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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. The

present 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 -NOz). Multivariate

approaches using statistical techniques such as principal component and cluster

analyses were applied to air quality studies for the first time in New Zealand. The

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

and proved powerful and successful.

The air quality in Auckland varied significant 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. A

strong conelation between land use and air quality was identified. A synoptic

climatological index was established for the Auckland region (and New Zealand) for

winter months (May-September) from 1958-1996. The weather types were linked to

distinctive local meteorological conditions, and subsequently, to different air quality

in Auckland. It was 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. The the

weather type-local meteorology relationships were consistent over time, regardless of

occurrences of climatic phenomena such as ENSO events and New 7-ealand climate

shift; significant changes in the frequencies of some synoptic weather types were

identified, corresponding to ENSO events.

Implications and applications of the findings were discussed, and limitations of the

study and future directions also addressed.
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Chapter 1 INTRODUCTION

1.1 Introduction

In recent years, air quality in New 7-naland has become an issue of great scientific interest

and public concern, although it is comparatively good by world standards (MFIE, 1994,

1997, 1998). The good air quality mainly results from the countrSr's geographical location

in the South Pacific Ocean, the coastal locations of most large cities, and the limited

heavy industry (MFE, 1998). However, the growth of industry and the increases in

population and motor vehicle numbers, all associated with increasing energy consumption

which indicates a potential for increasing air pollutant emissions, are imposing growing

pressures on the atrnospheric resources (MFE, 1995, 1998). There is thus increased

potential for adverse effects on modified and natural ecosystems as well as on human

health and materials (Yunus et a1.,1996; Brimblecombe, 1996; MFE, 1998). In order to

sustain and improve the quality of air resources, air quality objectives are being

established and addressed for New Zealand under the development of regional air policies

and plans under the recently introduced Resource Management Act l99l (RMA),.the

release of Ambient Air Quality Guidelines (MFE, 1994) and the Environment 2010

strategies (MFE, 1995).

Auckland (Figure 1.1), the fastest growing region in New Z,e,aland and with about one

third of the country's population, has been identified as one of the regions which is now

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 (McGill,

1987), may enhance the potential for pollution events to occur (McKendry, 1989, 1992,



Figure I .l A map of the Auckland region. Source: ARC ( 1997)
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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)

in this region (ARC, 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

haze phenomena 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 elevation areas and orange hazes on the North Shore and over the central

city area (ARC, L997;Porteous et aI.,1993; Bell and Fisher, 1995).

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

order to efficiently manage the regional air resources. In response, the present research

has been designed to achieve two main outcomes: 1) improving our understanding of the

relationship between meteorological conditions and air quality; and 2) identifying the

potential effects of land-use features on the quality of the regional airshed, to facilitate

effective air quality management. Although this research has been limited to one city, the

results presented in this thesis are valuable for improving our conceptual understanding of

the formation of high urban pollution levels in a more general sense in the New Tnaland

and wider contexts.

1.2 Research objectives and design

1.2.1 Research obiectives

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; Harison, 1997; MFE, L997). 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 resource (MFE,

t997).

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

agencies and individuals (e.g., ARC, 1998; Bell and Fisher, L995; 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 aI., 1982; ARC,

1997; MFE, 1994, 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 aI., 1996; ARC, 1997; Fisher et al., 1998), and for

supporting the integrated approach to air quality management consistent with the RMA.



Figure L2 Air qualiry research and management.

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

Neubauer et a1.,1998; Kambezidis et a1.,1998; Hanna and Chang, 1995; Tripathi et al.,

1996; Uno et aI., 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, play an important role in determining the levels of air contaminant.

Wind speed and direction, and atmospheric turbulence influence the transport and

dispersion of pollutants. Local and regional atrnospheric stability (as a 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
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or disperse within the planetary boundary layer. Meteorological conditions, such as

humidity, temperature, and solar radiation, through their effects on chemical reaction

rates, also influence both the chemical and physical processes involved in the formation

of secondary pollutants such as ground level ozone. Furthermore, weather and climatic

conditions indirectly affect air quality by influencing human activities and in turn altering

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, I993a; 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

Znaland,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, L996;

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

Among the variety of air pollution controUprotection 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). Consistenfly,

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



use under the RMA in New Tnaland,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

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, h.,1996; Berry et a1.,1974; Reed and I-ewis, 1978; Nielsen et aL.,1996; Newton,

1997; Kickert et a1.,1999; Remero et a1.,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; Tommewik et aI., 1998). The intensity of effect 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, h.,1996; Yunus et a1.,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 Irwis, 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

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 in 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 planning.

Specifically, the objectives of the thesis are to:

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

quality;

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



o 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.

o 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: l) 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, which are very common in the air quality study

area overseas, were applied to New Z,ealand, and Auckland in particular, for the first time

in this area [to the best of the author's knowledge]. 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

(1991) and Chapter 2 of this thesis for more detailed informationl. 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 thesis, 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), Noonan (1991) and ARC (L997). 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), ur 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 & 82:

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 analysis. 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 Tnaland and adjacent areas, using long-term gridded

meteorological data (refer to Table 2.1in Chapter 2). The classification procedure

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.

l0



Stage D:

A synoptic climatological analysis was conducted in order to investigate the

linkages between synoptic weather types and local meteorological conditions, and

consequently air quality in the Auckland region, in an integrated framework. The

input in this stage included the synoptic climatological index established in Stage

C, Southern Oscillation Index data, and the local meteorological and air quality

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

from Stage B & 81, 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 qpes 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 the air quality in the Auckland region,

and presented in Chapters 7 and 8.

11



Figure 1.3 Flowchan of the research design.

1.3 The Auckland Region-the study area

The Auckland region is the combination of the Auckland, Manukau, Waitakere and North

Shore Cities, and the Rodney, Franklin and Papakura Districts (Figure 1.1). The land area

is a narrow isthmus with much of the coastal marine area composed of tidal inlets and

estuaries and the semi-enclosed Waitemata, Manukau and Kaipara Harbours (ARC,

1997).
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Over one million people live in this region, accounting for one third of the New Tnaland

population (Statistics N.2., 1996). It is the fastest growing region in the country with the

population forecast to reach 1.6 million by 2017 (ARC, 1997). The metropolitan area is

situated on the niurow isthmus, is characteri zed by high population densities, and has

several large industrial areas and high traffic volumes (Bell and Fisher, 1995; Statistics

N.2., 1996; ARC, 1998). Because of this highly condensed distribution, the main

anthropogenic pollutant emission sources are concentrated within this area (ARC, 1998).

However, air contaminants emitted from this area can impact the entire regional airshed

(ARC, 1997).

Numerous pollution sources, both anthropogenic and biogenic, influence the quality of air

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

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

emission sources (ARC, 1997, 1998). According to the Auckland Air Emissions

Inventory (ARC, 1998), on an annual basis up to 86Vo of the total emissions of pollutants

are attributed to motor vehicles. However, there is yet no conffol on vehicular pollutant

emissions in this region, or elsewhere in New T.ealand (ARC, 1995; MFE, 1998; MOT,

1ee8).

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

1997). The current 525,000 vehicles equate with a level of car ownership that is second

only to that in 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 the region. In order to ensure the sustainability of air resources for the present

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

for the air quality management in the region (ARC, 1995,1997).
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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 (SOz), carbon monoxide (CO), ozone (O3), nitrogen dioxide (NO2), lead,

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

CO, PM16l, NOz, 03, and SOz have been proposed as air quality indicators for New

Tnaland (MFE, 1997).

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

were chosen as the relevant indicator. This is because NO and NOz are two interrelated

pollutants, and NO2 has been identified as a useful indicator in terms of both the life-

supporting capacity of the air and its amenity values in New 7,e,aland, and Auckland in

particular (MFE, 1997; ARC,1997).

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 the Auckland region more than SOVo of the anthropogenic emissions of NOx are

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

regulation (ARC, 1995, 1998). Since motor vehicles are identified as the largest

anthropogenic source of air pollutant emissions in this region (ARC, 1998),

concentrations of such pollutants as nitrogen oxides could be most indicative of the

quality of the entire airshed.

t Particles which are less than ten micrometers (or microns) in diameter.
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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). At high levels, it can corrode

materials, such as metals, and damage plants (Yunus and Iqbal, 1996). Nitric oxide is

believed to be quite harmless at the levels normally encountered in urban air. The

nitrogen oxides are an important air pollutant species also because of their 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. The nitrogen oxides also can contribute to the problem of acid rain and

snow by converting to nitric acid in the atmosphere (Brimblecombe, 1992; Yunus et aI.,

1996).

In terms of the health impacts of NO2, the choice of nitrogen oxides in this study is also

due to the high number of asthmatics in the Auckland region. Studies show that the

asthma rate in the Auckland region is higher than North America and Europe (ARC,

1997). A recent survey has found that the adult asthma rates are l2-23%o of people in this

region (I-ewis et al., 1997). It is thus particularly appropriate to seek a better

understanding of how the meteorological conditions influence the levels of such

pollutants, which may have such a significant impact on human health.

Moreover, the choice of nitrogen oxides is also related to the recent concerns over the

brown haze phenomena in the Auckland region (ARC, 19971' MtE,, 1998). Locally, the

phenomenon is considered to be due to emissions of nitrogen oxides and the reactions

between these contaminants and a wide range of volatile organic compounds (VOCs) in

the presence of sunlight (MFE, 1997; 1998). Consequently, by quantitatively assessing

the role of meteorological conditions in determining the levels of nitrogen oxides, this

study may add to our understanding of the formation of brown hazes in the region.

l5



In addition, the choice is also in part due to problems such as availability and

comparability of air quality (monitoring) data in Auckland. Relatively comparable and

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

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

to Chapter 2 for details).

1.5 Introduction to the chapters

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

Chapter l. Provides an overview of this research. 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 analvses.

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.

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.

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

Chapter 5.

Chapter 6.

l6



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

weather qpes to both local meteorological data and air qudity data.

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

research.

Chapter 8. Concludes this rosearch. The limitations, gaps and uncertainties in ttle

research arc identified and the directions of funre study are discussed.
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Chapter 2 DATA DESCRIPTION

Six types of data were utilized in order to achieve the objectives of the research. They are

concentrations of NO and NO2 collected at two air quality monitoring sites, records of

several meteorological variables for two meteorological monitoring sites, gridded

1000hPa geopotential height data for the New Zealand and surrounding area, the Kidson

(1997) synoptic classification index, historical values of the Southern Oscillation Index

(SOD, and land-use information such as road length records and Census 1996 statistics

for individual Mesh Blocks (MBs) for Auckland. The data sets are summarized in Table

2.1. This chapter provides a general description of the data source, the variables included,

period of record and data quality control. Modifications made to the data sets are

discussed in the relevant chapters.

2.1 Air quality data (morning rush hour)

The air quality data used in this research are concentrations of nitrogen dioxide (NO2) and

nitric oxide (NO). These were obtained for two long-term monitoring sites, Penrose and

Mt Eden, located in central Auckland. The data were provided by the Institute of

Environmental Science and Research Limited (ESR), on behalf of the Ministry of Health.

The choice of these locations was based on the following considerations:

1) The available record is relatively long (ARC,1997);

2) The monitoring methods are similar for the two sites (Graham and Narsey,1994)-

thus the data are comparable;

18



Table 2.1 Dffirent data sets used in the research.

Data set Site/Area Variables
Time frame

(NZST)
Month Year

Moming rush

hour (or hourly

rush hour) air

quality data

Penrose air quality

monitoring site

NO concentration,

NOz concentration
7:00-10:00

May-

Sep

1990-

r996

Mt Eden air quality

monitoring site

NO concentration,

NO2 concentration
7:00-10:00

May-

Sep

l99l-

r996

Short-term

morning rush

hour (or hourly

rush hour)

meteorological

data

Auckland City

meteorological

monitoring site

Wind specd, wind direction, u and

v components, temperature, relative

humidity

7:00-10:00
May-

sep

1990-

1996

Auckland Airport

meteorological

monitoring site

Wind speed, wind direction, u and

v components, temperature, relative

humidity, solar radiation

7:00-10:00
May-

Sep

1990-

1996

Short-term noon

hour

meteorological

data

Auckland City

meteorological

monitoring site

Wind speed, wind direction, u and

v components, temperature, relative

humidiw

I l:00-13:00
May-

Sep

1990-

r996

Auckland Airport

meteorological

monitoring site

Wind speed, wind direction, u and

v components, temperature, rclative

humidity, global solar radiation,

mean-sea-level air pressure, 24-

hour rainfall

I l:00-13:00
May-

sep

1990-

1996

Long-term

meteorological

data

Auckland Airport

meteorological

monitoring site

Wind speed, wind direction, u and

v components, temperature, relative

humidity, mean-sea-level air

pressure, 24-hour rainfall

I l:00-13:00
May-

sep

1966-

l996

Gridded

meteorological

data

Grid/area 25'S-

50"s, 160'E-175'w

1000 hPa geopotential height

(NCEP/NCAR reanalysis)
12:00

May-

sep

1958-

r996

Kidson (1997)

classification

index data

Grid/area 25'S-

55"S, 160"8-175"W

Classification index Oased on the

ECMWF analysis)
l2:00

May-

sep

1980-

1994

Southern

Oscillation Index

(SOD data

Tahiti/Darwin Monthly SOI
Jan-

Dec

1958-

1996

Road lengtb data Auckland area
Road length, X/Y coordinates in

NZ Grid

Mesh Block data Auckland area

Usually resident population, mesh

block ID, mesh block area, XIY

coordinates in NZ Crid

1996
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3)

4)

The two sites are located in the urban Auckland where relatively high emissions and

associated high pollution levels are identified (ARC, 1998; Gray et al., 1998;

Wegmiiller et. al, 1998);

Given their different locations (Table 2.2), use of two sites (rather than a single site)

facilitates both consideration of spatial variability of pollution concentrations and

examination of weather-induced variability in air quality in the context of multiple

pollution sources associated with different land use types;

5) Since 1991, the two sites have formed part of the United Nations Global

Environmental Monitoring System (LJN/GEMS), indicating the status of urban air

pollution within New Zealand in a global sense (Graham and Narsey, 1994).

The locations and site details are described in Figure 2.1 and Table 2.2. For further

information, refer to Graham and Narsey (1994), ARC (1997) and references therein.

Table 2.2 Site details of the air quality data. The traffic density data (vehicles per day) are from 1997,

averaged over five weekdays.

Location Site details

Penrose

Highly traffic impacted site, located approximately 50m northeast of the Auckland Southern Motorway

(traffic density of 124,(n0 vehiclqs per day). Gt. South Rd (50,0fl) vehicles per day) is situated about 500m

further away to the west. There are main roads within 500m to lkm to the north. No main roads exist within

lkm to the east-northeast.

Mt Eden

Central suburban site, located approximately 30rn southwest of Mt Eden Rd (15,0m vehicles per day). Main

roads occur to the northeast and northwest within 500m to lkm. No main roads exist within lkm to tbe

southwest.

20



Figure 2.1 lncations of monitoring sites.

1

2
3
4

Auckland City meteorological monitoring site
Auckland Airport meteorological monitorin g site
Mt Eden air quality monitoring site
Penrose air quality monitoring site

The air quality data are available as ten-minute averages. These were used to calculate

hourly averages. The highest pollution levels at these sites typically occur during the

morning rush hour (Figure 2.2; Graham and Narsey, 1994; Noonan, 1997; ARC, 1997).

Daily values of hourly average pollutant concentrati6ns for the morning rush hour, i.e.,

for 6:00-9:00 New Zealand Standard Time (NZST) in the daylight saving period, and for

7:00-10:00 NZST during the rest of the year, were used in the present study to focus on

characterizing meteorological effects during the most adverse air quality conditions.
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Figure 2.2 Diurnal vaiations of hourly NO and NO2 concentrations (in units of pg/m3 ) at the Penrose

and Mt Eden sites in Auckland.
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Figure 2.2 Continued.
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Penrose mean NO levels in Winter
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Mt Eden mean NO levels in Winter
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Further constraints were placed on the data due to significant weekday-weekend

differences and seasonal variations (Figures 2.3 and 2.4). The weekday-weekend

differences in air quality are related to the weekly pattern of traffic, since the monitoring

sites are located in urban areas where emissions from vehicles are very important

(Noonan, 1997; ARC, 1997). The seasonal variations in pollutant concenffations are

attributable to variations in meteorological conditions, and subsequent variations in

emissions and atmospheric chemical processes (Williams et a1.,1988; Atkins and Lee,

1995; Bower et aI., 1991; Kleinman, 1991, 1994; Uno et al., 1996; Noonan, 1997;

Derwent et aI., 1995; Hargreaves et a1.,2000). Analysis of variance (not shown) revealed

that pollutant concentrations varied significantly (significant at a 0.000 level for an F-test)

from month to month and between weekdays and weekends. Given that the highest values

were observed on weekdays in the winter months, the data analyzed in the present study

were limited to weekdays in the winter months from May to September.

Therefore, for each pollutant at each site, the time series analyzed in the research

consisted of three morning rush hour (7:00-10:00 NZST) values each weekday from May

to September. These time series are also referred to as hourly rush hour air quality data

hereafter (Table 2.1).
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Figure 2.3 Mean monthly NO and NO2 concentrations and standard errors, in units of pg/m3.
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Figure 2.4 Mean NO and NOz concentations and standard errors for each day of the week, in units of

pg/m3.

a. NO

35

30

25

20

15

10

5

0
Thu

Day of week

2.2 Local meteorological data

Local meteorological data were extracted from the New Zealand Climate Database

(Penney, 1997) with the assistance of the National Institute of Water and Atmospheric

Research N[WA). The data used were from two sites, Auckland City and Auckland

Airport (Figure 2.1), and for the period of May-September. The data for the two

meteorological sites were used in combination to represent the larger-scale weather

conditions in the area, in an attempt to compensate for meteorological data not being

available for the actual air quality monitoring sites. For both meteorological sites,

measurements of hourly wind speed, wind direction, air temperature and relative
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humidity were used. In addition, hourly global solar radiation, mean-sea-level air

pressure, and 24-hour rainfall records from the Auckland Airport site were also used.

Wind speed and direction are measured for only ten minutes each hour, but are considered

to represent conditions for that hour. The hourly wind vector was converted into its west-

east (u) and south-north (v) components following Barry and Perry 0973). Following

standard convention (Kidson, 1994), the rainfall data were recorded at 9:00 NZST each

day but are assumed to have occurred on the previous day. It should be noted that, though

stability data such as mixing height are important in air pollution studies, such data could

not be accessed in the present study.

In order to facilitate the different analytic procedures of the research, the historical

records of multiple meteorological variables were stratified (mainly according to time

frames) into different meteorological data sets (Table 2.1).

2.2.1 Short-term meteorological data sets (1990-1996)

Two short-term meteorological data sets (Table 2.1) were utilized, as described in the

following sections.

2.2.1.1 Short-term morning rush hour data (7:00-10:00 NZST)

Variables in this data set included wind speed, wind direction, u and v components of

wind, air temperature and relative humidity from both the Auckland City and Auckland

Airport sites, and solar radiation from the Airport site only. The time series for each

variable consisted of hourly values for the same three hours of the morning rush hour

period (7:00-10:00 NZST) in May-September from 1990 to 1996. To be consistent with

the hourly rush hour air quality data, this data set is also referred to as hourly rush hour

meteorological data in this thesis (e.g., in Chapter 4).
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2.2.1.2 Short-term noon hour data (11:00-13:00 NZST)

This data set also covers the period of May-September from 1990 to 1996, similar to the

morning rush hour data set. As shown in Table 2.1, the time series consisted of three

hourly values for the period of ll:00-13:00 NZST (rather than 7:00-10:00 NZST).The

choice of the noon hour period, i.e., 11:00-13:00 NZST, was to match gridded

geopotential height data which were for 12:00 NZST (0000 UTC) and used to determine

the meteorological weather patterns over New Zealand, and Auckland in particular (Table

2.1). Variables were wind speed, wind direction, u and v components of wind, air

temperature and relative humidity from both the Auckland Airport and Auckland City

sites, and mean-sea-level air pressure and global solar radiation for the Auckland Airport

site only. In addition, 24-hour rainfall data were also included.

2.2.2 Long-term meteorological data set (1966-1996)

This data set included measurements from the Auckland Airport meteorological

monitoring site only. The variables were wind speed, wind direction, u and v components

of wind, air temperature, relative humidity, mean-sea-level air pressure and 24-hour

rainfall. Except rainfall for which there was only one value per day, the time series of

each variable consisted of three hourly values for the period of 11:00-13:00 NZST on

each day, covering May-September from 1966 to 1996. Again, the choice of the time

duration was to match the geopotential height data, as did the short-term noon hour data

set (Table 2.1).

2.3 Gridded meteorological data

The gridded meteorological data, which was mainly for the purpose of synoptic weather

typing, were from the U.S. National Center for Environmental hetection and National

Center of Atmospheric Research (NCEP/NCAR) Reanalysis Project, as provided by

N[WA. The reanalysis is an output of current data assimilation and forecasting techniques

applied to historic data sets (NCEP/NCAR, 1999). The data set used in this research

30



comprised daily 1000 hPa geopotential height reanalysis at 0000 UTC for the period of

May-September from 1958 to 1996. The area coverage was a grid of 2.5"x2.5o mesh,

bounded by latitudes 25"S to 50oS, and longitudes 160'E to 175'W with a total of 121

grid points.

The NCEPA.{CAR geopotential height reanalysis is available for both 0000 UTC and

1200 UTC. The analysis time of 0000 UTC corresponds to local noon time 12:00 NZST.

It was chosen for the present study for two reasons. Firstly, at this time and in this region

of the Southern Hemisphere, radiosonde coverage is more comprehensive than at other

times of the day (Kidson, 1994a). Secondly, air pollution is often of greater concern

during the daytime because of relatively higher pollutant emission rates. Moreover, of the

two time points, 0000 UTC is closer to the morning rush hour period (NZST) on which

most analyses were focused.

The area coverage selected for this data set is simlar to that used by Kidson (1994a, b;

1997), who classified the weather maps for the New Zealand region using the European

Centre for Medium Range Weather Forcasts (EClvfWF) data (refer to section 2.5 for

further information). Given that the Auckland region was the focus of the present study,

the chosen grid coverage was based on such considerations as:

o The weather within the grid usually is dominated by a single synoptic-scale system

and it was anticipated that a small number of classes would be needed to represent the

full range of situations (Kidson, I994a). The coverage should not be too small in

order to distinguish synoptic scale features within the study area (Sturman and

Tapper, 1996).

o The areas of high frequency of anticyclones and cyclones over the New Zealand

region are to the west of the North Island over the Tasman Sea, and to the east of the
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South Island (Browne, 1975; Leighton and Deslandes, l99I). Thus these two areas

should be represented in the grid.

The weather conditions in New Zealand are strongly influenced by terrain (Sturman

and Tapper, 1996). Consequently, all of the main islands were included in the grid.

o The Auckland region was almost at the centre of the grid in an effort to reflect more

clearly the synoptic situations over that region.

2.4 Land use data

Two sets of data, road length and Mesh Block population, were used as indicators of land

use in the Auckland central area where the two air quality monitoring sites are located.

The data were extracted through the cooperation of the Geographic Information Systems

(GIS) digital database belonging to the Departrnent of Geography in the University of

Auckland.

In air emission inventory methodologies, the spatial distributions of roads and population

are often considered as important land-use characteristics (indictors) in order to estimate

the spatial distributions of air pollutant emissions in an urban area (e.g., Baldasana, 1998;

ARC, 1998; Wright and Kuschel, 1996; Wright,1997; Guenther, 1997; Reed and Lewis,

1978; Newton,1997).In Auckland, it has been shown that motor vehicles are the largest

anthropogenic source of ambient air pollutants, accounting for 86Vo of total emissions on

an annual basis; the second significant source is domestic heating, which accounts for

167o of total emissions on a typical winter day (ARC, 1997, 1998). Therefore, from the

air quality point of view, it has been found appropriate to use length of roads and

population data as indicators of land use and human activity, and hence, emission

conditions in this region (ARC, 1998; Wright, 1997). Typically, lengths of different types

of roadways (e.g., motorways, arterial roads, and residential roads) within a specific area

can be indicative of the emission conditions attributable to motor vehicles in a spatially
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collective sense, though the emission factors will vary significantly with such factors as

vehicle type and travelling speed (Watkins, 1991; ARC, 1998; Wright and Kuschel,

1996). On the other hand, emissions from domestic sources are likely to occur in

populated areas according to the respective population densities (Marsh and Grossa, Jr.,

1996; Orthofer and Winiwarter, 1998; ARC, 1998). However, it is clear that many other

land-use characteristics, which could directly or indirectly contribute to emissions of air

contaminants in this region, will not be taken into account. For example, according to the

Auckland Air Emissions Inventory (ARC, 1998), the emissions of nitrogen oxides (NO

and NOz) from industrial (point) sources are also significant (Table 2.3). But for

simplicity of the analysis, the existence of industrial factories is not considered in

depicting land-use characteristics, though this treatment might influence the results, as is

further discussed in Chapter 5.

An alternative for the preceding approach would be to use the Auckland Air Emissions

Inventory data directly (ARC, 1998). However, given the fact that the inventory data have

a 3 km x 3 km grid cell format, they are too coarse and were thus inappropriate for the

present study. Further discussion is presented in Chapter 5.

Table 2.3 NOx (NO and NO) emissionsfor the Auckland region. Source: Wegmiiller et al. (1998)

Emission source
Typical summer weekday Tvoical winter weekdav

NOx
/Tonnes/dav) Percentage

NOx
/Tonnes/dav) Percentage

Motor vehicles

Aviation

Rail transport

82.0

1.7

2.O

81.2

1.6

1.9

82.0

1.7

2.O

80.1

1.6

1.9

Domestic fuel combustion

Off-road vehicle

Other Unacc. Ind/Com emission

0,5

1.6

0.5

0.5

1.6

0.5

2.O

't.6

0.5

2.O

1.6

0.5

tlon-metallic minerals

\retal manufacture

1.2

8.'l

1.2

8.0

1.3

8.2

1.2

8.0

fotal 97.6 96.5 99.3 96.9
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2.4.1 Road length data set

The road length data set included the roadway length in meters, and X/Y coordinates in

New Zealand (NZ) grid for the Auckland area. The original data set contains Department

of Survey and Land Information data, and was purchased from Eagle Technology Ltd. by

the Planning Department of the University of Auckland in July 1995. The data were made

available under permission from the digital database of the Geography Department,

University of Auckland. The data files are stored in Arcllnfo format and are thus ready to

be used with software such as ARCVIEW.

The road length data have a range of inherent elrors from 0.792 meters to 10 meters

(http://www.geog.auckland.ac.nzlauck/gengis/data.html). For the areas near the two air

quality monitoring sites (i.e., urban and suburban areas), the inherent errors are less than

1.584 meters.

Because different types of roads are associated with different emissions, due to factors

such as traffic speed limit and traffic volumes (ARC, 1998; Power and Baldasano, 1998;

Newton, 1997; Watkins, 1991), the road length data were assigned to different road types,

on a road segment basis. There are two rypes of road segments: 1) one type refers to a no-

exit road section of which only one end is linked with other roadway(s) (Figure 2.5a);2)

the other refers to a road section of which each end intersects with other road(s) (Figure

2.5b\. This treatment allowed the distribution of roads to be distinguished. However,

defining road types was somewhat arbitrary. A preferable method might have been using

the traffic density data (e.g., number of vehicles per day) for each road segment. While

traffic density data were available for motorways and for some major traffic corridors

(often only for a specific period of time), traffic density data were not available for all

road segments (Transit N.2., 1996; ARC, 1998; Dixon,1997; Walker, 1997). Therefore,

in this case, subjective judgement was unavoidable. Based on the available roading

information in Auckland (Transit N.2., 1996; Dixon, 1997; Walker, 1997, 1998), a



modified version of the ARC (1998) definition for traffic road types was used in this

analysis, as described as follows:

o Motorways: include all motorways and on/off ramps.

ArteriaUmajor commercial roads: include regional arterial roads (excluding

motorways and on/off ramps) and main urban traffic corridors in major commercial

centers (e.g., Mt Eden road).

Main residential roads: include road segments that meet these conditions: 1) each

end is linked to at least one other road segment which is not no-exit (see Figure 2.6a

for an example of no-exit road segments); 2) not belonging to the above two road

types; 3) not belonging to any type of those shown in Figure 2.6.

o Minor roads: include three typical sub-types, with examples given in Figure 2.6: 1'1 a

no-exit road segment, only one end of which exits to other road segment(s) (Figure

2.6a);2) a road segment with one end linking only to other no-exif segment(s) (Figure

2.6b); and 3) a road segment with both ends being linked to the same other segment

(Figure 2.6c).

Figure 2.5 lllustrations of road segments (denoted parts).

a. b.b.
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Figure 2.6 lllustrations of minor roads (shaded parts).

a.

b.

c.
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2.4.2 Mesh Block data set

This data set consisted of Census 1996 statistics for individual Mesh Blocks (MBs) in

Auckland (Statistics New Zealand, 1997; ARC, 1998). The statistics included were the

usually resident (UR) population count in persons, mesh block ID, mesh blocks, and X/Y

coordinates in NZ Grid. The chosen data were extracted under permission from the GIS

digital database of the Geography Department, University of Auckland. Statistics New

Zealand released the original data set in the Supermap3 package (Statistics New Zealand,

1997).

The Mesh Block is the smallest geographic area used by Statistics New Zealand in the

dissemination of data (Statistics New Zealand,1997).

The usually resident (UR) population refers to the population that usually resides in a

given mesh block. A person must have resided, or planned to reside in an area for three

months or more to be counted as usual resident (Statistics New Zealand, t997).

2.5 Kidson (1997) classification index data set

The Kidson (1997) classification index data set was compared with the classification

resulting from the gridded NCEP/NCAR meteorological data set (refer to Chapter 6 for

details). The data set comprised the synoptic classification index for the daily 0000 UTC

(12:00 NZST) synoptic weather patterns for the New Zealand region for the period of

May-September from 1980 to 1994. It was extracted from the original classification

which was provided by Dr. John W. Kidson, National Institute of Water and

Atmospheric Research (NTWA), Wellington.

The (original) Kidson (1997) classification was established by analyzing the ECMWF

1000 hPa twice daily (0000 UTC and 1200 UTC) gridded geopotential height data for

1980-1994. The grid chosen for the classification was latitude 25"S to 55oS, and

longitude 160"E to 175"W, at a 2.5"x2.5" mesh. The southern boundary is 5" further



south than that in the gridded (NCEP/NCAR) meteorological data set (section 2.3). The

classification procedure was a combination of unrotated S-mode empirical orthogonal

function (EOF) analysis and clustering techniques (Kidson, 1994a,1997).

In recent years Kidson's weather type classifications have proven very useful in

interpreting climate variability (Kidson, 1994a, b), improving weather forecasting

abilities (Kidson, 1994b, 1997), validating the performace of a climate model, and

indicating the changes in model circulation resulting from enhanced greenhouse warming

(Kidson and Watterson, 1995).

2.6 Southern Oscillation Index (NCC 1933-1992 SOI) data set

This data set included monthly values of the Southern Oscillation Index (SOI) for

January-December from 1958 to 1996. The data were downloaded from Australia's

Commonwealth Scientific and Industrial Research Organization (CSIRO) Atmospheric

Research Division web site (http://www.dar.csiro.au/nino/SOltable.htrnl).

The SOI is based on a revised calculation by the National Climate Center (NCC) of the

Ausffalian Bureau of Meteorology. The NCC has made a number of changes to the way

the SOI is calculated [for details, see CSIRO Atmospheric Research (1999)]. In

particular, the climate base period has been changed to L933-1992 (from 1887-1989), and

thus the new SOI data are often referred to as NCC 1933-1992 SOI.

The formula for calculating the NCC 1933-1992 base period SOI is:

10 x [PA(Tahiti) - PA(Darwin)]/Std Dev Diff

PA( )= the Pressure Anomaly - monthly mean minus long-term mean (1933-

1992)

where
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St. Dev. Diff. = Standard deviation of the difference (1933-1992)

A monthly value is frst obtained by taking the difference between each of the monthly

mean sea level pressure (MSLP) anomalies at Tahiti and Darwin and normalizing each of

the differences by dividing them by the standard deviation of the monthly differences in

MSLP anomalies at both locations (Troup, 1965). The value is then multiplied by 10 to

create the monthly SOI value (Allan et al.,1996a). Periods of strong, protracted negative

values relate to El Niffo episodes, while periods of strong, protracted positive values

relate to La Nifla episodes.

2.7 Data quality control

The control of data quality is important for physically meaningful results to be obtained.

All the above data sets were checked for anomalous and consistent values and

appropriately treated if necessary before being used in an analytic procedure, with more

attention being paid to the air quality and local meteorological data sets.

For each variable, the extreme values in a data set were identified. If the values were

more than three standard deviations away from their sample mean, they were carefully

studied by comparing three or more adjacent values in the time series. If some variation

ffend existed, i.e., the extreme values were not too singular in a variation sense, they were

considered valid. Otherwise, they were Eeated as missing data. For example, in the hourly

air temperature data, a value of -18"C was found in the Auckland Airpon data set. This

value was examined and discarded because all other records within 24 hours of the

reading were above zero. Given that the temperature in Auckland seldom falls below OoC,

this action is justifiable.

Before finalizing the data sets, the temporal homogeneity of the long-term data such as

mean-sea-level air pressure records for the Auckland Airport site was also checked by
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investigating the whole year (January to December) monthly mean time series (Fitzharris

et al., L992). Since some of the data were recorded manually by different staff members

(Daw, 1999), operational errors might exist and. thus heterogeneity of the data was

expected. However, no distinct changes were found in the time series, and thus these data

were considered homogeneous.

Overall, data loss caused by the quality conhol procedure was less thanl.s%.No change

was made to the gridded meteorological data, sol data, and land use data.
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Chapter 3 METHODOLOGY

The main techniques utilized in this research, as described in the research design (Figure

1.3), are principal component analysis, cluster analysis, multiple linear regression

analysis, and multiple comparison analysis. Comprehensive descriptions of multivariate

statistical techniques can be found in references such as Seber (1984) and Sharma (1996).

This chapter provides a general overview of these methods, and gives a brief introduction

to the application of synoptic climatological approaches to air quality studies. Further

details will be provided in the chapters where the methods are applied and results

presented.

3.1 Principal component analysis (PCA)

The basic aim of principal component analysis (PCA) is to describe each of n variables in

terms of n new variables (underlying components or modes), through the use of a simple

linear mathematical model (Sharma, 1996; Richman, 1986; Jolliffe, 1990,1993). In other

words, through PCA, the n variables are replaced with n principal components (PCs)

which are linear combinations of the original variables. The analysis is based on the

dispersion matrix related to the observations. This is used to derive the eigenvalues,

eigenvectors, and then the PCs (Seber, 1984; Press e/ aI., 1995; Engeln-Miillges and

Uhlig, 1996).

This method was first proposed by Kal Pearson (1901), and well developed by Harold

Hotelling (1933). The original purpose of this method was to reduce the dimensionality of

data by maximally extracting the variances (Jolliffe, 1990). An important property of the

method, insofar as the sumarization of data is concerned, is that each component, in turn,

makes a maximum contribution to the sum of the variances of the n variables. The first

principal component explains the maximum variance in the original variables. The second

principal component is uncorrelated with the first one, but explains a maximum of the
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remaining variance. The third and subsequent components are defined similarly. All the

components are required to reproduce the correlations :rmong the original variables. But

for a practical application, only a few components may be retained, especially if they

account for a large percentage ofthe total variance ofthe data, as is often the case.

However, since 1980, the method has been further developed (e.g., Richman, 1981,

1983a, 1985, 1986; North et a1.,1982; Horel, 1981, 1984; compagnucci and Ruiz, 1992;

Huth, 1996a, b). The most attractive aspect in the PCA development is the applicaton of

rotations to PCs. This has made PCA an easily interpretable technique as well (Richman,

1986).

Therefore, besides its model simplicity, PCA has at least three advantages (Harman,

1976; Richman, 1986; Yarnal, 1992; Jolliffe, 1990, 1993). Firstly, pcA can reduce the

large number of variables into just a few PCs that account for most of the variance in the

data set. Secondly, the resulting PCs are mathematically independent if unrotated or

orthogonally rotated. Thirdly, the PCs can reveal the underlying co-variability among the

variables, especially when appropriately rotated. The practical uses of PCA are thus not

only for data reduction (e.g., Kidson, I994a, b) and overcoming the collinearity among

the original variables (e.g., Henry and Hidy, 1982), but also for identifying coherent

variation modes of various parameters (e.g., Salinger and Mullan, 1999) as well as data

clustering/grouping (e.g., Huth, 1996a, b).

A simple outline of the important aspects of PCA is given in the following subsections.

More detailed descriptions could be found in references such as Sharma (1996), Richman

(1986), Jolliffe (1990, 1993), Presendorfer (1988), and Dunteman (1989).

3.1.1 PCA model

The PC model (Richman, 1986) can be defined from an N x n data maffix:
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Z-{zii: i=|, 2, ..., N', i=1, 2, ..., nl

where i indexes individuals or cases andT indexes variables. For every i, j, zij denotes the

variable value of some physical field or some derived field. The PC model representation

of z,; is

Zrj= Efr^ar^j i=1, ...N;j=1, ...n; m=1, ..., r; r<=n (1)

where J. is the lnth principal component score for the ith individual and a,.; is the rnth

principal component loading on thejth variable.

In matrix form (l) becomes

Z='FA.r

The principal component scores (or called amplitudes) and loadings (or called patterrt

cofficients) can be developed with the following definitions [assumed to be in

standardized form and divided by the number of cases for physical convenience

(Richman,1986)l:

R=ZTZ (n x n) (data correlation matrix)

@=FrF (r x r) Qtrincipal component score correlation matrix) (4)

S=ZrF (n x r) (principal component primary structure matrix) (5)

The alternative solution of the PC primary structure matix (5), which represents the

correlations between the PCs and the variables, is:

S=AO (6)

Equations (1), (3) and (4) are used to define the PC model in terms of the correlation

matrix (R) representation:

(2)

(3)
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R=A O Ar

This relationship (7) is the fundamental PC equation in terms of the correlaton matrix and

is a combination of A (the PC primary pattern matrix) and LO (the PC primary structure

matrix). The initial solution of equation (7) is usually obtained by deriving the

eigenvalues and eigenvectors of the dispersion matrix R [refer to Seber (1984); Press et

aI.,1995; Engeln-Miillges and Uhlig, 1996 for detailsl. In the initial solution and under

orthogonal rotation, O=l,rtherefore AO=A and both are referred to as PC loadings, which

are simply the correlations between the original variables and the PCs (Sharm a,1996).

The regression method is often used for estimating component scores (especially when

PCs are rotated). The regression equation (Richman, 1981) is

F=6A.rx-rz (8)

There exist a few other methods for estimating component scores (Harman, 1976;

Norusis, 1997), but they give little difference in the estimation [refer to Harman (1976),

p386 for detailsl.

3.1.2 Data considerations

Similar to factor analysis (Harmon, 1976; Richman, 1986; Herzberg, 1990; Norusis,

1997), the basic data considerations for PCA are:

o The variables should be quantitative at the interval or ratio level (Jolliffe, 1990, 1993;

Norusis, 1997). Categorical data (such as religion or country of origin) are not

suitable for PCA (and factor) analysis. Data for which Pearson correlation coefficients

can sensibly be calculated should be suitable for PCA (and factor) analysis.

(7)
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The data should have a bivariate normal distribution for each pair of variables.

However, while a variable which is distinctly non-normal should not be included in

the analysis, considerable latitude might be allowed (Harman, 1976).

o The observations are assumed to be independenr of each other. Since the principal

component model was developed for independent observations, a problem might arise

if successive observations are signfficantly serially correlated to each other (Richman,

1981).

3.1.3 Dispersion matrix

For deriving eigenvectors, eigenvalues and PCs, principal component analysis often

employs either a correlaton or covariance matix to relate the data in the analysis (Sharma,

1996;Richman, 1981, 1986; Key and Crane, 1986;Jolliffe, 1990).

Many researchers (e.g. Richman, 1986; Jolliffe, 1990; Davis and Gay, I993a, b;

McGregor and Bamzelis, 1995; Zeler/rra, 1997) prefer using the correlation maffix

(corresponding to the standardized input data matrix). There are two basic advantages:

o Correlation matrix is applicable to variables measured in different units. When the

variables are measured in different units, the relative sizes of the variances and

covariances depend crucially and arbitrarily on the units used to measure the various

different elements/variables. Standardisation makes variables comparable and the use

of the correlation matrix for PCA is an obvious strategy for overcoming this

arbitrariness (Richman, 1981 ; Jolliffe, 1990).

o The treatment that all the variables or gridpoints are given equal weight sometimes

can be an advantage. For example, when PCA is used for synoptic patterns analysis,

the position of synoptic centers will not be biased (Richman, 1981); and the first
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component tends to reflect the mean pattern unless means are first removed (Huth,

1996b).

A disadvantage of a correlation matrix input is that it yields normalized departure fields

with isolines being non-dimensional (Richman, 19gl).

An advantage of a covariance input matrix for PCA is that it more accurately reflects the

actual (spatial or temporal) deviations of the data than does a correlation matrix

(Richman, 1981; Kidson,1994,1995,1997; Huth, 1996). The disadvantage is that the use

of the covariance matrix will emphasize the variables (or regions/periods) with large

variances. For example, when applied to synoptic weather typing, the resulting map types

will concentrate synoptic centers in the areas of maximum variance. This becomes a

problem if there is a strong gradient of variance across the research area.

3.1.4 Decomposition mode of pGA

PCA can be performed in different modes depending on the nature of the input data

matrix, as determined by the choice of variables, individuals, and fixed entities (Richman,

1986; Yarnal,1992). canell (1952) defined six basic modes as o, p, e, R, s and r (Table

3.1). A unique clustering of variables for each mode will result when 'simple structure

roatation' is applied (Richman, 1986).

Table 3.1 The six modes of decomposition and how these relate to the PC model as shown in equation
( I ). Source: Richman ( 1956)

PC model

Variable index

j denotes

Individual index

i denotes

Fixed

entity
o Time Field Station
P Field Time Station

a Station Field Time
R Field Station Time
s Station Time Field
T Time Station Field

Matrix display PC loadings: (a^;, m=1,...,r; j=I,...,n|

PC scores: lf;^, i=1,..., N;m=1,...,r1
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For example, in studies of meteorological fields P-mode PCA uses an input data matrix

with meteorological field (or parameter) included as variables, time as individuals, and

single site (or station) as the fixed entity.

3.1.5 Number of PCs retained

The total number of components produced by PCA is equivalent to the number of original

input variables and they account for 100 percent of the total original variable variance.

However, very often only a few components may account for the majority of the variance

and thus be retained for practical use.

Determination of the number of PCs to retain in the analysis is critical. Interpretation of

the PCA results may be sensitive to the choice (Richman et al., 1992). Many methods to

guide the choice of how many PCs to retain have been formulated and used. But different

criteria yield inconsistent results (e.g., Richman et al., 1992; Yarnal, 1992) and none of

these methods can be considered better or entirely satisfactory in itself. Recently, Huth

(1996b) discussed the way of determining the optimum number of PCs to retain when

using T-mode PCA as a weather typing technique. He suggested that it is impossible to

decide in advance the number of PCs to retain, without a detailed scrutiny of the results.

Even after such a scrutiny has been conducted, more than one choice may be acceptable.

The final choice of the optimum solution depends on the aims of the intended study: it

should balance the demands on statistical stability of results and physically meaningful

interpretations.

In the present study, the number of PCs to be retained was decided following a 2-step

procedure, with some modifications being made when applied to a specific problem.

Firstly, the initial eigenvalues were examined in terms of their magnitudes and mutual

separation to pre-determine the possible numbers of PCs to be retained. For this purpose,

following Cattell (1966) and North et al. (1982), a plot of the eigenvalue and sampling
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error versus PC-number was used to help the choice. Sampling errors were calculated

following North et aI. (1982). The formula is 61,=1,*(2 /Il)h, with l. being an eigenvalue

and N the degree of freedorn The rule is that, given two PCs with close eigenvalues,

)uplu2, they will be degenerated and should not be separated if 1,1-61,/ is less than l.z+61,2.

These degenerated PCs with close eigenvalues can be identified on the curve as sections

of relatively small slope, and where the sum of sampling errors is comparable to, or larger

than, the spacing between the related two eigenvalues. These sections are sometimes

referred to as shelves (O'Lenic and Livezey, 1988). The number of PCs to retain is

chosen by cutting off those PCs just behind such a shelf, but keeping in mind that

degenerated multiplet (PCs) should not be separated from one another and as much

variance in the data set as possible should be explained by the PCs retained. This step

might yield more than one choice as to which PCs to retain. In such cases, secondly, by

considering the purpose of the analysis, and comparing the performance of PCA results

when different numbers of PCs are retained, the final number of PCs to retain is decided

on the basis of which choice will yield the better performance. Following Richman (1986)

and Huth (1996a, b), relatively better simple structure and reproducibility of the

underlying correlation among the input variables are sought to identify better PCA

performance. It is clear that the procedure is not completely objective.

3.1.6 Rotation of PCs

For the purpose of physically meaningful interpretation of PCs (i.e., better reflecting the

underlying co-variations ,rmong the original variables), rotation is often applied to the

PCs retained (Richman, 1981). The PCs are rotated in such a way that each one is

maximally correlated with a distinct data cluster. In other words, the specific goal of

rotation is to rotate so the loadings of a given component define small, distinct clusters of

intercorrelation. This is known as simple structure (Thurstone, 1947; Mulaik, 1972;

Richman, 1986).



There are two classes of rotations, orthogonal and oblique. The orthogonal rotations

rigidly rotate a determined (retained) number of principal components a number of

degrees, to better explain the data, while still retaining the orthogonality of the PCs to

each other. Oblique rotations do not constrain orthogonality, thereby allowing the rotated

PCs to more precisely identify the data clusters. The oblique solution routinely provides a

more unambiguous, or unique, position for the coordinate axes. This yields components

of greater interpretive clarity than orthogonal components (Richman, 1986).

Based on the simple structure criteria (Thurstone, 1947), a number of analytic rotation

algorithms have been developed for computer-assisted analyses (Harman, 19761'

Richman, 1986). For orthogonal rotations, there are Varimax (Kaiser, 1958; 1959),

Equimax and Quartimax. Of these, Varimax rotation is a common package (e.g., in SAS,

SPSS and BMDP) and widely available technique which has been most frequently

applied to meteorological data (Richman, 1986). On the other hand, the common oblique

rotation methods include Promax (Hendrickson and White, 1964), Direct Oblimin

(Jennrich and Sampson, 1966), Harris-Kaiser II (Hanis and Kaiser, l9@>, DAPPFR

(Richman, 1986). Among these, Promax and Direct Oblimin are the most common

packages available.

Richman (1986), using a Monte Carlo simulation procedure, showed how accurately the

different rotation techniques uncover the input PC structure which was randomly

generated. He concluded that rotated PCs better represent the data clusters than do

unrotated components-oblique rotation techniques such as DAPPFR and Promax (K=2)

rotation are more accurate than orthogonal ones. However, he further mentioned that,

"...no one solution (unrotated, rotated) or specific criterion will always yield the most

accurate results...the investigator must ultimately use his knowledge of the substance and
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Iiterature in his domain, combined with judicious application of the optimal experimental

design and solution...to arrive at the most meaningful analysis" .

3.2 Cluster analysis

The purpose of cluster analysis is to place objects/observations into groups or clusters

using the data from the objects such that 1) the objects in a given cluster tend to be similar

to each other with respect to certain characteristics; and 2) objects in different clusters

tend to be dissimilar with respect to the same characteristics (Sharma, 1996). Cluster

analysis can also be used for summarizing data rather than for finding natural or real

clusters (Everitt, 1993). By organizing multivariate data into such subgroups, clustering

may help the investigator discover the characteristics of any structure or pattern present

among the objects studied. Ideal data for such an analysis would yield clusters so obvious

that they could be picked out, at least in small-scale cases, without the need for

complicated mathematical techniques and without a precise definition of the term cluster.

In practice, however, the real situation is rarely so straightforward. There has thus been a

great proliferation of clustering techniques over the last three decades or so (Everitt,

1993).

Among the great variety of clustering techniques, hierarchical agglomerative methods are

far more widely used (Davis and Kalkstein, 1990; Gordon, 1992; Everitt, 1993). The

agglomerative clustering procedures attempt to identify relatively homogeneous groups of

objects (cases or variables) based on selected characteristics. Each individual object

(cases or variables) starts as a separate cluster of one. Most close (i.e., most similar)

clusters are then merged/fused, step by step, until they are all united into one cluster

containing all of the objects (Table, 3.2). Thus, once an object is placed in a particular

cluster, it can't be removed from that cluster at a later step. It is clear that the investigator,

50



wishing to have a solution with an optimal number of clusters, will need to decide on a

particular stage to stop the clustering.

Table 3.2 Basic operation ofhierarchical agglomerative clustering procedures. Source: Everitt (1993).

Start: Cluster Cr, Cz, .. ., Cn each containing a single individuaUobject.

Step I Find nearest pair of distinct clusters, say C; and C;, merge C1 and C;, delete C; and decrement number

of clusters by one.

Step 2 If the number of clusters equals one then stop, else return to step L

Most hierarchical agglomerative techniques are quite similar computationally (Table 3.2);

the primary differences lie in the manner in which distances (or similarity) are computed

between an individual object and a cluster containing several individuals, or between two

clusters containing more than one object. In the remainder of this subsection, brief

discussions are given on the data considerations, the measurement of inter-individual

similarity/distance, the hierarchical agglomerative clustering method used in this research

(Chapter 5), and the problem of deciding on the correct number of clusters.

3.2.1 Data considerations

The variables may be quantitative, binary, or categorical data. Scaling of variables is an

important issue-differences in scaling may affect the cluster solution(s). If the variables

have large differences in scaling (for example, one variable is measured in dollars and the

other is measured in years), data standardization should be essential (Norusis, 1997;

Everitt, 1993).

The similarity or distance measures used should be appropriate for the data analyzed

(Everitt, 1993). The variables included in the analysis should also be carefully considered.

Omission of influential variables or involvement of irrelevant variables can result in a

misleading solution. Because hierarchical cluster analysis is an exploratory method,
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results should be treated as tentative until they are confirmed with an independent sample

(Norusis, 1997).

3.2.2 Measurement of similarity

Many methods of cluster analysis begin not with the raw multivariate data matrix, but

with a matrix containing numbers indicating the similarity or dissimilarity/distance (as

the complement of similarity measures) of each pair of individuals or objects, which are

to be clustered. The term proximiry is often used to refer to both types of index (Everitt,

1993).

A similarity index indicates the strength of the relationship between two objects given the

values of a set ofp variables common to both. The similarity between two objects i and j,

will be a function of their observed values, i.e.,

S;; =/(x;, xi) (1)

where xi = F;.r, xi2, ..., r,pl and xi= fx4, xi2, ..., xipf arc the observed variable values for the

objects (Everitt, 1993).

There are many ways in which similarity (then proximity) may be measured, depending

largely on the type of data involved, in particular the type of variable. Perhaps the most

commonly used similarity/distance measure is Euclidean distance (Sharma, 1996; Everitt,

1993). Often its squared form is used in practice, and is defined as the sum of squared

differences of the values between individuals. Such a measure was used in this research

(Chapter 5). The more similar the objects, the smaller the distance between them and vlce

versa. The formula for computing squared Euclidean distances forp variables is given by

D,j' = 2@*- xi*f k=I,2, 3, ..,, p (2)
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where Dii2 is the squared distance between objects i and j, x1 is the value of the ftth

variable for the ith object, x;r is the value of the tth variable for the jth object, and p is the

number of variables.

A more complete list of measure of similarity can be found in Everitt (1993), Sneath and

Sokal (1973) and Anderberg (1973). However, different measures may lead to different

results, and it is still uncertain which similarity or distance measure should be used in the

clustering techniques. Despite a number of comparative studies (Cheetham and Hazel,

1969; Boyce,1969), the question cant be answered in any absolute sense and the choice

of measure has to be guided by the type of variables being used and the experience and

intuition of the investigator (Everitt, 1993).

3.2.3 Hierarchical agglomerative method used in this research

A number of hierarchical agglomerative clustering methods have been developed. The

most common are single linkage (nearest neighbour), complete linkage (furthest

neighbour), group-average clustering, centroid clustering, median clustering and the Ward

(1963) method (Everrit, 1993; Sharma, 1996). However, different methods may lead to

different results in practice. Comprehensive studies (e.g., Milligan, 1980; Cunningham

and Ogilvie,1972; Blashfield, 1976; Hands and Everitt, 1987) have shown clearly that no

single method can be claimed as superior for all types of data. A large method x type of

data structure interaction does exist. Generally, empirical studies point to Ward's method,

group average and complete linkage as the most useful in practice (Everitt, 1993).

Tlre complete linkage method, also called furthest neighbour, was used in this research

(Chapter 5), for reasons noted below. The distance/similarity between two clusters is

defined as the maximum of the distances (squared Euclidean distances used) between all

possible pairs of objects, one from each group/cluster. The measure between Cluster A

and Cluster B is illustrated as dns in Figure 3.1.
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Figure 3.1 Complete linkage distance between two clusters.

Cluster B

While single linkage and the median method have a chaining property (Sibson, 1968),

and both centroid clustering and Ward's method have a bias towards defining spherical

clusters (Everitt, 1993), the complete linkage clustering algorithm has a few advantages.

Besides its mathematical simplicity, a notable advantage of complete linkage clustering

(and single linkage), emphasized by Johnson (1967), is their invariance under monotonic

transformations of the proximity matrix. This means that the methods will give the same

results on other proximity matrices, the elements of which are in the same rank order as

the original; only the ordinal properties of the similarity or distance measure are of

consequence. Consequently the difficulties generally involved in scaling and combining

different variables into a proximity measure become of less concern. Moreover, Baker

(1974) and Hubert (1974) both provide evidence that complete linkage clustering is less

sensitive to particular types of observational errors than single linkage. Further, studies by

Kuiper and Fisher (1975) and Blashfield (1976) show that complete linkage clustering is

one of the more successful methods with unequal sample sizes, while Ward's method

performs more satisfactorily when sample sizes are equal.

3.2.4 Deciding on the number of clusters

Typically, when hierarchical clustering techniques are used in practice, the investigator is

not interested in the complete hierarchy but only in one or two of the partitions obtained

Cluster A



from it. Thus, deciding when to terminate the clustering procedure, i.e., what is the most

appropriate number of clusters, has long been a crucial question of cluster analysis.

Several statistical and graphical techniques have been suggested for selecting the number

of clusters (e.g., Wilks, 1995: Duda and Hart, 1973; Harabasz, 1974;Mojena, 1977; SAS

Institute Inc., 1991), but it still remains a difficult problem (Everitt, 1993). A common

criterion for finding the stopping stage of clustering is the start of a sharp drop in the

proportion of variances explained by the current number of clusters (Kalkstein et aI.,

1987; Sharma, 1996).In this case, a plot of the explained variance versus the clustering

stage is used, as is the c/uslering analog of the scree test (Cattell, 1966). Another simple,

but commonly used, method is to examine the difference between fusion levels in the

dendrogram (Everitt, 1993; SAS Institute Inc., l99l; Sharma, 1996). Often a plot of

fusion level against clustering stage is used; large changes are taken to indicate a

particular number of clusters (Wilks, 1995). This method was used in the current research

when classifying the land-use features, since the primary purpose of the classification was

to find relatively similar (or relatively different) land-use sectors rather than seeking the

natural or real land-use clusters in a strict sense (see Chapter 5). It is clear that such a

method is unavoidably subjective and depends on the researcher's judgement by keeping

in mind that the choice should make the results both physically meaningful and readily

interpretable. Detailed discussion of the methodi for selecting number of clusters can be

found in Milligan and Coopter (1985) and Gordon (1987, 1992).

3.3 Multiple linear regression analysis

Multiple linear regression analysis is a statistical technique used to investigate the

relationship between one variable (called dependent) and two or more other variables

(called independents) based on a linear model (Snedecor and Cochran, 1989). The

analysis helps uncover how the independents influence the dependent by identifying the
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relative importance of the independents and considering the interpretations and

implications of the sizes and signs of the respective coefficients. While details can be

found in references such as Snedecor and Cochran (1989), Norusis (1997) and others, this

subsection provides a brief outline of this multivariate technique.

3.3.1 The multiple linear regression model

With p independent variables in n observations, the regression model can be expressed as

Yi= fo+ f 8t + fzXiz + ... + f/ip+ e;, i=1,2,3,...,fl (l)

The notation Xp indicates the value of the pth independent variable for case i. The / terms

are unknown parameters and the eiterms are independent random (error) variables that are

normally distributed with zero mean and constant variance o2 (Snedecor and Cochran,

1989).

There are z such equations, one for each observation, and these can be summarized in

matrix notation as

Y=XF+e (2)

where Y is an nx,l vector, X is an nx(p+I) matrix, p is a (p+l)-dimensional column

vector, and e an n-dimensional column vector.. The elements of the vector Y are the

observed responses and the elements of the X matrix are the observed values of the

explanatory/independent variables. The method of least squares seeks estimates of the fs

that minimize the sum of the squared deviations between the fitted and observed

responses. The method leads to a system of normal equations

X'Xb=X'Y (3)

where b is a (p + /)-dimensional column vector, with its elements (ba br bz, ... ,bp) being

the respective estimates of elements in F (fo, f t ft, ... , 0) and called partial regression



coefficients. The X' is the transpose of X. The entries of X'X are sums of squares and

sums of products of the X-variables. The matrix is symmetric, with sums of squares on

the diagonal and sums of products as off-diagonal entries. The X-variable associated with

p6 is always one so that the entry in the upper left of XX is the sum of squares of n ones.

The entries of X'Y are sums of products of X-variables with the l-variable.

The estimate of B is the solution to the equation system (3) and is

b = (xx)-lxY

The solution assumes that the inverse of XX is defined.

(4)

3.3.2 Data considerations

A premise of using this technique is that the dependent and independent variables should

be quantitative. Categorical variables such as religion, race, orregion ofresidence need to

be re-coded to binary (dummy) variables or other types of contrast variables in order to

suit a regression analysis (SPSS Inc., 1991; Norusis, 1997).

Further, the data being analyzed should meet the following four basic assumptions: 1) for

each value of the independent variable, the distribution of the dependent variable must be

normal; 2) the variance of the distribution of the dependent variable should be constant

for all values of the independent variable; 3) the relationship between the dependent

variable and each independent variable should be linear; and 4) all observations should

be independent (Dillon and Goldstein, 1984; Snedecor and Cochran, 1989). These

assumptions are important in order to obtain physically meaningful results from the

analysis.

3.3.3 Model goodness of fit

Determination of the model goodness of fit, namely, how well the model actually fits the

data analyzed and the population from which the sample was drawn, is an important
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aspect for understanding the relationship between the dependent and independent

variables (Daniel and Wood, 1980).

A commonly used measure of the goodness of fit of a linear regression model is R-square

(R2), or the cofficient of determination (Norusis, 1997). A sample R2 is the square of the

Pearson correlation coefficient (R) between the observed value of the dependent variable

(y) and the predicted value (I0 of I from the fitted model. Another interpretation is that

R2 reflects the proportion of the variation in the dependent variable explained by the

model. If all the observations fall on the regression line, R2 is one. If there is no linear

relationship between the dependent and independent variables, R2 is zero (in this case, B1

: p2: ft : .-- : fp= 0).

The R-square derived from the sample tends to be an optimistic estimate of how well the

model fits the population. The model usually does not fit the population as well as it fis

the sample from which it is derived (Daniel and Wood, 1980). The adjusted R-square

(Norusis, 1997), rather than the sample R-square, is often used to measure the model

goodness of fit and as an indicator of the proportion of the variance in the dependent

variable explained by the model. This is because the adjusted R-square attempts to correct

the sample R-square to more closely reflect the goodness of fit of the model in the

population. In the present study, the adjusted R-square was calculated from the sample R-

square by considering the sample size and the number of independent variables in the

regression equation, as given by the formula

Adjusted R2 = R2 - p (l - R2) | (n-p-l) (s)

where p is the number of independent variables in the model equation, n the total number

of cases.
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Often a test of the null hypothesis B1 = B2 = ft = ... = fp= 0 is helpful to determine

whether there is a linear relationship between the dependent variable and the entire set of

independence variables. This test is based on the result that, if the regression assumptions

are met, the ratio of the mean square regression to the mean square residual is distributed

as an F-statistic (Snedecor and Cochran, 1989), with p and N - p - I degrees of freedom.

In addition, investigating the violation of the model assumptions is another way to test the

goodness of fit of a regression model. For example, a scatter plot of residuals against

predictions of the dependent variable can suggest possible violation of the assumptions of

linearity and equality of variance. If the linearity assumption is met, the residuals should

be randomly distributed in a band clustered around the horizontal line through zero.

Further, if the spread of the residuals increases or decreases with the predicted values, the

assumption of equality of variance should be questioned. Further, whenever the data are

collected and recorded sequentially, a plot of residuals against the sequence variable

should be checked. Ifthe sequence and the residual are independent, a discernible pattern

should not be seen. Otherwise, the assumption of independence of f values might be

violated. Moreover, a histogram of the residuals can be constructed to determine if the

normality assumption is met. A detailed description of these methods can be found in

such statistical packages as SAS (Herzberg, 1990) and SPSS (Norusis, 1997).

3.3.4 Determining importantvariables

In a multiple regression analysis it is often desirable to determine the relative importance

of the independent variables in influencing the dependent variable. However, the

procedure is usually not an easy one. This is because the independent vaiables are often

highly intercorrelated, rather than truly independenr. Such an intercorrelation can affect

the results of multiple regression analysis, i.e., it can lead to anomalous/unstable results

and make it difficult to assess the separate contribution/importance of each independent

variable (Snedecor and Cochran, 1989; Norusis, 1997;Herzberg, 1990). Several studies,



e.g., Swindel (1974), Draper and Smith (1981) and others, have documented the potential

dangers of multiple regression on intercorrelated variables. In order to overcome such

intercorrelation (and consequently aid the production of numerically stable and

physically meaningful results), data transformation techniques such as principal

component analysis are often applied to the independent variables before performing the

multiple regression analysis (e.g., Henry and Hidy, 1982; Belsley et al., 1980; Wolff et

al.,1984; Malm et a1.,1990).

Even after the intercorrelation problem has been resolved, it is still often inappropriate to

directly interpret the partial regression coefficients (bs) as indicators of the relative

importance of the independent variables. This is because the magnitude of the regression

coefficients depends on the units in which the variables are measured. Standardized

regression coefficients, also called beta coeffrcients or beta weights (Fox, 1984; Norusis,

1997), are calculated in order to identify the relative importance of the independent

variables. The beta coefficients are actually the coefficients of the independent variables

in the regression equation when all variables are expressed in standardized form. They are

independent of the units in which the variables are measured, and are therefore

comparable. The larger the absolute value of the coefficient, the more important the

associated independent. A beta coefficient is obtained by multiplying the partial

regression coefficient by the ratio of the standard deviation of the independent variable to

the standard deviation of the dependent variable.

3.4 An introduction to synoptic climatological methodologies

A synoptic climatological approach is ideally suited for the study of local pollution

variations (Greene et al., 1999). Previous studies have shown that a wide variety of

weather elements directly, and/or indirectly, influence air quality (e.g., Davis and Gay,

1993a; Greene et aI., 1999; and references listed in Chapter 1). Since these weather

60



elements are often closely interrelated with each other, there is value in analyzing air

quality problems using synoptic climatology (Davis and Gay, 1993b). Moreover, the

complexity of the interactions between meteorology and ambient air quality is further

influenced in urban areas by the modified aerodynamic roughness and urban heat island

on the one hand and by the variety of sources on the other. Due to the fact that this

complexity often makes it difficult to establish links between weather parameters and

pollution concentrations, the synoptic climatological approach has become extremely

popular with air quality researchers (Shahgedanova et al., 1998). One of the primary

benefits of the synoptic climatological approach is that it facilitates consideration of the

complex impacts of numerous interrelated weather elements within a holistic framework

(Barry and Perry, 1973; Davis and Gay, 1993b; Kalkstein et al., 1996). This section

provides background information on relevant synoptic climatological methodologies and

discusses why a weather typing approach has been used in the present study.

3.4.1 Background

Synoptic climatology is defined as the explanation of local climate in terms of the large-

scale circulation (Muller, 1977). A classic synoptic climatological analysis first involves

determining the primary and recurring categories of atmospheric circulation and then

understanding how some external environmental (in this case air quality) or

meteorological parameter is related to the resulting categorization (Barry and Perry,

r973).

Synoptic climatological research is often divided into two distinct groups based on the

method the researcher chooses to distinguish synoptic categories: weather type

approaches and air-mass based approaches (for more details refer to Kalkstein et al.,

1996; Davis and Kalkstein, 1990a; Davis and Walker, 1992). Weather typing defines

synoptic groups by air pressure/geopotential height or wind fields (Davis and Walker,

1992). The resulting categories represent distinct flow regimes that can be related to
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thermodynamic variables or weather element data (Davis and Walker, 1992). Although

the thermodynamic variables or weather element data are not used explicitly in

determining the categories, in most synoptic classifications they are fairly consistent

within each category (Davis and Kalkstein, 1990a). Weather type approaches are most

useful when the evaluation requires detail pertaining to atmospheric transport

mechanisms (Kalkstein et aI.,1996; Davis and Kalstein, 1990a).

On the other hand, air mass-based approaches utilize a variety of weather elements, and

thus the resulting classification is less dependent on pressure and wind fields. These

methods typically include air temperature and some moisture variable (standard airmass

identifiers), as well as pressure or geopotential height data, cloud cover, wind speed and

direction, and sometimes visibility data. It shold be noted that, ". ..although these

classification schemes are typically data-intensive, a degree of subjectivity nevertheless

exists in the process" (Davis and Kalkstein, 1990). The resulting synoptic categories do

not merely represent different flow regimes, since dynamically based variables consititute

only a portion of the data matrix. Much like weather typing, air mass-based approaches

are used widely in environmental analysis. They are "best-suited, but not limited to,

bioclimatological problems such as phenological analyses, as well as other instances

where organisms respond to the character of the atmosphere rather than to pressure or

wind patterns" (Kalkstein et a1.,1996).

Among the applications of synoptic climatological methodologies to air quality studies,

computer-assisted, air mass-based approaches are most commonly used. For example,

based on data for several weather variables sampled at a single location, Kalkstein and

Corrigan (1986) developed a synoptic classification for Wilmington, Delaware and used it

to interpret local sulphur dioxide levels. It was found that strong anticyclones and

transitions from polar to maritime air masses were related to high-pollution events. This
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approach has subsequently been developed further and applied most extensively, in the

area of air pollution climatology (e.g., Davis, 1990a; Davis and Kalkstein, 1990b;

Kalkstein et al., 1990a; Davis and Gay, 1993a, b; McGregor and Bamzelis, 1995;

Zelenka,1997; Shahgedanova et a1.,1998; Greene et aI., 1999).In most of these studies

(e.g., McGregor and Bamzelis, 1995; and references therein), the procedures used for air-

mass classification are often a combination of principal component analysis (used as a

data reduction technique) and cluster analysis, using single-site meteorological data. A

notable exception is the work of Davis and Kalkstein (1990a, b) and Davis and Gay

(1993a, b) who used multi-site meteorological data lfor a more detailed review, refer to

Davis and Gay (1993a, b)1.

There are relatively few applications of synoptic weather typing techniques in the air

quality research area. However, McKendry Q994) has demonstrated the usefulness of

computer-assisted weather typing methodology to air pollution problems. He applied the

Kirchhofer synoptic classification procedure separately to the National Meteorological

Center (NMC) gridded mean sea-level and 500 hPa pressure fields for southwestern

British Columbia and then sucessfully related the resultant classification to the

summertime ground-level ozone (O3) concentrations in Vancouver.

In New 7,ealand, to the best of the author's knowledge, synoptic climatological methods

have not previously been used to study air quality, while a small number of synoptic

weather classifications have been completed [refer to Kidson (1994a, b; 1997) for a

detailed reviewl. One purpose of the present investigation, as described in Chapter l, was

to develop the ability to relate changes in air quality in the Auckland region to synoptic

weather types, and to examine possible effects of climatic phenomena such as ENSO, in

an effort to help formulate strategies for air resource management.
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3.4.2 The choice of weather typing method

In the present study the weather type approach, rather than the air mass-based approach,

was considered more appropriate in identifying the dominant synoptic weather types over

New Zealand, and over the Auckland region in particular, and subsequently facilitating a

synoptic analysis of local air quality problems in Auckland. The choice of approach is

justified as follows:

1) Results from previous studies have demonstrated the potential usefulness of the

synoptic weather typing approach in New Zealand contexts.

o Although there have been only a small number of applications of synoptic

climatological techniques in New Zealand (Kidson, 1994b), the excellent work

undertaken by Kidson (1994a, b; 1997) and Kidson and Waterson (1995) has

comprehensively demonstrated that synoptic climatological analyses, based on the

weather type approach, are useful for interpreting climate variability, improving

forecasting of daily air temperatures, validating the performace of a climate

model, and indicating the changes in model circulation resulting from enhanced

greenhouse warming.

o In addition, Hessell (1990) noted that, in Auckland, light winds are mostly

associated with anticyclones that bring stable conditions, while strong winds are

associated with fronts and depressions that bring unstable weather. This suggests

that, at least in the Auckland region, there exists a close relationship between

local wind conditions, atmospheric stability, and the characteristics of synoptic

weather systems, although influences of some local circulation patterns such as

sea breezes are also significant in the surnmer (ARC, 1997; also refer to Chapter

4).
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o More recently, Salinger and Mullan (1999) have demonstrated that variations and

trends in New Zealand regional temperature and rainfall respond significantly to

circulation changes in the southwest Pacific.

For the Auckland region, meteorological data are still limited (ARC, 1997) so that it

is difficult to perform an air mass-based classification on the regional scale, as is

preferred for the purpose of regional air quality studies (e.g., Davis and Gay, 1993a,

b). A classification might be possible only for individual sites (e.g., McGregor and

Bamzelis, 1995: Zelerka, 1997). Due to the spatial variation of meteorological air

pollution relationships (Davies et aI.,1991,1992), a synoptic index developed using

station specific data may not be applicable outside the region for which it was

developed (McGregor and Bamzelis, 1995). On the conffary, this disadvantage can be

overcome through the weather type approach by using multi-site data at a wider

spatial scale.

As reported later in Chapter 4, analysis on the relationships between local air quality

and meteorological conditions has revealed that the wind velocity appeared to be the

most relevant meteorological factor affecting local air quality. This suggests a

potential usefulness of the synoptic weather typing approach to air quality studies in

this region, since the approach has the ability to identify air flow regimes that

dominate the region under study (Kalkstein er aI.,1996).

Given that the New Zealand landmass is nanow, as is the isthmus geography that

typifies Auckland, the air mass is not expected to be modified significantly during

passage over the area (Kidson, 1998).

5) During winter months (the focus of the present study), variations in local weather

conditions are predominantly due to synoptic forcing because local circulation

3)

4)
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patterns such as sea/land breezes are less developed (Tapper and Sturman, 1996;

Neale, 1987; Maunder,1970a, b; McGill, 1987; Hessell, 1990; Hurnard, 1980).

6) As a contribution to the application of synoptic climatological methodologies to air

quality research in New 7,ealand, the weather type approach keeps the classification

procedure relatively simple by focusing the analysis on the major pollution-related

meteorological factors, such as wind velocity.

Apart from purely subjective methods (e.g., Lamb, 1950), there are four different

objective weather typing methods: correlation method (Lund, 1963), sums-of-squares

method (Kirchhofer, 1973; Blair, 1998; Kaufmann et al., 1999), cluster analysis (e.g.,

Key and Crane, 1986; Kidson,1994a), and principal component analysis (Richman, 1981;

Huth, I996a, b). A comparison of the four objective methods was performed by Huth

(1996a). It was found that none of them is indisputably superior. However, as pointed out

by Huth (1996b), the PCA method seems to be best for circulation classification

purposes. Despite the fact that the circulation types obtained by this method tended to be

slighly less separated from each other than those obtained by some other methods, the T-

mode PCA method provided more stable classes in time and space (i.e., it is less sensitive

to changes in grid density and period investigated) and was more efficient in reproducing

predefined circulation types known in advance. The latter was felt to be an important

advantage. Also, the undesirable snowballing effect (Hurh, 1996a; also refer to section

3.2), which was a cornmon result of most other methods, appeared to be satisfactorily

suppressed by the T-mode PCA method. Furthermore, PCA appeared to be relatively

insensitive to the choice of subjectively prescribed parameters (i.e., number of

components rotated) and allowed each day to be classified. Such is not the case for

correlation and sums-of-squares methods.
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Recently a variant of the correlation method, a hybrid procedure for blending manual and

correlation-based classifictions, was described by Frakes and Yarnal (1997).It utilizes a

relatively short-term manual classification to generate composite pressure surfaces. These

are then used as seeds in a long-term correlation-based computer classification. However,

on the one hand, manual classifications are inherently subjective (so that the results are

largely dependent on the reseacher's judgement) and labour intensive. On the other hand,

as mentioned above, the problem that correlation-based classifications are sensitive to the

prescribed parameters such as the pre-set threshold cotelation value(s) has not been

addressed, and unclassified days (based on the chosen thresholds) are still unavoidable.

Hence, such a method was considered inappropriate for air quality studies.

In the present study the T-mode PCA method was used to generate the synoptic weather

types for the New Zealand area, and for the Auckland region in particular. The

classification provided here is distinctive for a number of reasons, for example,

o The classifiction was based on a much longer period of data (1958-1996) than the

previous classifications (e.g., Kidson, 1997). As such, it is useful for investigations of

climatic events, such as ENSO phenomena, that have significant influence on the

New Zealand climate (Salinger and Mullan,1999).

o For the first time the NCEP/NCAR reanalysis was used in New Zealand. It is

important to test the usefulness of a new data set based on improved calculation

schemes (refer to Chapter 2).

o For the first time T-mode PCA was applied to synoptic weather typing and air quality

research area in New Zealand.
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3.5 Other techniques

Several basic statistical techniques were also used in this research, including homogeneity

(equality) of variance test, one-way ANOVA, multiple comparison analysis, and Mann-

Whitney test. Brief descriptions are as follows:

Levene's test of homogeneity of variance

The Levene's test (Levene, 1960) was used to identify the existence of homogeneity

(equality) of variances among the different groups of data. The null hypothesis to test is

that the groups come from populations with the same variance. The Levene's test uses the

average of the absolute deviations, instead of the mean square of the deviations, as a

measure of the variation within a group. The Levene statistic is obtained by performing a

one-way analysis of variance on these deviations.

This test is more powerful than many other tests, such as Bartlett's test (Snedecor and

Cochran, 1989). This is because it avoids squaring when measuring within-group

variations, making the test criterion much less sensitive to long-tailed distributions, and

thus less dependent on the assumption of normality. On the contrary, the Bartlett's test

and others (e.9., Pearson and Hartley, 1954) tend to give too many significant results with

observations that come from long-tailed distributions-namely, distributions with

positive kurtosis (Snedecor and Cochran, 1989). Thus, these tests are more dependent on

the data distributions being normal than is the Levene's test.

One-way ANOVA (F.testl

One-way analysis of variance, abbreviated as One-way ANOVA, was used to determine

whether different groups/sub-sets of data have the same means and thus come from the

same population, or have different means and therefore are likely to be from different

populations.
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The basic null hypothesis to test is that all population means are equal. The One-way

ANOVA technique examines the variability of the observations within each group as well

as the variability between the group means. Based on these two estimates of variability, a

ratio between them, called an F statistic, is used to draw conclusions about this null

hypothesis (Snedecor, 1934; Snedecor and Cochran, 1989). The hypothesis that all

population means are equal can be rejected if any two means are unequal.

The assumptions for ANOVA are 1) each of the groups is an independent random sample

from a normal population; 2) in the population, the variances of the groups are equal.

However, in practice the F-test is often still valid when some degree of departure from

normality occurs (Norusis, 1997; Gourevitch, 1965; Iversen and Norpoth, 1988). It is still

necessary to check the equality of variances between groups before performing an F-test

(Snedecor and Cochran, 1989; Norusis, 1997; Iversen and Norpoth, 1988).

Multiple comparison procedures

A significant F value only identifies that the population means are likely to be unequal. It

does not identify which pairs of groups are likely to have different means. Therefore,

special tests, called multiple comparison procedures ot mean separation lesrs (Hsu, 1996;

Winer et a1.,1991; Norusis, 1997; SAS Institute Inc., 1991), are used to determine which

groups have means significantly different from each other and may thus come from

different populations , and vice versa.

A t-test should not be used to compare all possible pairs of means, since when many

comparisons are made involving the same means, the probability that one comparison

will turn out to be statistically significant increases (i.e., type I error rate ingls4sss-

Snedecor and Cochran, 1989). The greater the number of comparisons, the more likely

one or more pairs will be statistically different, even if all population means are equal.

This situation can lead to erroneous judgement about the data under investigation.
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Multiple comparison procedures avoid identifying too many differences as significant by

adjusting the observed significance level of the differences between the means (Hsu,

1996; Hinton, 1995). The greater the number of comparisons made, the larger the

difference between pairs of means must be for a multiple comparison procedure to find it

significant.

Many multiple comparison procedures are available (Hsu, 1996; Norusis, 1997; SAS

Institute Inc., 1991). They differ in how they adjust the observed significance level. Two

methods were used in this research: the Tukey's honestly significant difference (HSD)

test (Tukey, 1953) and the Games-Howell test (Norusis, 1997). When the equality of

variances among groups is assumed, the Tukey's method is considered more powerful

than others (SAS Institute Inc., 1991; Hinton, 1995). The testing procedure uses the

stadentized range statistic to make all of the pairwise comparisons between groups and

sets the experimentwise (Type I) error rate at the error rate for the collection for all

pairwise comparisons (Hinton, 1995). The Games-Howell method is a pairwise

comparison test that is liberal and appropriate especially when the group variances are

unequal (Norusis, 1997).

In addition, to compare only two samples/groups of data, the two-independent-sample r-

test was used (Snedecor and Cochran, 1989; SAS Institute Inc., 1991). The test

hypothesis is that the means of two goups are equal. Based on the assumption that the

variances of the two groups are equal, the normal t statistic is used in the test. But based

on the assumption that the variances are unequal, an approximate t value (Snedecor and

Cochran, 1989) is computed and used. The underlying assumption of the t-test procedure

is that the observations should be independent, random samples from normal

distributions. However, in practice the two-sample t-test is fairly robust to moderate, and
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even certain extreme, departures from normality (Gourevitch, 1965; Iversen and Norpoth,

1988; Norusis, 1997).

Mann-Whitney test

The Mann-Whitney rank sum test (or Mann-Whinq U test), a non-pararnetic equivalent

of the unpaired t test, is based on the ranks of the data (Harraway, 1993). The null

hypothesis is that two independent samples have similar distributions, i.e., they are from

the same population. This test does not assume that the two samples have normal

disnibutions. It requires the data be ordinal measurements. It is more powerfrrl than the

median test since it uses the ranks of the cases (Norusis, 199).
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