

2; ARC, 1998). However, during the summer months the strong influence of local 

sea/land breezes can present a major difference to the air pollution meteorology from the 

winter months (McGill, 1987; Brasell, 1982; McKendry, 1989; Sturman and Tapper, 

1996). Previous studies have indicated that such local circulation patterns as land/sea 

breezes may enhance the potential for pollution events to occur (e.g., McKendry, 1992; 

Bell and Fisher, 1995). Therefore, the results in this analysis might not be directly 

transferable to the summer case. A study that includes the summer months is therefore 

desirable.  
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8.4.2 Future directions 

Although this research has been limited to one city, the results are valuable for improving 

the understanding of the formation of high urban pollution levels in a more general sense 

in the New Zealand and wider contexts. Future research could be pointed to the following 

directions: 

1) An extension to study on the air quality-meteorology relationship for the summer 

season, in an effort to identify how local circulation patterns such as land/sea breezes 

influence the quality of the regional airshed. 

2) A validation of this research and methodology by analyzing other data sets, e.g., for 

other monitoring sites and/or other pollutants such as O3 and CO (Appendix F reports 

a preliminary analysis of the relationship between synoptic weather types and local 

CO concentrations at a central business site in Auckland, to some degree confirming 

the findings presented previously). 

3) Development of a monitor siting approach to facilitate airshed monitoring (e.g., how 

many monitors are necessary to determine the air quality conditions in a study area, 

and where the monitoring sites should be located) by using data of a higher resolution 

emissions inventory (when it’s available) and the results of this study. 

4) Assessing the air quality impacts of different land use patterns in Auckland by using 

the approach developed in this research. 

5) Determining the relative importance of physical and chemical processes influencing 

concentrations of air pollutants and how these processes couple with each other; 

further understanding of NOx chemistry in relation to the haze phenomena in 

Auckland. 

6) Establishment of a whole-year synoptic climatological index for New Zealand based 

on the long-term NCEP/NCAR reanalysis and using T- mode PCA; applications of 

the index to extensive environmental problems, e.g., evaluation of the impacts of 

climate and air pollution on human health. 

7) Development of high-resolution airflow models and air quality prediction models 

based on the output of this research, in an effort to further understand the air pollution 

problems in Auckland. 
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8) Applications and validations of the methods and results from this study in other cities 

such as Christchurch. 

9) The use of PCA as both a data reduction tool and a pre-classification technique, 

combined with a clustering procedure such as convergent K-means, may provide an 

improved synoptic classification over both the present and Kidson's (1997) 

classification [refer to Jiang et al. (2005b) for preliminary results]. 

10) Future work may also point to reflection of the recent development of air quality 

monitoring in Auckland. 
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Appendix A BETWEEN-SITE COMPARISON OF AIR QUALITY 

BY LAND USE 

The analysis reported in Chapter 5 has focused on comparing air quality data by land use 

for each single-site. It has been revealed that a strong correlation existed between local air 

quality and the surrounding land-use characteristics. The purpose of this investigation was 

to confirm this strong correlation in a two-site comparative term, i.e., by comparing the 

two-site combined data, regardless of specific site locations. As shown in Figures 5.2 and 

5.4 (Chapter 5), the same effective source area3 and land use variables were defined and 

statistical techniques such as cluster analysis, one-way ANOVA, and multiple comparison 

analysis were used in a similar manner in this investigation. 

1 Two-site land use classification 

In order to identify the relative similar and different land use areas in a two-site 

comparative sense, a cluster analysis (complete linkage technique) was performed on the 

land-use sectors surrounding either the Mt Eden or Penrose monitoring site. There were 

totally 24 sectors involved in the clustering process. The results are shown in Figure A.1 

and Table A.1. 

As was done for the single-site land use clustering (Chapter 5), the distribution of fusion 

level against each merging stage was utilized to determine the appropriate number of 

clusters (Figure A.1). There was a substantial change in fusion level from stage 15 to 16, 

leading to the choice of nine clusters. 

Table A.1 depicts the sectors included in each cluster and the land-use divisions further 

defined by these clusters. It can be seen that this classification is very consistent with the 

single-site land use classification (Tables 5.1 and 5.2 in Chapter 5). A noteworthy feature 

lies in that the first cluster included sectors surrounding different monitoring sites. This 

means that, from the inter-site comparative point of view, these sectors had relatively 

similar land use characteristics (defined as area source type). Land-use divisions were  

 

                                                           
3 The New Zealand grid coordinates for the center sites are 2667.320km, 6479.750km for the Mt Eden site, 2672.560km, 

647.820km for the Penrose site in New Zealand grid coordinates [they were obtained by referring to the information in Graham 
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Table A.1 Classification of the two-site land use sectors. Source types and land-use 

divisions/combinations were defined only for clusters having no less than two 

contiguous land use sectors.  

 
Land-use divisions/combinations 

Cluster Sectors included* Source type 
Name Sectors combined 

Area_1 e6, e7, e8 

Area_2 p12, p1, p2, p3, p4 

Area_3 e10 
1 

e6, e7, e8, e10, e12, p12, 

p1, p2, p3, p4 
Area/far line 

Area_4 e12 

2 e2, e3, e4 Modest line Modest line e2, e3, e4 

3 p6, p7, p8, p9 Motorway line Motorway line p6, p7, p8, p9 

4 p5, p11 - - - 

5 e5 - - - 

6 e9 - - - 

7 e11 - - - 

8 e1 - - - 

9 p10 - - - 

* The reference site of the land sectors is indicated by 'e' for the Mt Eden site, and by 'p' for the Penrose site 

 

 

                                                                                                                                                                      
and Narsey (1994), Wegmüller et. al. (1998), the Wises Maps Auckland and based on the data on the GIS system of the 

Department of Geography (Chapter 2]. 
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  Figure A.1 Plot of fusion level against clustering stage for a complete linkage cluster analysis of the 

two-site land use sectors. 
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defined by further combining any contiguous land use sectors belonging to the same 

cluster, in an effort to make the areas of each land-use division as larger as possible and 

thus the sample sizes of the associated air quality data correspondingly larger (since large 

samples may lead to more reliable analytic results). This was done only for the land-use 

clusters including no less than two contiguous sectors. The source type of these clusters 

was named in the same way as for the single-site land use classifications (Chapter 5). 

2 Between-site air quality comparison 

In order to confirm the land use-air quality relationship in an inter-site comparative sense, 

the two-site air quality data subsets were compared for equality of variances and 

means in the same way as described in Chapter 5, but according to the land-use 

divisions defined above. 

First, Table A.2 gives the comparison results of air quality data for land use divisions in 

the same cluster (the first cluster in Table A.1). It is clear that, associated with these land 

use divisions, neither variances nor means of the NO and NO2 data subsets were 

significantly different at a 0.05 level. This confirms that, when wind blew from similar 

land use, regardless of different monitoring site locations, the distributions of air quality 

data were also similar. Hence, similar land use resulted in similar air quality. 

 

Table A.2 Comparison of the hourly morning rush hour NO (transformed) and NO2 by land-use 

divisions of the same cluster. 

 

Associated land-use divisions Area_1, Area_2, Area_3, Area_4 

Pollutant (Variable) NO NO2 

Levene statistic 2.122 .051 

df1 3 3 

df2 517 523 

Test of 

homogeneity 

of variances 

Significance level .096 .985 

Groups Between Within Between Within 

Sum of squares 3.323 367.612 1297.465 114686.283 

Df 3 517 3 523 

Mean square 1.108 .711 432.488 219.285 

F 1.558  1.972  

One-way 

ANOVA 

Significance level .119 .117 
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Further examinations were conducted among the NO and NO2 data subsets associated 

with land use divisions from different clusters, in order to identify whether air quality 

varied significantly with land use characteristics in an inter-site context. The results are 

shown in Tables A.3 and A.4, and summarized as follows: 

 

Table A.3 Homogeneity of variances test of the hourly morning rush hour NO (transformed) and NO2 

data by land-use divisions from the two-site land-use classification. 

 

Divisions Pollutant Levene statistic df 1 df 2 
Significant 

level 

NO 8.948 5 1097 .000 Area_1, Area_2, 

Area_3, Area_4, 

Modest line, 

Motorway line 

NO2 .071 5 1103 .996 

 

 

 

Table A.4 Multiple comparison of morning rush hour NO (transformed) and NO2 data by land-use 

divisions of the two-site land-use classification. Shown are the observed significance levels 

higher than 0.1. Cells with bold values indicate the mean differences are significant at a 0.05 

level. 

 

NO2 
 

Area_1 Area_2 Area_3 Area_4 Modest line Motorway 

line 

Subset pairwise 

comparison 

Area_1     0.000 0.000 Area_1 

Area_2     0.000 0.000 Area_2 

Area_3     0.005 0.001 Area_3 

Area_4     0.086 0.062 Area_4 

Modest line 0.000 0.001 0.000 0.024   Modest line 

NO 

Motorway 

line 
0.000 0.000 0.000 0.000 0.000  Motorway 

line 

NO2 

Area_1 Area_2 Area_3 Area_4 Modest line Motorway 

line 
Subset pairwise 

comparison 
NO 

 

 

• The Levene test results indicated that, corresponding to these land-use divisions, the 

NO2 data subsets can be assumed to have equal variances (at a 0.9 level), but the NO 

data subsets most likely had unequal variances (at a 0.000 level). 

• Associated with the land-use divisions from different clusters, the mean NO levels 

tended to be significantly different (e.g., at a 0.05 level) from each other. However, 

this was not always true for the NO2 data. For example, despite that mean levels of 
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NO were significantly different (at a 0.000 level) when wind blew from land use 

divisions of modest line and motorway line source type, the means of NO2 data were 

not significantly different. 

The above results have illustrated that, regardless of specific locations of different air 

quality monitoring sites, similar land uses related to similar air quality, different land uses 

related to different air quality, and that NO2 concentrations were less sensitive to land use 

characteristics (and thus emission sources). These results further confirm that reported in 

Chapter 5. 
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Appendix B SCORE PATTERNS OF THE SIX ROTATED PCS 

For each of the five months from May to September, the first six PCs resulting from a T-

mode PCA were subjected to oblique rotation using the Promax algorithm (Hendrickson 

and White, 1964), with a power of two being used to facilitate the achievement of a 

simple structure [see Harman (1976) and Richman (1986) for details]. The score patterns 

of the six PCs of all the five months were correspondingly very similar. Hence, only the 

PC score patterns for July are shown in Figure B.1. 

 

Figure B.1 Score patterns of six PCs from an obliquely rotated (Promax) PCA on the July 1000 hPa 

geopotential height reanalysis (NCEP/NCAR) from 1958 to 1996. The contour interval is 

0.6.  
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Appendix C LOCAL WIND CONDITIONS (AUCKLAND AIRPORT) 

AND SYNOPTIC WEATHER TYPES 

1 Morning rush hour wind conditions associated with each synoptic 

weather type—based on short-term data (1990-1996) 

Based on the short-term morning rush hour (7:00-10:00 NZST, three hours daily) 

meteorological data set (Chapter 2), the frequency distributions of the Auckland Airport 

wind by direction are given in Figure C.1 for three categories of wind speeds (0~3m/s, 

3~6m/s and above 6m/s) for each weather type. 

 

Figure C.1 Frequency (percent) distribution of wind by direction for the three speed categories 

associated with each synoptic weather type. Data: hourly morning rush hour (7:00-10:00 

NZST) wind speed and direction at the Auckland Airport site for May-September from 

1990 to 1996. 
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Figure C.1 Continued. 
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2 Noon hour wind conditions associated with each synoptic weather 

type—based on long-term data (1966-996) 

Based on the long-term (three hours daily, i.e., 11:00-13:00 NZST) meteorological data 

set (Chapter 2),  the frequency distributions of the Auckland Airport wind by direction for 

three categories of wind speeds (0~3m/s, 3~6m/s and above 6m/s) are shown in Figure 

C.2 for synoptic weather types. Despite the differences in the observation times and 

duration of records, the similarity between Fig. C.1 and C.2 is noteworthy for each given 

weather type.  

 

Figure C.2 Frequency (percent) distribution of wind by direction for the three speed categories 

associated with each synoptic weather type. Data: noon hourly (11:00-13:00 NZST) wind 

speed and direction at the Auckland Airport site for May-September from 1966 to 1996. 
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Figure C.2 Continued. 
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Appendix D SYNOPTIC WEATHER TYPES AND LOCAL 

METEOROLOGICAL CONDITIONS WITH REGARD 

TO THE NEW ZEALAND CLIMATE SHIFT 

The total period from 1966 to 1996 was divided into two sub-periods, i. e., 1966-1975 and 

1976-1996, distinguished by the New Zealand climate shift (Salinger and Mullan,  1999). 

Based on the long-term meteorological data set (refer to Chapters 2 and 6), the mean 

values of the meteorological variables for each synoptic type were calculated for the two 

sub-periods and are shown in Figure D.1. The relationship between synoptic weather 

types and local meteorological conditions (as expressed in available variables at the 

Auckland Airport site for the period of 1966 to 1996) did not vary significantly between 

the different sub-periods. 

 

Figure D.1 Mean values of the meteorological variables for each synoptic weather type by New 

Zealand's climate shift (before 1976 and since 1976). Total corresponds to the climatic 

mean value of the entire record of a variable despite specific weather types. 
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Figure D.1 Continued. 
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Figure D.1 Continued. 
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Appendix E MEAN SCORES OF NORMALIZED NO AND NO2 

DATA FOR SYNOPTIC WEATHER TYPES 

The daily values of the morning-rush-hour-average (7:00-10:00 NZST) NO and NO2 

concentrations, including both weekdays and weekends for winter months (May-

September) in 1990-1996 (Chapter 2), were normalized through a two-step procedure: 

Step 1: since the weekly cycle (weekday-weekend difference) was significant (Figure 2.4 

in Chapter 2), it was removed from the series by subtracting from each daily value the 

corresponding multi-year mean on a day-of-week basis; 

Step 2: since the seasonality (month-to-month difference) was significant (Figure 2.3 in 

Chapter 2), following Davis and Gay (1992a), the data were standardized on a month-of-

year basis. 

The mean scores of the resulting NO and NO2 data (for both weekdays and weekends) on 

each synoptic weather type are shown in Figure E.1 for the Penrose and Mt Eden sites. 

The weather type-pollution level relationships were very similar to that discussed in 

Chapter 6 (Figure 6.16), though in this case, the mean scores were dimensionless and the 

weekend data included. 
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Figure E.1 Mean scores of normalized morning-rush-hour-average (daily) NO and NO2 levels (µg/m
3
) 

on synoptic weather types, including both weekdays and weekends for the period of May-

September from 1990/1991 to1996. Error bars denote one standard error above and below 

the mean. 
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Figure E.1 Continued. 
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Appendix F CARBON MONOXIDE (CO) LEVELS AND 

SYNOPTIC WEATHER TYPES 

The relationship between concentrations of carbon monoxide (CO) and synoptic weather 

types is illustrated briefly in this appendix (Figures F.1 and F.2), in an effort to confirm 

the results presented in Chapter 6. 

Carbon monoxide data were from a long-term air quality monitoring site located in Queen 

St., Auckland City (Table F.1). Concentrations of carbon monoxide were available in ten-

minute averages; the period of data used was from January 1st, 1991 to June 30th, 1996. 

Due to the tall buildings along the two sides of Queen St., canyon effects were considered 

possible (ARC, 1997). It was suggested that due to the dampening of wind effects by tall 

buildings, the background (average) CO levels at this site were consistently high; and the 

rush hour two-peak patterns, though present, were not as high as the midday peak, which 

was due to the combination of a street canyon containment effect and high traffic volumes 

during the day (ARC, 1997). However, to be consistent with the methods adopted in the 

present study, the daily morning-rush-hour (7:00-10:00 NZST) averages together with the 

24-hour averages were calculated and scored on the weather types separately (Figures F.1 

and F.2), for weekdays in winter months (May-September) based on the available CO 

data. 

As expected, the mean scores of morning-rush-hour-average and 24-hour-average CO 

concentrations on weather types exhibited very similar distributions. The TO and H types 

were associated with relatively higher mean CO levels, while the SWH and L types with 

relatively low pollutant concentrations. 

 

Table F.1 Details of the Queen St. CO monitoring site, modified from ARC (1997). 

 

Site 

name 

Distance 

to road 

Distance to 

intersection 

Peak vehicles 1995 

(7-9 am) 
Location 

Analysis data 

period 

Queen St. 3 m 100 m ~900 

Located in Queen St. The 

surrounding area was multi-

storey commercial buildings; 

subsequent canyon effects were 

likely. The site was subject to 

high traffic density. 

January 1st, 

1991-June 30th, 

1996 
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Figure F.1 Mean weekday CO concentrations (µg/m
3
) associated with each synoptic weather type. 

Morning-rush-hour-average values (daily) from May to September were used. Error bars 

denote one standard error above and below the means. 

 

 

 

 

 

 

 

 

 

Figure F.2 Mean weekday CO concentrations (µg/m
3
) associated with each synoptic weather type. 24-

hour average values (daily) from May to September were used. Error bars denote one 

standard error above and below the means. 
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