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Abstract
This thesis examines the relationship between atmospheric phenomena and particulate matter in
Alexandra, a township located within an inland basin in Central Otago. The primary aim of this research
is to define the air pollution climatology of Alexandra by characterising those atmospheric processes
which control particulate matter concentrations at a variety of spatio-temporal scales. During the winter
months, Alexandra suffers from some of the poorest air quality in New Zealand and currently exceeds
the Air Quality National Environmental Standards (AQNES) for daily PM10 nearly fifty times a year.
This provides a major challenge for the Otago Regional Council (ORC) as they look to meet the AQNES,
which is three exceedances a year, by 2016. However, the relationship between emissions and PM10 is
complex due to the climate of Alexandra being strongly influenced by its location within an inland basin.
This makes the task of meeting the AQNES inherently difficult. Therefore, an understanding of the
atmospheric processes that control PM10 is of importance to the ORC as it attempts to improve
Alexandra’s air quality.
This research utilised both long term meteorological data as well as observations from a field campaign,
to represent atmospheric processes occurring at the synoptic, local and micro-scales. Long-term data
from the ORC’s monitoring station (2006 – 2013) and a NIWA automatic weather station (2008 – 2013)
were analysed to describe the relationship between PM10 and the synoptic and local-scale conditions
over the winter months (May-August). A temporary automatic weather station was installed between
14 June 2013 and 20 August 2013 which included eddy covariance measurements in order to make
inferences on the micro-scale processes present within the atmospheric boundary layer. Finally, a case
study was also undertaken on 23 July 2013 which utilised vertical wind profiles observed by Sodar.
Synoptic scale analysis indicated that poor air quality is not only linked to anticyclonic conditions, but
was a feature of nearly all synoptic conditions, which highlights the effects of topographic sheltering on
Alexandra’s climate. Even during times of strong westerly flow over the South Island, high PM10
concentrations were observed, indicating that the air mass within the Alexandra Basin is frequently
decoupled from the gradient flow. The continuation of synoptic conditions was found to be an important
control on air quality, with those circulations linked to high PM10 persisting longer and being preceded
by synoptic conditions that are also linked to poor air quality.
To define the local meteorological conditions that were most important to air quality in Alexandra, a
Classification and Regression Tree (CART) analysis was used. A range of meteorological predictor
variables recorded over seven winters were recursively partitioned in order to predict whether or not
Alexandra’s daily average PM10 concentration exceeded the AQNES standard. The conditions defined
by the CART analysis indicated that air temperature and wind speed predictor variables could explain
much of the variation in PM10 concentrations, with exceedances most likely to occur during low
overnight temperatures and/or calm conditions. Overall, the conditions defined by the CART analysis
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were shown to correctly predict whether or not an exceedance day occurred 76% of the time, indicating
that the CART analysis is a robust tool for air quality assessment.
An examination of the local wind field was undertaken in order to understand how local flows might
influence dispersion in the Alexandra Basin. A down-valley flow was frequently observed entering the
basin from the NE of the township, where the Manuhikirea River enters the basin. This wind was shown
to skirt the township before being redirected to the E/SE, as a result of the interaction with both the local
topography and the convergence of perpendicular drainage flows. The presence of a flow from the NW
was also noted and this was deemed to converge with the down-valley flow over the township. This
convergence, coupled with the effects of cold air pooling due to topographical blocking indicates that
rather than increasing dispersion, the local wind field encourages the presence of stagnant air, further
enhancing reduced dispersion conditions.
Scaling parameterisations applied to eddy covariance measurements were used to characterise the
micro-scale controls on the atmospheric boundary layer (ABL). It was found that PM10 concentrations
in Alexandra were strongly influenced by both the stability and the height of the ABL, particularly
during periods when emissions were being released (e.g. 1800h – 0000h and 0600h – 0900h). The
characteristics of the ABL were shown to vary considerably throughout the night, moving between
strongly stable stratification with a height < 30m to weakly stable stratification with heights exceeding
50m, indicating turbulent motion within the nocturnal boundary layer is present, which influenced PM10
concentrations.
Finally, a case study assessing the atmospheric processes present during the occurrence of one of
Alexandra’s bimodal evening peak events was undertaken using a multi-scaled approach. Using vertical
wind profiles captured by Sodar, the presence of a Low Level Jet (LLJ) was observed, occurring above
the local drainage flows. As the onset of the LLJ coincided with a return from strongly stable to weakly
stable stratification, the LLJ is thought to produce wind shear above the Stable Boundary Layer (SBL),
resulting in the introduction of downward turbulence from aloft. This phenomenon coincided with a
decrease in PM10 after the first evening peak, and it is proposed that the shear introduced from the LLJ
results in a re-coupling between the Residual Layer (RL) and the SBL, introducing clean air to the
surface from above. The LLJ was observed to dissipate after reaching its evening maxima and it is
thought that the re-coupling of the RL and the SBL reduces the valley pressure gradient by forming one,
colder air mass at the end of the basin that leads to a decrease in the circulation. Once the LLJ subsided,
a second evening peak was observed, which is credited to the re-accumulation of emissions that
continued throughout the evening.
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Chapter 1: Introduction

Over the past 200 years, an increase in global population, coupled with industrialisation, has resulted in
a considerable rise in the amount of pollutants emitted into the atmosphere (Zawar-Reza and SpronkenSmith, 2005). In areas where emission rates exceed the atmosphere’s ability to disperse pollutants,
pollutant concentrations can increase incurring detrimental effects on both the environment and human
health. Urbanisation has encouraged populations to inhabit the same areas, concentrating both emission
sources as well as the amount of people exposed. The implications of air pollution on human health
means that air quality is a primary concern for decision makers who often legislate control measures.
Pollutants in the atmosphere can be broken into a three main categories: suspended particulate matter,
gaseous pollutants or odours (Zawar-Reza and Spronken-Smith, 2005). Suspended particulate matter
refers to fine particles that are entrained into the atmosphere such as dust and smoke. Current legislation
is often focused on particulate matter smaller than 10µm in diameter (PM10). PM10 has the tendency to
stay suspended in the atmosphere for long periods of time and its size means that it is small enough to
bypass the nasal passage and damage the human respiratory system (Brunekreef and Holgate, 2002).
The impacts on human health from exposure to PM10 have been well documented (Dockery and Pope,
1994; Seaton et al., 1995; Brunekreef, 1997; Ackermann-Liebrich et al., 1997), highlighting the
importance for the correct regulation of air quality.

1.1 Air quality in New Zealand

New Zealand is often regarded to be a place with good air quality. However, concerns about air pollution
in certain regions, resulted in the introduction of the Air Quality National Environmental Standards
(AQNES) in 2004 under the Resource Management Act (RMA) 1991. This saw limits for a number of
pollutants being introduced, including a limit of 50µg/m3 over a 24 hour average for PM10. Any given
airshed was allowed to exceed this limit a maximum of twice a year and was to be fully implemented
by 2013. As it became apparent that not all airsheds were going to be able to reach these targets, the
AQNES was updated giving airsheds with more substantial pollution problems until either 2016 or 2020
to meet these limits.
Some of the airsheds with the poorest air quality in regards to PM10 are located in the South Island, with
the daily AQNES for PM10 often exceeded during the winter months. This occurs due to the increase of
PM10 emissions associated with the burning of solid fuel as local residents heat their houses. To control
home heating emissions, some regional councils within the South Island have placed discharge
restrictions for existing domestic heating appliances and have guidelines in place for the installation of
new heating appliances. Those home appliances that do not meet the restrictions are deemed to be non-
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compliant and continued use can result in a non-compliance notice followed by a fine. To encourage
the use of compliant heating appliances the Otago Regional Council (ORC) has initialised the Clean
Heat; Clean Air; Warm Homes programme. This programme provides funding for the replacement of
home heating appliances that are non-compliant with the regional air plan. While reductions in PM10
emissions within these high risk towns will likely improve air quality, it is improbable that PM 10
concentrations will meet AQNES targets within the desired time frame. This is due to the fact that PM10
concentrations are not directly correlated with winter time emissions, but rather a combination of
emissions and local weather conditions. A number of studies in South Island towns have shown this link
between the local climate and PM10 concentrations, collectively highlighting the site specific nature of
climate controls on PM10 (e.g. Spronken-Smith et al., 2002; Conway et al., 2007; Mulliner et al., 2007;
Tate and Spronken-Smith, 2008; Broadbent et al., 2010; Tate et al., 2011;Cullen et al., 2012). These
studies indicate the importance of understanding the air pollution climatology of an airshed for those
decision makers who are charged with meeting the targets of the AQNES.

1.2 Air pollution climatology

In general, air pollution climatology can be thought of as the description of meteorological conditions
and atmospheric phenomena that result in undesirable concentrations of atmospheric pollutants (ZawarReza and Spronken-Smith, 2005). These conditions and phenomena occur at a range of temporal and
spatial scales. Importantly however, it is the interaction between the different scales of atmospheric
phenomena that ultimately determine exactly what dispersion conditions exist. This thesis will therefore
focus on taking a multi-scaled approach to define the air pollution climatology, focusing on the
atmospheric phenomena that influence air quality at the synoptic, local and micro scales.
The large-scale climate modes of the El Niño Southern Oscillation (ENSO) and the Southern Annular
Mode (SAM) have been shown to play important roles in determining weather patterns over New
Zealand (Salinger and Mullan, 1999, Kidston et al., 2009). These large scale oscillations ultimately
determine the synoptic circulation patterns that occur over the country (such as cyclones and
anticyclones) and have been shown to influence climate variability throughout the country (Renwick,
2011). The relationship between synoptic conditions and variations in air pollution concentrations at
the Earth’s surface has been widely studied (e.g. McGregor and Bamzelis, 1995; Lam and Cheng, 1998;
Greene et al., 1999). In New Zealand, Jiang et al. (2013) took a multi-scaled (local, synoptic and large
scale) approach to account for variations in nitrogen dioxide concentrations in Auckland, and with high
relevance to this study, Appelhans et al. (2012) determined the synoptic and local controls on PM 10 in
Christchurch.
At the local-scale, atmospheric processes are largely determined by the interaction between terrain and
the overlying synoptic circulations, which often produces complex climates (Jiang et al., 2013). The
Southern Alps are the dominant topographic feature of the South Island and their orographic influence
2

results in perturbations in the gradient flow, regularly generating highly localised air flow (McKendry
et al., 1986).

This in turn introduces strong spatial variations in weather around the mainland.

Variations in surface environments can further complicate the local climate, consequently introducing
thermally driven circulation features such as sea-land breezes and mountain-valley winds that are
common features within the New Zealand landscape. The ability for these local circulations to transport
and disperse pollutants means that thermally driven circulations can strongly influence pollution
concentrations (Arya, 1999).
The transcending nature of atmospheric phenomena means that both local and synoptic conditions play
defining roles on the meteorological conditions that occur at the micro-scale. Synoptic controlled
conditions such as cloud cover and gradient wind speed influence the vertical structure of the
atmospheric boundary layer and; therefore, the extent of dispersion driven by turbulent mixing (ZawarReza and Spronken-Smith, 2005). The localised near surface drainage flows that occur under weak
synoptic conditions also affect boundary layer conditions by enhancing the strength of near surface
temperature inversions (Mulliner et al., 2007), further restricting dispersion.

1.3 Alexandra

The physical setting for this study is the township of Alexandra, Central Otago. Located within an
inland basin in the central South Island, Alexandra suffers from particularly poor air quality during the
winter months. This is due to the an increase in home heating emissions which is coupled with an air
pollution climatology that is strongly influenced by the surrounding terrain (Tate et al., 2011, Cullen et
al., 2012). This combination leads to Alexandra suffering from some of the worst air quality in New
Zealand with an average of 46 breeches of the AQNES daily limit for PM 10 concentration every year.
It also means that meeting the AQNES standards by the allotted time frame is proving to be a difficult,
if not an improbable task for the Otago Regional Council (ORC).
There have been a number of studies undertaken in Alexandra that include emission inventories, source
apportionment studies, and assessments of the air pollution climatology. Previous attempts to define
the air pollution climatology of Alexandra have primarily focused on the relationship between PM10
concentrations and atmospheric controls at the local scale. The influences of synoptic scale processes
on air quality have not been described in detail in Alexandra. However, the general association between
high pollution episodes and the presence of anticyclonic conditions has often been mentioned (see Tate
and Spronken-Smith, 2008; Tate et al., 2011; Cullen et al., 2012). Local climate controls have been
examined using observations (Tate and Spronken-Smith, 2008; West, 2008; Ancelet et al., 2013b) or a
combination of observations and numerically modelled simulations (Tate et al., 2011, Cullen et al.,
2012), with each study describing local nocturnal drainage flows as one of the more important controls
on variations in PM10. At the micro-scale, boundary layer conditions have been assessed by Cullen et
al. (2012) who used a meso-scale numerical model to determine stability controls on air pollution and
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Ancelet et al. (2013b) who used elevated measurements and determined that the height of the inversion
layer can fall below 26 meters at night time.
As Alexandra’s governing body for air quality, the Otago Regional Council (ORC), works towards
improving ambient PM10 concentrations, the climatological controls on PM10 become increasingly
important. In order to determine whether improvements are occurring, differentiation between emission
related reductions and atmosphere related reductions are needed.

For this reason, an accurate

description of the air pollution climatology of Alexandra is a valuable resource.

1.4 Research aim, objectives and thesis structure

The importance of understanding how the atmosphere influences Alexandra’s air quality is such, that a
number of studies have previously been undertaken. However, by predominantly focusing on the local
controls these studies have neglected to take into account multi-scaled interactions controlling PM10.
For this reason, the aim of this thesis is to determine the air pollution climatology of Alexandra by
characterising the atmospheric controls on PM10 over a range of spatial and temporal scales. In order to
meet this aim the following objectives have been set:
1.

Examine how patterns in large-scale atmospheric circulation relate to variations in surface
PM10 concentrations.

2.

Determine the local-scale atmospheric conditions which are most likely to result in high
levels of PM10.

3.

Examine the influence of micro-scale processes on boundary layer conditions and
investigate how these conditions relate to PM10 concentrations.

To meet these objectives this thesis is organised into the following chapters:
Chapter 2 builds on the background theory briefly presented in Chapter 1. The issues surrounding PM10
pollution are first introduced, before the multi-scale atmospheric processes important to air pollution
climatology and approaches of defining these processes for research are discussed using examples from
the current literature. A more in-depth review of the previous research within Alexandra is also
provided.
Chapter 3 describes the physical setting of Alexandra as well as the procedures for obtaining data and
the methods of analysis utilised in this study.
Chapter 4 provides the results of the analysis, which are split into three sections. Section 4.2 focuses
primarily on the relationship between synoptic conditions and the air pollution climatology of
Alexandra. Section 4.3 provides an assessment of the local-scale climate features within the Alexandra
basin and how they relate to air quality and Section 4.4 describes the micro-scale controls on air pollution
in Alexandra by defining boundary layer conditions.
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Chapter 5 presents and discusses the key findings from Chapter 4, again split into three sections
according to scale (synoptic-scale presented in Section 5.1, local-scale presented in 5.2 and micro-scale
presented in 5.3) Particular emphasis is put on providing an explanation of the physical processes that
occur at these scales and how they influence PM10 concentrations in Alexandra.
Chapter 6 summarises the relevant findings.
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Chapter 2: Background context
2.1 Introduction

The relationship between climate and atmospheric aerosols is one of the most widely researched areas
within environmental science. Driven by the potential influence on public health, the link between
emissions of greenhouse gases and the global climate system within the topic of climate change is the
focus of much research. At the regional and local scales, decision makers are forced to consider how
anthropogenic emissions and climate relate to air quality, to ensure public well-being (Zawar-Reza and
Spronken-Smith, 2005). Such foci have led to improvements in the scientific understanding of climate
processes and their relationship with atmospheric aerosols. A theoretical review of the literature
surrounding the issue of air quality and the multi-scale facets of climate is therefore the focus of this
chapter.
Firstly, this chapter will introduce the concerns surrounding particulate matter (2.2) as well as
introducing New Zealand’s regulations and guidelines. Attention is then guided towards the idea of air
pollution climatology (2.3) and the scales of atmospheric phenomena that determine dispersion
conditions. Once defined, the synoptic (2.4), local (2.5) and micro (2.6) scale processes that influence
air pollution climatology are introduced.

Section 2.7 then presents techniques of characterising

atmospheric processes in the context of air quality research. Finally, a review of the research undertaken
in Alexandra is given in order to describe the current understanding of the processes important to PM10
pollution at this location (2.7.3).

2.2 Particulate matter pollution

Air pollution can be separated into three main categories: suspended particulate matter, gaseous
pollutants and odours (Zawar-Reza and Spronken-Smith, 2005). Particulate matter (PM) refers to both
solid and liquid particles that are suspended in the atmosphere, introduced from either point sources
such as exhausts and chimneys or entrained into the atmosphere by wind or eddy diffusion (Geiger et
al., 2009).

PM can originate from natural sources (i.e. sea spray, forest fires, dust storms) or

anthropogenic sources (e.g. fossil fuel combustion, industrial activities) and can range in size from larger
than 100µm in diameter to smaller than 0.1µm (Oke, 1987). For monitoring and regulation purposes
PM is usually broken up into two particle metrics, those smaller than 10µm (PM 10) and those smaller
than 2.5µm (PM2.5) (Ancelet et al., 2012). In New Zealand, air quality legislation focuses on PM10 and
therefore particulates of this size will be the focus for this study.
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PM10
The division of particulate matter by size was introduced to account for the particle sizes that had the
most influence on human health. Particles less than 10µm are small enough to bypass the nasal passage,
and can therefore penetrate into the lower respiratory system (Brunekreef and Holgate, 2002).
Epidemiological studies have therefore linked PM10 exposure to a variety of cardio-vascular and
respiratory health problems (e.g. Dockery and Pope, 1994; Seaton et al., 1995; Künzli et al., 2000;
Brunekreef and Holgate, 2002). Short term exposure can restrict lung capacity, increasing airway
irritation and aggravating asthma symptoms (Ackermann-Liebrich et al., 1997). Over the long term,
PM10 has been shown to increase the incidence of lung cancer among those exposed (Abbey et al., 1999)
as well as strongly contributing to a reduction in life expectancy (Brunekreef, 1997). Those most at
risk from the effects of PM10 pollution are the young, the elderly and those with pre-existing medical
conditions (Barnett et al., 2006). The damaging effects of PM10 on human health highlight the
importance of effectively managing concentrations to ensure the safety of those that live within an area.
Anthropogenic sources of PM10 tend to be connected with the combustion of carbon based fuels, with
sources originating from motor vehicle emissions, home heating emissions, and industrial sources
(Trompetter et al., 2010). Because of its size, PM10 has the tendency to stay in suspension for long
periods of time, lending to the tendency for pollutant build-up, with dispersion relying mostly on the
state of the atmosphere (Oke, 1987). As well as the impacts on human health, mass concentrations of
PM10 can have an effect on the local environment. The visual haze associated with PM10 build-up
reduces visibility as well as influencing the local radiative balance (Ancelet et al., 2013a). The concerns
associated with PM10 pollution make regulatory measures an important consideration for decision
makers throughout the world.

2.2.1 PM10 in New Zealand
PM10 is the primary concern for air quality in New Zealand with an estimated two-thirds of the
population living within areas that suffer from PM10 pollution (MFE, 2011b). Poor air quality from
PM10 emissions has been linked to both urban and rural areas throughout New Zealand. In the North
Island locations such as: Auckland, Hamilton, Taupo and Tokoroa are often affected, but PM10 pollution
is more commonly a problem in the South Island in locations such as Nelson, Christchurch, Rangiora,
Timaru, Alexandra and Cromwell (MFE, 2011b).

Fisher et al. (2007) undertook the most

comprehensive study of the relationship between air quality and health in New Zealand and estimated
that PM10 exposure contributed to approximately 900 premature deaths per year.
Source apportionment studies have shown that PM10 in New Zealand predominantly originates from the
combustion of solid fuel for home heating (Trompetter et al., 2010; Ancelet et al., 2013b). Therefore,
PM10 pollution in New Zealand is a particular concern during winter with higher concentrations aligning
with frequent use of domestic wood burners. It is also during the winter months that the air pollution
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climatology provides favourable conditions for the build-up of PM10 (discussed further in section 2.3)
further compounding the influence of increased emissions.
In 2004 the Ministry for the Environment (MFE) introduced the Air Quality National Environmental
Standards (AQNES) under the Resource Management Act 1991 (RMA). The AQNES introduced
guideline limits for a range of atmospheric contaminants, namely: carbon monoxide, nitrogen dioxide,
ozone, PM10 and sulphur dioxide. For PM10, it introduced a 24 hour average concentration limit of
50µg/m3 with each airshed permitted one exceedance per year (MFE, 2004). An annual average
concentration limit of 20 µg/m3 was also introduced. These limits were to be met by 2013. Those air
sheds not able to meet the guideline limits were then forced to reject all ‘discharge-to-air’ permits for
any activities which introduce PM10 within the airshed.
Regional councils were required to introduce monitoring programmes within airsheds previously
associated with poor air quality. Measurements of ambient PM10 concentrations were required to be
recorded at locations within the air shed where pollution concentrations were expected to be the highest.
Legislation was also introduced to restrict home heating emissions by regulating the types of wood
burners allowed within urban areas and prohibiting the installation of new solid-fuel open fires within
polluted air sheds.
It quickly became apparent however, that the majority of airsheds that regularly exceeded the imposed
PM10 limits would not be able to achieve the AQNES targets by 2013. In order to make compliance
targets more achievable, the MFE revised the AQNES, making amendments to the standards which
came into effect in 2011 (MFE, 2011b). This included changes to the compliance dates, with those air
sheds that exceed the limit more than 10 times a year needing to reduce to three exceedances by 2016
and one by 2020. Those air sheds that exceed the limit less than 10 times per year must reduce their
yearly exceedances to 1 by 2016 (MFE, 2011b).
The onus of meeting these standards now lies on the regional councils working within the framework of
their local airshed plan. However, ambient PM10 concentrations are not always directly correlated with
emissions and studies throughout New Zealand have shown that climates localised by surrounding
topography can increase the likelihood for episodes of poor air quality (e.g. Tate et al., 2011; Conway
et al., 2007; Trompetter et al., 2010; Appelhans et al., 2012). This can leave the task of meeting the
AQNES more difficult than solely reducing local emissions and it is therefore important that local
governments have an adequate understanding of the air pollution climatology of an airshed.

2.3 Air pollution climatology

Air quality is not only affected by the rate of pollutant emissions, but also by how effectively
atmospheric processes disperse, transform or remove pollutants. The description of these processes can
be thought of as the air pollution climatology (Zawar-Reza and Spronken-Smith, 2005). The air
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pollution climatology of an airshed is determined by the interaction between atmospheric processes
occurring at varying temporal and spatial scales. For research purposes, it is common practise to classify
atmospheric processes and phenomena by the temporal and spatial scales at which they exist. Therefore,
section 2.3.1 introduces the concept of atmospheric scaling.

2.3.1 Temporal and spatial scales of atmospheric phenomena
Atmospheric phenomena occur at varying scales in both space and time, from large scale global
circulation systems down to micro-scale turbulent motion (Whiteman, 2000). In order to focus on
specific phenomena researchers have traditionally introduced scaling divisions determined by the
approximate horizontal diameter and time period to which the phenomena exist (Figure 2.1). Orlanski
(1975) first described the relationship between atmospheric phenomena and the spatial-temporal scale
at which they occur by subdividing the phenomena into three broad components: macro, meso and micro
scales defined further with alpha, beta and gamma divisions.
The presence of distinct phenomena operating within the scales determined by Orlanski (1975) has seen
the introduction of two additional scales (Figure 2.1). Between the mesoscale α and the macroscale β
divisions of Orlanski (1975), Oke (1987) describes a “synoptic” scale focusing on phenomena such as
anticyclones and fronts. Also included is a “local” scale which describes those phenomena that occur
between the meso and micro-scales such as local drainage flows. The scales introduced by Oke (1987)
also acknowledge that atmospheric phenomena can occur at more than one scale with the described
scales overlapping.
Such scaling divisions provided a useful framework to describe the characteristics of atmospheric
phenomena, and led to the formation of specialist areas of research such as micrometeorology and
synoptic meteorology. This introduction resulted in a somewhat detached approach to describing
weather conditions and the interaction between phenomena of different scales were often overlooked
(Sturman and Tapper, 2006). In the context of air pollution climatology, such separation limits the
ability to represent the relationship between atmosphere and air pollution and some authors (e.g.
McGregor and Bamzelis, 1995) have commented on the importance of considering atmospheric
conditions at a range of scales for air pollution research. Recently however, focus on representing
atmospheric processes through numerical modelling has led to a more integrated approach to
atmospheric science by describing the complex relationships that occur between multi-scaled
phenomena (Sturman and Tapper, 2006). The interaction of atmospheric phenomena of varying scales
is a central theme within this study and the atmospheric processes important to air pollution climatology
are discussed in regards to the scale at which they occur.
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Figure 2.1: Atmospheric phenomena and their associated spatial and temporal time frames (from: Sturman and
Tapper, 2006 and adapted from Oke, 1987).

2.4 Air pollution climatology at the synoptic scale

Synoptic-scale phenomena are generally the most likely to introduce horizontal motion within the
atmosphere, occurring at distances around 1000 kilometres (Sturman and Tapper, 2006). Features at
this scale include low pressure systems (cyclones), high pressure systems (anticyclones), troughs and
fronts; and, are primarily driven by large pressure gradients that result from variations in the global
radiation receipt (Sturman and Tapper, 2006).

These pressure gradients may be modified by

topographical features (e.g. mountain ranges) with the modification resulting in the formation of
gradient flow (Whiteman, 2000).
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Synoptic phenomena influence temperature, relative humidity, cloud formation, wind and precipitation.
Therefore, they are important processes to consider when defining the air pollution climatology of an
area (Zawar-Reza and Spronken-Smith, 2005). Subsequently, the relationship between synoptic scale
atmospheric processes and air quality has been the focus of a number of studies (e.g. Davis and
Kalkstein, 1990; Kallos et al., 1993; McGregor and Bamzelis, 1995; Shahgedanova et al., 1998;
Appelhans et al., 2013). It is generally observed that poor air quality occurs under the presence of stable
anticyclonic conditions while good air quality is often linked to the presence of unstable cyclonic
conditions (Kallos et al., 1993; McGregor and Bamzelis, 1995; Appelhans et al., 2013)
Anticyclones are characterised by weak gradient flow, typically resulting in low if not calm wind
conditions. The presence of clear skies associated with high pressure systems maximises both radiative
heating at the surface during the daytime and radiative losses to the atmosphere during the night time
(Stull, 1988). It is during these conditions that the horizontal and vertical motions most important to air
pollution climatology are driven by processes at smaller scales (i.e. thermo-topographic winds and
turbulence). The smaller scale processes important for assessing the air pollution climatology for this
study are introduced at the local-scale (Section 2.5) and the micro-scale (Section 2.6).
In general, low pressure systems or cyclones are associated with stronger wind speeds, cloud formation
and precipitation. These conditions are often associated to times of improved air quality as dispersion
is enhanced by increased gradient wind flow. However, sheltering from topographical features can
result in regions where the gradient flow is decoupled from the lower atmosphere (Clements et al., 2003).
This can result in the presence of localised climates, which increases the importance of smaller scale
processes for air quality.
Synoptic processes can either directly (through gradient flow) or indirectly (by initiating smaller scale
processes) influence surface air quality and it is therefore important to understand synoptic-scale
controls in order to define the air pollution climatology of an airshed. One method that is widely applied
to describe synoptic variation is weather typing (or synoptic classification). This usually employs the
use of multistage statistical classification methods to determine patterns in meteorological variables in
order to describe the type of air mass present (McGregor and Bamzelis, 1995). Synoptic classification
has been applied to a range of air pollution climatology studies (Davis and Kalkstein, 1990; Comrie and
Yarnal, 1992; McGregor and Bamzelis, 1995; Jiang et al., 2005) and has established itself as one of the
primary methods of describing the link between synoptic circulations and air quality.

2.4.1 Synoptic controls in New Zealand
New Zealand’s location in the mid-latitudes means that its climate is strongly influenced by its relation
to the westerly wind belt and the sub-tropical high pressure belt to the north. The impact of these
circulation features is seasonally dependent, transitioning southward during the summer and northward
during the winter (Fitzharris, 2010).

Embedded within the westerly flow, are eastward travelling low
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and high pressure systems which tend to follow on from one another eastwards across New Zealand
(Sturman and Tapper, 2006). During the winter, the higher positioning of the westerly wind belt results
in higher frequencies of low pressure systems (Renwick, 2011) and also results in an increased frequency
of nor-west flow across the South Island (Kidston et al., 2009).
Spatially, the relationship between synoptic circulations and wind flow can vary dramatically across
New Zealand, because of the interaction between the geostrophic flow and the local topography (Kidson,
2000). The presence of the Southern Alps perpendicular to the westerly flow results in a variety of
climates in the South Island (Fitzharris, 2010) as well as creating a number of mesoscale flows (Figure
2.2). The formation of the “nor’wester” is a common feature on the eastern side of the Southern Alps
during the presence of westerly circulations as the blocking of the Southern Alps forces moist westerly
air upwards before it dries and descends on the lee side (Fitzharris, 2010). This wind is characterised as
being warm, dry and gusty and is therefore often linked to increased dispersion and reductions in PM10
concentrations (Appelhans et al., 2012). Corsemier et al. (2006) however, linked the presence of the
“nor’wester” to episodes of poor air quality in Christchurch as cold air at the surface pushed the
“nor’wester” aloft introducing warm air advection above the surface layer and reducing dispersion. Also
during westerly flows, locations on the eastern side of the South Island can be influenced by a trough
induced nor-easterly. This originates from the splitting of the westerly flow through Cook Strait which
then interacts with local sea-breeze circulations (Sturman and Tapper, 2006).

Figure 2.2: Conceptualised effects of the Southern Alps on North Westerly flow and the introduction of regional
flows (from Kossman and Sturman, 2004).
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Another common feature that occurs from the interaction between the Southern Alps and the synoptic
conditions is the Southerly Change. This phenomenon often occurs after the presence of a warm
“nor’wester” and marks the introduction of a low pressure system across the South Island (Sturman et
al., 1999). While the conditions from southerly events vary, they are typically defined by a sudden
change in wind direction and increased wind speed that introduces a sharp drop in temperature (Sturman
et al., 1999). The introduction of south-westerly flow has been noted to result in increased ventilation
as higher wind speeds more effectively remove pollutants (Appelhans et al., 2012).
Anticyclonic conditions during winter have been linked to poor air quality in certain towns and cities
throughout New Zealand. This relationship has been noted in towns throughout the South Island,
including Christchurch (Owens and Tapper, 1977; Kossman and Sturman, 2004; Zawar-Reza et al.,
2005), Invercargill (Conway et al., 2007), Milton (Broadbent et al., 2010), Mosgiel (Mulliner et al.,
2007) and Alexandra (Tate and Spronken-Smith, 2008; Tate et al., 2011). However, only a few studies
have quantitatively assessed the synoptic controls on air pollution in New Zealand. Jiang et al. (2005)
used synoptic weather typing to assess the influence of synoptic circulations on nitrogen oxide levels in
Auckland. In the South Island and of most relevance to this study, Appelhans et al. (2012) used Kidson
weather types devised by Kidson (2000) to determine relationships between synoptic conditions and
PM10 concentrations in Christchurch. The Kidson Types are a set of 12 synoptic conditions defined by
a combination of principal component analysis and cluster analysis of pressure fields over New Zealand.
By quantifying climatic variations, the Kidson types provide a useful tool for investigating the influence
of synoptic conditions on variables at the surface and have therefore been used in a wide array of studies
(e.g. Beentjes and Renwick, 2001; Jiang et al., 2005; Renwick, 2011; Appelhans et al., 2012).
The relationship between air quality and synoptic circulation patterns is an important component when
describing the air pollution climatology of an airshed, not only because it can directly influence
dispersion conditions through gradient flow, but also because it can determine the extent to which
processes at smaller scales are present. The following sections will focus on the processes that occur at
smaller scales under the presence of limited gradient flow and strong heating and cooling, but it is
important to remember that slight perturbations in the synoptic conditions can strongly influence how
smaller scale atmospheric phenomena behave.

2.5 Local-scale phenomena

While the interaction between synoptic scale processes and the Southern Alps has been shown to result
in complicated gradient flows across the South Island, the influence of complex topographical and
surface characteristics produces varying localised climates throughout the South Island (Fitzharris,
1989). By modifying large-scale flows, as well as enabling the formation of local thermo-topographic
circulations, the interaction between the atmosphere and the surface at the local scale is an important
consideration for air quality (Tate et al., 2011; Broadbent et al., 2010; Kossman and Sturman, 2004).
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This section will primarily focus on the local thermo-topographical circulations that are features of
climate within complex terrain.
Thermo-topographic circulations occur at varying scales and are products of horizontal pressure
gradients formed from the differential heating of neighbouring surfaces (Sturman and Tapper, 2006).
Surface characteristics such as slope angle, aspect, soil type and vegetation cover can result in spatial
variations of sensible and latent heat fluxes, which determine the energy for local wind circulations as
well as the structure of the atmospheric boundary layer (Sturman and Sponken-Smith, 2001). The
strongest thermally driven flows occur in arid, high altitude climates under the presence of anticyclonic
conditions when sensible heat fluxes are likely to be the strongest (Whiteman, 2000). Subsequently, in
mountainous areas (where differential heating is maximised), varying scales of diurnal mountain wind
systems may operate throughout the day (Figure 2.3) (Whiteman, 2000). These flows operate at the
local and meso-scales, typically moving upslope during the daytime and downslope during the night
time, and include slope wind systems and along-valley wind systems.

Figure 2.3: Examples of slope and valley winds during the daytime and the night time (from Whiteman 2000).
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Slope winds are highly localised flows, driven by temperature contrasts which occur due to the
differential heating of individual slopes. During the daytime, surface heating from solar radiation results
in a contrast in horizontal temperature between air above the slope and that at the same height above the
valley. This forms a circulation and the resulting upslope airflow is by definition an: “Anabatic wind”
(Figure 2.4a). After sunset the process is reversed, with nocturnal cooling resulting in the movement of
cold dense air downward towards the surface (Figure 2.4b). Downslope flows are usually shallower than
their upslope counterparts (Whiteman, 2000) and are often referred to as drainage flows as they “slide”
along the ground closely following the terrain (Clements et al., 1989).

Figure 2.4: Conceptualisation of daytime upslope winds (a) and night time downslope winds (b). From
Whiteman, (2000).

The magnitude and timing of drainage flows are site specific and can be a fundamental aspect of
accurately describing the air pollution climatology of an airshed. Drainage flows are generally weak
(1–5ms-1) and are usually considered to be a mechanism for the transport of pollutants rather than a
mechanism for dispersion (Zawar-Reza and Spronken-Smith, 2005). The transportation of pollutants
can therefore; either, improve or worsen air quality, depending on the direction of the drainage flows in
relation to emission sources. Furthermore, the interaction between different drainage flows, as well as
their interaction with other larger scale flows can also impact on dispersion. In constricting terrain,
drainage flows tend to converge resulting in areas of cold stagnated air, which in turn promotes the
build-up of pollutants (Whiteman, 2000). The interaction between drainage flows and regional winds
has also been shown to result in areas of stagnated airflow resulting in poor air quality (Kossmann and
Sturman, 2004). Slope flows also function as the driving mechanism for the formation of larger scale
circulations such as the along-valley wind system (Figure 2.5).
Along-valley wind systems are diurnal winds, which run along the axis of the valleys, perpendicular to
slope flows. During the daytime, anabatic wind circulations bring warm air to the centre of the valley
forming a horizontal pressure gradient with areas of cold air further down the valley. This results in the
formation of an up-valley wind, complete with a return flow aloft (Figure 2.5a). The introduction of
downslope flows after sunset has the opposite effect, with a down-valley wind moving cold dense air to
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the lower regions of the valley (Figure 2.5b). Down-valley winds are usually stronger than the local
drainage flows and when fully formed, are characterised by a jet wind speed profile (Whiteman, 2000).
Therefore, according to the definition of a jet profile by Stull (1988), at some point the vertical wind
speed of the down-valley wind reaches at least 2ms-1 faster than the winds above it in the lowest 1500m
of the atmosphere.

Figure 2.5: Conceptualisation of diurnal slope flows as well as the diurnal along-valley winds during (a) the day
and (b) the night. Adapted from Oke (1987).

Down-valley winds can reach speeds which have the potential to improve air quality and Kalthoff et al.
(2000) found that the presence of a down-valley wind in Freiburg, Germany resulted in increased
dispersion and dilution of ozone. However, the strength and duration of along-valley wind systems are
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determined by the local valley climate and therefore often vary between valleys (Zardi and Whiteman,
2013). McKendry (2000) found that instead of increasing dispersion, a down-valley wind rather
transported pollutants, strongly influenced the spatial distribution of PM10 throughout the Lower Fraser
Valley in British Columbia. Characteristics of along-valley wind systems are often varied and the
presence of a strong up-valley wind during the day does not necessarily mean that a strong down-valley
wind will be present during the night and vice versa (Zardi and Whiteman, 2013). As these thermotopographic winds are driven by changes in temperature at the surface, they are inherently tied to the
behaviour of the atmospheric boundary layer.

2.6 Micro-scale influences on the atmospheric boundary layer

The Atmospheric Boundary Layer (ABL) is the layer of air adjacent to the earth’s surface whose
structure and characteristics are determined by its interaction with the surface (Garratt, 1994). The ABL
adapts to local conditions frequently (<1 hour) fluctuating in height and stratification throughout the day
(Stull, 1988). As pollutants released into the ABL are dispersed by vertical and horizontal motion
(Seibert et al., 2000) it is important to understand the development of the ABL in relation to emission
patterns to determine the micro-scale controls on air quality (Sturman and Spronken-Smith, 2001).
Atmospheric processes occurring at the synoptic and local scales can directly influence conditions
within the ABL. However, it is at the micro-scale where sensible heat fluxes from the surface into the
overlying atmosphere can often play the most defining role on the ABL structure (Sturman and
Spronken-Smith, 2001). The extent of the influence of sensible heat fluxes on the ABL is determined
by the stability of the atmosphere and the concept of stability is introduced in the following section.

2.6.1 Atmospheric stability
The state of the ABL is responsive to the introduction of turbulence from three main sources: 1) sensible
heat fluxes from surface heating 2) wind shear caused by the interaction of wind with the surface
(mechanical turbulence) or 3) turbulence from an upstream source (Stull, 1988). The tendency for a
parcel of air that is displaced by turbulent motion to move vertically in the atmosphere is thought of as
atmospheric stability (Oke, 1987). This is determined by the vertical temperature profile of the
atmosphere. To describe this, the ABL is often categorised into three states of stability: stable, unstable
or neutral. When the atmosphere is stable, vertical mixing is restricted while vertical motion is enhanced
in an unstable atmosphere.
When synoptic circulations provide clear or partly cloudy skies, the evolution of the ABL often follows
a similar pattern (Figure 2.6). Influenced by the stability of the atmosphere and the direction of the
sensible heat flux, the state of the ABL often follows a distinct diurnal cycle (Sturman and Tapper,
2006). Seasonal influences on the sensible heat flux (i.e. daylight hours, magnitude of solar energy
present) means that the ABL also differs in height seasonally, with typical winter evening heights around
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300m and less than 1000m during the day. In comparison, typical ABL heights during summer remain
between 1000-3000m throughout the day (Whiteman, 2000).

Figure 2.6: Schematic of the diurnal evolution of the ABL (from Sturman and Sponken-Smith, 2001 and adapted
from Stull, 1988).

Figure 2.6 shows that the presence of surface heating during the daytime results in the formation of a
Convective Mixed Layer (CML). This surface warming is converted into fluxes of sensible heat
resulting in the vertical temperature profile decreasing with height (S1). This means that the ABL is
characterised as unstable, which encourages the movement of warm air at the surface into the
atmosphere. This vertical motion extends the height of the boundary layer and during day light the
increased mixing is often strong enough to enhance dispersion and decrease pollutant concentrations
(Stull, 1988).
After sunset, radiative cooling causes the air at the surface to be cooler than the air above it, resulting in
a downward sensible heat flux. Accordingly, vertical profiles of temperature increase with height (S2)
and the tendency for a parcel of air to move vertically is reduced. This results in the formation of what
is known as the Stable Boundary Layer (SBL). The SBL forms at the surface and the remnants of the
CML remain aloft in the now called residual layer (RL) (Sturman and Spronken-Smith, 2001). During
winter, when conditions are conducive (i.e. low wind speed and clear skies), cooling at the surface
maybe strong enough to result in the formation of a surface temperature inversion (Wei et al., 2013).
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It is during the presence of a SBL that pollutants released into the atmosphere are most likely to buildup, often resulting in times of poor air quality (Stull, 1988). This is due to the SBL usually having low
wind speed, intermittent turbulence and strong wind shear (Kaimal and Finnigan, 1994), meaning that
effective dispersion is reduced. During the presence of a surface temperature inversion, emissions
released into the ABL are limited vertically to the top of the inversion (Figure 2.7b). The height of the
SBL in such cases can often be very low, with strong stability suppressing vertical mixing. The vertical
restriction imposed by a shallow SBL means that temperature inversions are often linked to times of the
poorest air quality (Wallace et al., 2010; Whiteman et al., 2001).
During the night, the continuation of the downward sensible heat flux increases the depth of the SBL
which reaches its maximum depth before sunrise (Whiteman, 2000).

After sunrise, surface heating

results in an upward sensible heat flux which can break up the SBL. This has been observed to result in
higher pollution concentrations, as pollutants stored within the RL overnight are brought to the surface
as vertical mixing rejoins the surface layer to the RL in a process known as fumigation (Oke, 1987). It
is also possible for the formation of the CML to displace the SBL resulting in a vertical temperature
profile that includes an elevated temperature inversion (S4) which can often act as a cap restricting the
vertical dispersion of pollutants (Figure 2.7a) (Zawar-Reza and Spronken-Smith, 2005).

Figure 2.7: Air pollutants emitted at the surface can become trapped by (a) an elevated inversion layer and (b) a
surface inversion layer (Source: Zawar-Reza and Spronken-Smith, 2005).
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The SBL is often divided into two types: the weakly stable boundary layer (WSBL) and the strongly
stable boundary layer (SSBL) (Salmond and McKendry, 2005). The characteristics of the WSBL
include the presence of light to moderate winds, with weak radiative cooling. Turbulence can therefore
be considered as continuous in both time and height throughout the WSBL (Mahrt, 1998a). The SSBL
on the other hand, is defined by weak winds (< 2ms-1) with strong radiative cooling. The SSBL is
therefore often characterised by strong surface inversions with turbulence being weak and intermittent
throughout the layer (Salmond and McKendry, 2005).
Intermittent turbulence can come from a number of sources within the SSBL. It is usually created
mechanically by shear, due to changes in wind speed with height (Mahrt, 1998a). Atmospheric
phenomena which introduce intermittent shear driven turbulence into the SSBL include: mesoscale wind
systems, local drainage flows, low level jets (LLJs) and features such as: breaking gravity waves and
density currents (Salmond and McKendry, 2005).

Such phenomena can be the main source of

turbulence in the SSBL and can therefore be an essential part of describing both temporal and spatial
variations of pollutant concentrations (Salmond and McKendry, 2005).
LLJs are a common feature of the nocturnal ABL and form within the RL, above the SBL. The
decoupling between the two layers means the air within the RL is removed from the frictional properties
of the surface, thus, driving the acceleration of the aloft air flow (Mahrt et al., 2001). The presence of a
LLJ can generate mechanical turbulence above the SBL (Figure 2.8). This can result in turbulence
within the SBL being strongest at the top of the surface inversion, which can shift the SBL from being
a SSBL to a WSBL (Mahrt, 1998b; Mahrt, 1999). This is often known as an “upside down boundary
layer” which indicates that the main source of turbulence in the SSBL occurs aloft. This phenomenon
has been well documented throughout the boundary layer orientated literature (e.g. Mahrt, 1999; Mahrt
and Vickers, 2002; Salmond and McKendry, 2002; Banta et al., 2006).

Figure 2.8: Conceptualisation of the diurnal time dependence of the nocturnal boundary layer and an aloft low
level jet. Shaded areas indicate continuous turbulence (adapted from Mahrt, 1999).
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A number of studies have made the link between intermittent sources of turbulence in the SBL and
variations in pollution concentrations. The presence of evening spikes in pollutant concentrations in a
number of locations has been attributed to the introduction of intermittent turbulence from a range of
phenomena in the SBL (Baumbach and Vogt, 1999; Prévôt et al., 2000; Moxley and Cape, 1997)
indicating the importance of understanding the micro-scale processes for air pollution climatology.
Salmond and McKendry (2002) linked the presence of an upside down boundary layer from a LLJ, to
periods of re-coupling between the SBL to the RL during the night. This was shown to be an important
control on surface ozone concentrations in British Columbia (Salmond and McKendry, 2002).

2.6.2 Topographic constraints on dispersion
Urban areas located within confining topographical features such as valleys and basins are often subject
to periods of poor air quality during the winter time (Trompetter et al., 2013). The air pollution
climatology of airsheds throughout New Zealand are strongly influenced by surrounding terrain and
locations within confining topography have been known to suffer high PM10 concentrations (Kossmann
and Sturman, 2004; Mulliner et al., 2007; Broadbent et al., 2010; Tate et al., 2011; Ancelet et al., 2013a).
It is therefore important to understand how the topography influences the local air pollution climatology.
One important factor for atmospheric conditions within topographic depressions (such as basins) is that
the lower atmosphere can be sheltered from the overlying synoptic conditions (Clements et al., 2003).
This sheltering can cause the surface to become decoupled from the gradient flow, resulting in low
average wind speeds within the depression; giving way to a localised climate that is driven by downslope
flows and in situ cooling (Whiteman, 2000).

Of particular importance to air quality is that the

decoupling can result in the increased frequency of surface temperature inversions. This is due to the
calm surface conditions caused by topographic sheltering, which means that temperature inversions can
form even during the presence of strong synoptic winds (Yao and Zhong, 2009). Cold air pooling is a
feature of the climate for areas within confined topography which can also impact on the stability of the
ABL, particularly during the night time.
Cold air pooling is the build-up of cold stagnant air within an area of confined topography. Pooling
enhances the strength of surface temperature inversions with radiative heat losses being replaced by
subsiding cold air or the introduction of cold dense air into the ABL by local drainage flows. This buildup of cold stable air is known as a Cold Air Pool (CAP). CAPs are characterised by a shallow inversion
layer and can therefore be considered to be either diurnal (i.e. they form nocturnally and break up during
the daytime) or persistent (i.e. they can be sustained for long periods of time) (Whiteman et al., 2001).
The time period of which a CAP persists can determine when air pollutants are able to build-up. It is
therefore unsurprising, that urban dwellings located in areas where CAPs occur, are often linked to
episodes of poor air quality (Zhong et al., 2001). The break-up of diurnal CAPs usually occurs with the
formation of the daytime CML. The introduction of turbulence into the SBL can also effect CAP
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formation. Petkovsek (1992) simulated the dissipation of the CAP which was accredited to the
introduction of an upside down boundary layer from strong LLJ just above the CAP.
The modification of flows due to the local terrain can also play an important role on air quality, with
factors such as cold air damming impacting ABL stability.

Cold air damming (also known as

topographical blocking) occurs when a shallow cold air mass cannot overcome a topographical obstacle
in its path and is therefore forced along the barrier joining local circulations (Mayr and McKee, 1995).
This can enhance CAP formation as stagnant air builds-up behind the obstacle and results in periods of
restricted dispersion (Whiteman, 2000). Cold air damming at the end of a valley can also change the
horizontal pressure gradients which drive down-valley winds and the build-up of lower pressure at the
foothills of the barrier can halt the flow of down-valley winds (Whiteman, 2000).
Also influencing the heating and cooling rates of the atmosphere is the dimensions of a topographically
confined area. This is often described as the topographic amplification factor (TAF), which helps
describe how air masses within confined areas, such as basins, are smaller than those in surrounding
valleys, therefore needing less energy transfer to both heat and cool (Zardi and Whiteman, 2013). The
TAF ensures the diurnal temperature ranges are more pronounced with temperature minimums and
maximums within a basin, often being lower than sites located nearby (Whiteman, 2000). The TAF can
also encourage CAP formation. The dimensional confinement of local topography is also an important
consideration when accounting for the ABLs dynamical nature. Therefore, due to the ABLs complex
and sensitive nature, all scales must be considered in order to define the air pollution climatology.

2.7 Defining the air pollution climatology

While the synoptic and local-scale processes important to air quality are often easily identified by
regularly observed variables, such as wind speed, processes important to air pollution climatology at the
micro-scale can be more difficult to determine in a quantitative manner. This section will introduce
techniques of representing the micro-scale influences on the ABL in order to characterise how processes
at this scale influence air pollution climatology. It will also discuss how numerical modelling is used as
a multi-scale tool to understand atmospheric controls on air quality.

2.7.1 Micro-scale influences on the ABL: Stability
Understanding the stability of the atmosphere in the context of air pollution climatology has long been
an important concept, as it describes the extent to which turbulent motion aids in the dispersion of
pollutants. The most accurate way to assess atmospheric stability is to gain vertical profiles of
temperature in order to determine vertical lapse rates. However, the difficulties involved with obtaining
these measurements means that this is not always a feasible option and therefore parameterisations are
often used instead. Pasquill (1961) was the first to parameterise atmospheric turbulence in the ABL by
defining a set of stability classes based on observations of: wind speed, incoming solar radiation and
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night time cloud cover. Nowadays, the use of similarity scaling is often employed to describe turbulent
motion within the ABL (Nadeau et al., 2013).
Similarity scaling makes it possible to represent the ABL as a function of a few non-dimensional
parameters. One of the most commonly used similarity scaling methods used in the surface layer is the
Monin-Obukhov similarity theory (MOST) derived by Monin and Obukhov (1954). MOST relates the
four non-dimensional parameters of momentum flux, heat flux, wind shear and temperature gradient as
a function of a single vertical coordinate (Wang and Bras, 2010). Provided it is used in areas of flat, the
homogeneous terrain in a quasi-stationary atmosphere, MOST can be used to relate turbulent fluxes to
mean gradients, variances or spectral characteristics (Foken, 2006). MOST can be scaled to eddy
covariance flux data measured at high frequency to give localised parameterisations of the surface layer.
It is also frequently used to simulate turbulent fluxes in numerical modelling including air pollution
modelling (Mahrt, 1999).
The most important parameter used within MOST is the Obuhkov length (L) (established by Obukhov,
1946). L describes the effect of buoyancy on turbulent heat fluxes by determining the height at which
turbulence is generated by buoyancy instead of wind shear. Once L is scaled to the height of
measurement, the stability parameter z/L can be used to describe the stability of the surface layer. For
unstable conditions z/L is ≤ -0.1 indicating that the sensible heat flux is away from the surface and
buoyancy dominates. During stable conditions (z/L ≥ 0.1), the positive z/L value indicates that the
sensible heat flux is directed toward the surface. Finally, neutral conditions (-0.1 < z/L > 0.1) occur
during the transitioning between stable and unstable conditions or when wind speed is strong and
mechanical turbulence dominates.
Returning to the divisions of stability within the SBL, Mahrt (1998a) defines the WSBL as (0.1 ≥ z/L>
1.0) and the SSBL as (z/L ≥ 1.0). This is an important division because the applicability of MOST
within these bounds differs. The WSBL is generally considered to be well explained by MOST as
turbulence is continuous in space and time (Cheng and Brutsaert, 2005). However, the SSBL is defined
by weak intermittent and sporadic turbulence (Kaimal and Finnigan, 1994). This non-stationarity makes
it difficult to analyse fluxes within the surface layer, often making the validity of MOST questionable
(Cheng and Brutsaert, 2005). The introduction of turbulence in the SSBL from sources above such as
low level jets and gravity waves can result in a departure from MOST (Nadeau et al., 2013). However,
even in times when a SSBL is present, models often still use MOST as there are no other practical
formulations available (Mahrt, 1999).

2.7.2 Micro-scale influences on the ABL: Mixing Height
The height of the ABL (h) is an important consideration for air quality as it defines the extent of vertical
dispersion of emissions from the surface (Emeis and Schäfer, 2006). Seibert et al. (2000, p. 1002) define
h as: “the height of the layer adjacent to the ground over which pollutants or any constituents emitted
within this layer or entrained into it become vertically dispersed by convection or mechanical turbulence
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within a time scale of about an hour”. As this is an important concept for understanding the relationship
between atmospheric conditions and air quality a number of methods and techniques have been devised
in order to determine h.
Ground based remote sensing techniques have become one of the more popular ways of determining h,
due to their high temporal and vertical resolution and ability to provide long term records (Seibert et al.,
2000). Acoustic sounding using Sodars is one widely used method of remote sensing. This method
makes it possible to capture the diurnal cycle of the ABL with high temporal and vertical resolution
(Seibert et al., 2000). Sodars operate using similar backscatter principles as radar (Piringer, 1988) with
electronic sound drivers or transducers emitting acoustic pulses into the atmosphere at frequencies
usually above 1000 Hz (Crescenti, 1997).

A small fraction of those sound waves emitted are

backscattered by temperature inhomogenties in the atmosphere (Vogt and Thomas, 1995). These
inhomogenities are caused by turbulence, inversion layers, wind shear layers, or thermal plumes from
surface heating (Crescenti, 1997). Therefore a shift in the frequency of the backscatter signal can be
used to calculate velocity and direction of atmospheric molecules (Vogt and Thomas, 1995).
From the three dimensional velocity profiles gathered by Sodar it is possible to identify some of the
associated characteristics of h, such as: low level jets and inversion layers (Lena and Desiato, 1999).
The intensity of the backscatter is often used to determine h and in turn, can provide an adequate dataset
to estimate mixing height during both stable and unstable conditions (Beyrich, 1997). One of the
benefits of using Sodar (as with other methods of remote sensing) is that the investigated turbulent flow
is not affected during measurement (Seibert et al., 2000).
However, long-term vertical profiles are often not available to characterise h over long periods and
therefore the use of parameterisations (calculated from relations between h and other boundary layer
parameters) are often an adequate substitute (Arya, 1981). The literature shows that a number of
parameterisations for the estimation of h have been suggested over the years (e.g. Arya, 1981; Mahrt,
1981; Nieuwstadt, 1984; Seibert et al., 2000). These include both prognostic and diagnostic models,
which range in complexity (Arya, 1981). Some diagnostic parameterisations can be employed using
measurements of surface-layer variables and verification studies have historically favoured these
simpler diagnostic relations (Seibert et al., 2000).

2.7.3 Numerical Modelling
One of the most widely used methods of determining the relationship between air pollution and the local
climate is through the use of numerical modelling. Numerical modelling simulates atmospheric
processes using the basic physical laws of climate, that when combined can then be used to represent
the state of the atmosphere (Henderson-Sellers and Robinson, 1986). Once parameterised numerically,
it is possible to link the dispersion, deposition and chemical properties of various pollutants to the
simulated atmospheric processes (Zannetti, 1998).

24

Over the years, dispersion modelling has evolved from the original Gaussian plume/puff models to three
dimensional representations of dispersion conditions that account for multi-scaled atmospheric
phenomena, which also take into account the effects of topography (Barratt, 2013). Driven by the
increase in computational power, the vertical and horizontal resolutions of both atmospheric and
dispersion models has increased to the point where models can be used to represent complex
atmospheric processes in fine detail. Air pollution modelling can now be used to: predict pollutant
concentrations over urban areas, assess the impact of proposed developments on air quality, predict the
effects of new air quality management strategies and finally, to evaluate how well a monitoring site
represents the air shed (Zawar-Reza et al., 2010).
The Air Pollution Model (TAPM) is a prognostic meso-scale model that has been used extensively in
New Zealand to help understand the relationship between pollutants and atmospheric processes. TAPM
uses a terrain following coordinate system to produce simulations in three dimensions. By utilising a
nesting technique, it is able to combine large-scale meteorological data with localised flows simulated
due to variations in surface conditions (Hurley, 2008). Designed to provide dispersion information for
environmental consultants, TAPM is relatively easy to use and computationally inexpensive (Soriano et
al., 2003). In New Zealand, it has been utilised in a number of studies focused on airsheds where
particulate matter is a major concern: Christchurch (Zawar-Reza et al., 2005a), Milton (Broadbent et al.,
2010), Invercargill (Conway et al., 2007) and Alexandra (Tate et al., 2011; Cullen et al., 2012).
In their good practise guide for atmospheric dispersion modelling, written on behalf of the Ministry for
the Environment, Bluett et al. (2004) recommend the use of TAPM for regulatory impact assessments,
particularly for air shed modelling. Although the authors do warn of the limitations assigned to the
horizontal resolution of TAPM’s grid size, TAPM was recommended as the best method for representing
dispersion in areas of complex terrain (Bluett et al., 2004). While suitable in a range of locations (Hurley
et al., 2008; Hurley et al., 2001), some verification studies indicate that TAPM tends to overestimate
katabatic flows in complex terrain (Soriano et al., 2003; Zawar-Reza et al., 2005a; Zoras et al., 2007).
This has been shown to lead to TAPM over estimating surface temperatures (Zoras et al., 2007).
TAPM simulates surface fluxes using MOST and the overestimation of wind speed and temperature in
complex terrain may have consequences for TAPMs ability to represent conditions in the ABL
accurately. To date only Zawar-Reza et al. (2005b) have assessed the ability of TAPM to predict surface
fluxes citing TAPMs tendency to over predict sensible heat fluxes. As highlighted in the following
section (2.7.3), TAPM has been a useful tool for describing the air pollution climatology of Alexandra.
However, without knowing how well TAPM simulates boundary layer conditions in complex terrain the
accuracy of previous findings is unknown.
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2.8 Alexandra

Alexandra is a small town located in an inland basin in the central lower South Island of New Zealand.
The 2013 census data estimated Alexandra to have a population of 4,800 with an average age of 49.1
years old (11.1 years older than the national average) (Statistics New Zealand, 2013). The town is
located on the leeward side of the Southern Alps, which shelters the area from the predominant westerly
flow resulting in a semiarid climate characterised by warm summers, cold winters and limited rainfall
(Cullen et al., 2012). Alexandra has been shown to have some of the poorest air quality in New Zealand
during the winter months as a result of home heating emissions coupled with an air pollution climatology
that frequently encourages the build-up of PM10 (MFE, 2011a). For this reason there have been a number
of studies undertaken to assess the causes of the air pollution problem.
Millichamp and Smellie (1999) first undertook an air emission inventory for Alexandra and estimated
that 69% of total PM10 emissions were attributed to domestic heating, with 30% from industrial sources
and 1% from vehicles. An emission inventory undertaken by Wilton (2006) estimated that 99% of daily
winter emissions in the Alexandra basin came from domestic heating, declaring emissions from
industrial activities to have negligible contributor on PM10 concentrations in Alexandra. It was also
estimated that around 90% of the total PM10 emitted each year was released during the winter months
from May to August Wilton (2006). The latest emission profiling was undertaken by Ancelet et al.
(2013b) who used a source apportionment technique to determine that vehicle emissions were a more
important source to hourly PM10 concentrations than first estimated. Biomass combustion from home
heating still remains the dominate source of PM10 in Alexandra.
Tate and Spronken-Smith (2008) were the first to assess the relationship between the local meteorology
and PM10 concentrations in Alexandra. Using data collected by the Otago Regional Council, Tate and
Spronken-Smith (2008) were able to define five sets of criteria used to determine the likelihood of an
exceedance day. It was found the best predictor for an exceedance day was the temperature at either
0800h or 0900h being below 0˚C, and wind speeds to be below 0.5ms-1 (Tate and Spronken-Smith,
2008). These criteria accounted for about 60% of the high pollution days. In total, these correctly
predicted whether or not an exceedance day occurred 36% of the time during this period. Using the
same prediction criteria West (2008) found that if these criteria were met there was a 96% chance that
an exceedance day would occur. However, these conditions only accounted for 49% of the high
pollution days indicating that the criteria, while showing the importance of wind speed and temperature
on PM10 concentrations in Alexandra, could not be successfully used to predict the occurrence of an
exceedance day.
One of the most interesting findings identified by Tate and Spronken-Smith (2008) was the diurnal
pattern of PM10 concentrations. Unlike typical variations of daily PM10, Alexandra was shown to have
a tri-modal pattern of PM10 peaks. Tate and Sporken-Smith (2008) identified one morning peak at 0900h
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and two evening peaks; one at 1900h and the second occurring between 2200h and 0000h. Figure 2.9
highlights this trimodal pattern as observed in a later study by Ancelet et al. (2013b). A consensus about
the reason for the morning peak has been reached, with most authors accrediting it to the relighting of
fires for home heating by local residents (e.g. Tate et al., 2011; Cullen et al., 2012; Ancelet et al., 2013b)
Alexandra’s bimodal evening PM10 pattern is unique in New Zealand (Ancelet et al., 2012) and a search
of the literature shows that only McKendry (2000) has reported similar evening peaks in PM 10
elsewhere. Tate and Spronken-Smith (2008) suggested a number of reasons for the bimodal evening
peak such as: changes in emission patterns from home heating, cold air avalanching down the Clutha
Gorge, or the introduction of PM10 from the nearby township of Clyde. West (2008) surveyed a number
of local residents in regards to their burning behaviour for home heating. The results indicated that there
was no link between changes in burning behaviour and the bimodal peak. Tate et al. (2011) utilised the
numerical model TAPM to explore the atmospheric controls on air pollution in three dimensions and
the simulated local wind field indicated that both cold air avalanching down the Clutha Gorge as well
as the introduction of PM10 from Clyde were not important processes in the contribution of the bimodal
evening peak. Cullen et al. (2012) supported these findings after making idealised simulations using
TAPM. By removing the influence of synoptic conditions Cullen et al. (2012) were able to determine
the influence of local thermally driven flows on PM10 concentrations in Alexandra. Both Tate et al.
(2011) and Cullen et al. (2012) suggested that mixing was the reason for the reduction in PM10.
However, by focusing on the advection of air horizontally, neither author were able to clearly define the
mechanism for this mixing. This highlights the need to understand the vertical structure of the
atmosphere.

27

Figure 2.9: Average hourly PM10 concentrations at the surface and from an aloft site at a height of 26m at the
Otago Regional Councils monitoring site in Alexandra (from Ancelet et al., 2013b).

The only research in Alexandra which has incorporated observations in the vertical, was undertaken by
Ancelet et al. (2013b). The methods applied, included the use of a knuckleboom to extend instruments
to a height of 26 m in order to measure wind speed, temperature and PM10 concentrations. Based at the
Otago Regional Councils monitoring site, the aloft measurements were accompanied with simultaneous
observations of the same variables at the surface. Ancelet et al. (2013b) could then determine that after
sunset, a surface temperature inversion often formed below a height of 26 m with higher temperatures,
higher wind speeds and lower PM10 concentrations measured aloft than at the surface. Figure 2.9
highlights the vertical differences in PM10 concentration and provides insight into the influence of
mixing at the surface compared to aloft. It indicates that decoupling often occurs between the surface
and 26m. This is particularly evident between 1800h and 2000h as well as in the morning (0800h-1000h)
with higher concentrations of PM10 at the surface than at 26m. However, after 2100h and throughout
the night, PM10 concentrations indicate that the upper and lower atmosphere appears to follow a similar
pattern. This was deemed by Ancelet et al. (2013b) to be a result of increased wind speed and enhanced
mixing for periods during the night.
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2.9 Summary

Like many New Zealand townships, Alexandra frequently suffers from episodes of poor air quality
during the winter months. The AQNES for daily average PM10 is frequently breached and the
responsibility of improving Alexandra’s air quality falls on the Otago Regional Council (ORC).
However, Alexandra’s air pollution climatology is strongly influenced by its location within an inland
basin on the leeward side of the Southern Alps, meaning that the relationship between PM10 emissions
and concentrations is non-linear. It is therefore important that the atmospheric controls on PM10 are
well defined as the ORC looks to improve air quality by tightening restrictions on emissions from home
heating.
While previous research has established a good understanding on the drivers behind PM10 episodes in
Alexandra, there are a number of aspects in regards to the air pollution climatology which require further
explanation. For one, the interaction between synoptic conditions and air quality has yet to be examined
in detail. There is also a need to understand what influence the surrounding topography has on synoptic
circulation. The influence of meso-scale and local-scale flows has received the most attention in the
literature, using observational data sets (West, 2008; Tate and Spronken-Smith, 2008; Ancelet et al.,
2013b) as well as data simulated using TAPM (Tate et al., 2011; Cullen et al., 2012). However, the
topography surrounding Alexandra produces a complex localised wind field which makes defining the
controls on PM10 from site specific locations, as well as numerical simulations difficult. This does
however, provide an opportunity to improve the understanding of the local-scale atmospheric processes.
The vertical structure of the ABL and its controls on PM10 has also yet to be explored in detail and as
previous studies have not been able to link horizontal mixing to the bimodal peak conclusively (e.g. Tate
et al., 2011; Cullen et al., 2012; Ancelet., et al 2013b), understanding the influence of vertical mixing
may shed light on the mechanics of the bimodal peak.
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Chapter 3: Methods

This chapter firstly describes the physical and climatic setting of Alexandra. It then defines the methods
of gathering data from both in situ observations and external sources. A description of the data treatment
and analysis undertaken for determining the air pollution climatology at the synoptic, local and microscales is also provided.

3.1 Study site
3.1.1 Physical setting
Alexandra is located in the lower central South Island (Figure 3.1) and lies at the S-E corner of the
Manuherikia Valley, where the Clutha and Manuherikia Rivers converge and at the lowest point within
the valley (Figure 3.2). The Manuherikia Valley is bordered by the Dunstan Range to the N-E, the
Hawkdun Range to the N-W, the Raggedy Range to the S-E and a combination of the Old Man and the
Obelisk Ranges to the S-W. Alexandra itself is located inside the shallow Alexandra Basin, and its
southern perimeter is surrounded by steep hills which are only divided by the gorge formed by the Clutha
River as it leaves the Manuherikia Valley. The Alexandra Basin stretches northwards along the Dunstan
Flats towards the township of Clyde and is bordered by the foothills of the Obelisk Range to the west
and a basin ridgeline to the east.
Alexandra is made up of mostly low density residential dwellings and is also home to two small
industrial areas located on the outskirts. There are also a number of green spaces within the township,
with sports fields and urban parks located throughout as well as a golf course located amongst a pine
forest to the north. Agricultural land predominantly surrounds the township with farming, lifestyle
blocks, orchards and vineyards present throughout the Alexandra basin.
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Figure 3.1: Map of the Alexandra air shed and its locations within the South Island of New Zealand. Also shown
are the locations of observation sites used in this study.

Figure 3.2: 15m resolution DEM showing the location of Alexandra within the Manuherikia Valley. Image (a)
shows Alexandra looking North, (b) shows Alexandra looking towards the South-East and (c) shows Alexandra
looking towards the North East.
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3.1.2 Climatic setting
New Zealand’s location in the mid-latitudes means that it is subject to a prevailing westerly flow.
Alexandra is located on the lee-side of the Southern Alps, which influence the climate of the entire South
Island. The blocking by the Southern Alps and the inland location means that Alexandra has a somewhat
continental, semiarid climate with warm summers, cold winters and limited rainfall (Cullen et al., 2012).
On average 360mm of rain falls in Alexandra per year making it one of the driest places in the country.
Average annual temperature for Alexandra sits at 10.8˚C but the winter average is much lower at 5.0˚C,
with 148 frosts per year (West, 2008). The complexity of the terrain surrounding Alexandra also means
that conditions at the surface may be separated from the gradient flow from above, leaving a locally
driven climate. Temperature inversions are a common occurrence in the Alexandra Basin and are an
important atmospheric feature of the Alexandra climate, often resulting in sub-zero temperatures at the
surface.

3.2 Data sources
3.2.1 Observations
This research used a range of observations from three sites within the Alexandra air shed (Figure 3.1).
The observational data includes three months of data collected at a temporary field site installed solely
for the purposes of this study, as well as data from pre-existing sites with historical observations dating
back to 5 and 7 years. A summary of the variables measured at each site as well as the time frame the
data was available for is given in Table 3.1.
ORC Monitoring site: Ventry Street, Alexandra (ORC)
This site is the home to the ORCs Air Quality monitoring program in Alexandra and its location was
chosen to test air quality where the poorest air quality is likely to exist as per the Ministry for the
Environment regulations. From here on this site will be referred to in this thesis as the “ORC” site. To
measure ambient PM10 concentrations a Met One Beta Attenuation Monitor (BAM) 1020 was installed
in 2005. Set at a height of approximately 4m, the BAM continuously measures PM10 concentrations and
records hourly averages. Average temperature is recorded at 15 minute intervals using a Met One
temperature sensor at a height of 3m. Wind speed and wind direction is also measured at a height of 3m
using a Weather Pro anemometer and is recorded at hourly intervals. Due to the location of the
monitoring station and its close vicinity to surrounding buildings the quality of the wind speed and
direction data have been previously questioned (Tate and Spronken-Smith, 2008, West, 2008). After
checking the distribution of recorded wind speed, the wind data were deemed to be inaccurate and were
not used from this site, leaving the two variables PM10 and air temperature as the two variables used
from this site for this study.

32

NIWA CWS: Pioneer Park, Alexandra (NIWA)
The National Institute of Water and Air (NIWA) have had a Compact Weather Station (CWS) operating
in Pioneer Park, central Alexandra, since November 2008. This site will from here on be referred to as
the “NIWA” site. The CWS is a Vaisala WXT510 weather transmitter which measures wind speed and
direction, precipitation, barometric pressure, air temperature, relative humidity and solar radiation. The
station is located on the east side of Pioneer Park and its location over a substantial size of flat grassy
terrain means that measurements of wind variables are more likely to be representative than those
measured at the ORC site. For this reason, hourly records of wind speed and direction measured at
Pioneer Park are used in this study. Wind data were recorded using a Vaisala Windcap Ultrasonic Wind
Sensor at a height of 4m. Also utilized from this site were measurements of mean sea level pressure
(hPa) recorded using a Vaisala Barocap sensor and daily global radiation (MJ) recorded using a LI-COR
pyranometer (LI-200). Data were obtained from the NIWA national climate database (CliFlo).
Temporary AWS: Eclipse St, Alexandra (TAWS)
A temporary automatic weather station was deployed during this study in an open space on Eclipse
Street on the eastern side of Alexandra (Figure 3.1). This site will be referred to as the “TAWS” site.
This location was chosen because it was away from residential housing, in order to accommodate the
use of the ASC 4000 Sodar which produces a regular and repetitive high pitch sound in order to capture
vertical profiles of three dimensional wind speeds. However, due to the lowest limits of the Sodar being
above the height of the surface layer, vertical profiles have only been utilised for a case study and not
as extensively as hoped. Nevertheless, this site still provided a safe enclosed area inside the Alexandra
air shed for the collection of data between 14 July and 20 August 2013. Its location within a large empty
industrial lot also meant that it had suitable distance from buildings and other objects, reducing possible
effects on localised wind flow. Measurements of wind speed and direction were recorded using a RM
Young 05103 wind anemometer and air temperature was recorded using a Viasala HMP45C temperature
probe which both recorded 10 minute averages. Eddy covariance measurements were taken using a
CSAT-3 Sonic Anemometer which sampled at a rate of 20 hertz and recorded 10 minute averages. All
data measured at the TAWS site were recorded onto CR1000 Campbell Scientific data loggers which
were powered by a 12V battery connected to a solar panel.
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Table 3.1: Data collection procedures for three measurement sites in Alexandra.
Location and

Instrument

Measured Variable

Measurement

Sampling

Averaging

Height

Rate

Period (s)

Accuracy

Period of Data
Availability

VENTRY STREET (ORC) (ORC)
PM10 (µg/m³)

Met One Beta
Attenuation
Monitor (BAM)
1020

4m

Continuous

Hourly and
daily

± 8% for
hourly
± 2% for daily

2006 - Present

Temperature (˚C)

Met-One
temperature
sensor

3m

Unknown

15 minutes

±0.2 C˚

2006 - Present

PIONEER PARK (NIWA)
Wind Speed (m s-1)
and Direction (˚)

Vaisala Windcap
Ultrasonic Wind
Sensor

4m

1 second

60 minutes

±0.3 m s-1
±2˚

2008 - Present

Mean Sea Level
Pressure (hPa)

Vaisala Barocap
sensor

4m

Once daily

9am sample

±0.5 hPa

2008 - Present

Global Radiation
(Wm-2)

LI-COR LI-200
Pyranometer

4m

3 Seconds

24 hour
total

±5% of daily
total

2008 - Present

3m

30 seconds

10 and 60
minutes

±0.3m s-1
±5˚

14/6/201320/8/2013

Viasala
HMP45C

2.5m

30 seconds

10 and 60
minutes

±0.2C˚

14/6/201320/8/2013

3 dimensional wind
components (u,v,w)
(m s-1)

CSAT3 3-D
Sonic
Anemometer

1.65m

20 hz

10 minutes

v ±0.08 m s-1
w ±0.04 m s-1

14/6/201320/8/2013

Vertical profiles of 3
dimensional wind
components (u,v,w)
(m s-1)

AeroVironment
4000 Sodar

40m-400m+
at 10m
resolution

4500 hz

10 minutes

WD ± 2˚
WS ± 0.5ms-1

1800h-2300h
23/07/2013

ECLIPSE STREET (TAWS)
Wind speed (m s-1)
and Direction (˚)
Temperature (˚C)

RM Young
05103 Wind
Anemometer

3.2.2 External sources
Kidson Types
To analyse the synoptic controls on air pollution in a semi-quantitative manner, local air pollution and
climate conditions were linked to the occurrence of the Kidson synoptic types (Kidson, 2000). The
Kidson type classification system provides a description of local circulation and weather types over the
New Zealand region. Kidson (2000) used a combination of principal component analysis and cluster
analysis to define 12 synoptic types (Figure 3.3) from 1000hPa height fields derived from the
NCEP/NCAR re-analysis data set. The NCEP/NCAR re-analysis data set is a globally gridded data set
first introduced by Kalnay et al. (1996), which incorporates observations and numerical modelling and
dates back until 1948, meaning the Kidson types are available from 1948 through to the present. The
Kidson types are provided twice daily at 0000h UTC and 1200h UTC. The frequency of each type along

34

with a description of the associated synoptic weather type is given in Table 3.2. For an in-depth
description of the classification method used the reader is directed to Kidson (2000).

Figure 3.3: The twelve synoptic types identified by Kidson, 2000.
Table 3.2: Description of the 12 weather types defined by Kidson, 2000 as well as the frequency of occurrence
over the winter months. Also shown are the three regime groups and winter frequencies defined by Kidson, 2000.

“Trough” Weather Types

Frequency of
Occurrence
During winter
36.7%

“Zonal” Weather Types

32.3%

“Blocking” Weather Types

31%

Regimes

Weather Types

T = Trough
SW = South-Westerly Flow
TNW = Trough in North-Westerly Flow
TSW = Trough in South-Westerly Flow
H = High Pressure over the country
HNW = High to North-West of NZ
W = High to North with Westerly flow over NZ
HSE = High Pressure to South-East of NZ
HE = High Pressure to East of NZ
NE = North-Easterly Flow
HW = High Pressure to the West of NZ
R = Ridge lying across central and southern NZ

Frequency of
Occurrence
During winter
10.9%
12.3%
7.0%
6.5%
16.7%
10.1%
5.5%
10.8%
7.9%
4.0%
4.5%
3.8%
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3.3 Data treatment and analysis
This section explains and justifies the anaylsis carried out in the three sections previously mentioned:
the synoptic scale, local scale and micro scale.

3.4 Synoptic-scale analysis
In order to establish a relationship between synoptic conditions and variables measured within
Alexandra, the Kidson synoptic types were utilised. As described in section 2.7.3, poor air quality in
Alexandra is a feature of the winter months and in order to focus on this period, hourly observations of
PM10, temperature and wind speed from May through August were matched to the corresponding Kidson
types. PM10 and temperature data collected at the ORC site over the winter months of 2006-2013 were
used while for wind speed data measured hourly during the winter months of 2008-2013 at the NIWA
site was used (Table 3.1)
As the Kidson types are provided twice daily (0000h UTC and 1200h UTC), hourly measurements of
PM10, wind speed and temperature were aligned to these twelve hour blocks by assigning the appropriate
Kidson classification to each hourly measurement. This made it possible to compare hourly averages
under each of the 12 Kidson types. In order to determine the appropriate statistical test for comparing
Kidson groupings, the distributions of the PM10, temperature and wind speed variables were examined
and tests for skewness and kurtosis were undertaken to decide whether the data were parametric or nonparametric. Those variables which were normally distributed and had skewness and kurtosis values that
were <1 and >-1 were deemed to be parametric while those that did not fit this criteria were deemed
non-parametric. Results for these tests can be seen in Figure 3.4.

Figure 3.4: Distribution of hourly PM10, air temperature and wind speed for the winter months as well as skewness
and kurtosis values.

Temperature was deemed to be parametric and therefore a One-Way Analysis of Variance (ANOVA)
was used to determine whether significant differences in temperature occurred under the presence of
36

each Kidson type.

The ANOVA test analyses the difference in means between groups in order to

determine whether or not significant difference exists and this was done using the statistical package
“R”. To determine where those differences lay the Games-Howell multiple comparison procedure for
unequal variances was used, as it is the most powerful for variables with unequal sample sizes (Field,
2009) and as the Kidson types occur at different frequencies (Table 3.2), the sample sizes vary.
PM10 and wind speed were deemed to be non-parametric and were therefore analysed using the nonparametric Kruskal-Wallis Test which was also run in “R”. The Kruskal-Wallis is similar to an ANOVA
but it does not assume the population to be normally distributed and can reduce the impact of skewness
and outliers by ranking the data to check for statistical differences between the mean ranks of each group
instead. As with the ANOVA, the Kruskal-Wallis only identifies whether a difference between mean
ranks exists and therefore it is again necessary to run a post-hoc multiple comparison procedure. The
Nemenyi-Damico-Wolfe-Dunn (NDWD) joint ranking test for post-hoc comparisons (Hollander and
Wolfe, 1999) was undertaken in “R” using the “coin” package (Zeileis et al., 2008) in order to determine
where the significant differences lie.

3.5 Local-scale Analysis
3.5.1 Classifying the local air pollution climatology
To understand how the local meteorological conditions impact on PM10 concentrations a classification
tree analysis was undertaken. This was employed using the same method as Appelhans et al. (2012),
who successfully used a classification tree to identify the probability of exceeding the AQNES for PM 10
in Christchurch using a range of observations of local atmospheric phenomena. This research attempts
to apply the same technique in order to determine which local scale atmospheric controls are most
influential on PM10 concentrations in Alexandra.
Recursive partitioning is a statistical method that uses regression modelling for prediction and
explanation usually through the use of computerised algorithms (Hothorn et al., 2006). One widely
used algorithm is the Classification and Regression tree (CART) analysis which was first established by
Breiman et al. (1984). CART has since been used in a number of air pollution studies. Burrows et al.
(1995) used a CART analysis to predict surface ozone concentrations using a range of meteorological
predictor variables across a number of sites in Canada and found the algorithm fitted the data well. Hu
et al. (2008) also used a CART analysis and determined the relationship between maximum temperature,
sulphur dioxide (SO2) and mortality rates in Sydney, Australia. Slini et al. (2006) evaluated the ability
of four statistical techniques to forecast PM10 concentrations from meteorological predictor variables in
Thessaloniki, Greece and determined that CART was able to adequately capture trends in PM10.
The CART analysis in this research was undertaken in R using the “partykit” package (Hothorn and
Zeileis, 2012) based on the work of Hothorn et al. (2006). CART uses recursive partitioning to split the
response variable into a set of classes (nodes) created from a set of predictor variables with the final
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splits being displayed in a decision tree. The Monte Carlo method is employed to determine all the
available splits and at each split a test statistic is calculated producing a p-value in order to ensure
comparability between splits. The predictor variable that produces the split with the lowest p-value is
then split in two, producing two new classes. From here the process is repeated on the new classes, and
so on, until the response variable has been classified into its final classes (terminal nodes) which can
have a predefined minimum size in order to prevent over fitting. For a more thorough description of the
CART method used in this research, the reader is directed to Hothorn et al. (2006).
Following the method used by Appelhans et al. (2012) a conservative approach was employed with
splits only being allowed to occur if the p-value was <0.001. However, differences in data set size
(Appelhans et al. (2012) had approximately 1200 observation days, while this study had approximately
600) meant that the minimum node size for this study was set at 50 instead of 100. Once these constraints
were set, an extensive range of meteorological predictor variables were devised using data from both
the ORC site and NIWA site for the winter months (May-August) between 2009 and 2013 (Table 3.3)
Temperature variables were set using data from the ORC as it is at the same site as the PM 10 monitor,
however due to the poor wind data quality at the ORC site the wind variables were set from data at the
NIWA site. These variables are the same as those used by Appelhans et al. (2012), with the exception
of the exclusion of a relative humidity predictor variable. Relative humidity was removed due to
autocorrelation between temperature and relative humidity (as relative humidity is a function of
temperature). Days with missing data were removed from the analysis as missing data are not allowed
within a CART analysis. The response variable, PM10, was used as a binary response with the outcome
either being an exceedance day (PM10>50 µg/m³) or a non-exceedance day (PM10<50 µg/m³) as defined
by the AQNES.
Table 3.3: List of variables used in the CART analysis following Appelhans et al. 2012.
Variable Name
Tmin_i1
Tmax_i_Tmin_i1
ws_00_06
ws_06_12
ws_12_18
ws_18_24
ws_00_12
ws_12_24
ws_18i-1_24i-1
ws_18i-1_06
p
p_i_-1_i
rad

Description
Minimum Temperature of the following day (˚C)
Difference between maximum temperature of considered day and minimum temperature of
following day (K)
Mean wind speed between 0000 and 0600 h (m/s)
Mean wind speed between 0600 and 1200 h (m/s)
Mean wind speed between 1200 and 1800 h (m/s)
Mean wind speed between 1800 and 2400 h (m/s)
Mean wind speed between 0000 and 1200 h (m/s)
Mean wind speed between 1200 and 2400 h (m/s)
Mean wind speed between 1800 and 2400 h of preceding day (m/s)
Mean wind speed between 1800 h of preceding day and 0600 h of considered day (m/s)
Mean sea level pressure
Difference in mean sea-level pressure at 0900 h between preceding day and considered day
(hPa)
Daily global radiation (MJ)

Source
ORC
ORC
NIWA
NIWA
NIWA
NIWA
NIWA
NIWA
NIWA
NIWA
NIWA
NIWA
NIWA

3.5.2 Defining Local Drainage Flows
In order to determine local drainage flows, 10 days of hourly wind speed and direction observations
from the NIWA and TAWS sites were anaylised. To remove the influnce of synoptic scale winds 10
days were chosen which were under the presence of the Kidson Type H. The Kidson type H (as seen
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inFigure 3.3) indicates the presence of a high pressure system over the country. This meant that only
days with weak gradient flow and strong heating and cooling (due to clear skies) were analysed which
resulting in the strongest signals of the local drainage flows. To relate the wind direction to the local
terrain, the highest 3 hour wind direction frequency calculated during the 10 day period was mapped at
both sites using ArcGIS.

3.6 Micro-scale characterisation of the boundary layer

In order to characterise the micro-scale controls on air pollution within Alexandra’s atmospheric
boundary layer, two parameterisations were used. These parameterisations were based on eddycovariance data collected at the TAWS site between the 14th of June and the 20th of August (Table 3.1).
Monin-Obuhukov similarity theory (MOST) was used to determine the stability parameter (𝑧/𝐿) while
a diagnostic model was utilised to parameterise the height of the mixing layer (ℎ).

3.6.1 Characterisation of atmospheric stability
The stability parameter z/L was calculated using the Obukhov Length (L) scaled at height z, and was
calculated following Kaimal and Finnigan (1994):

𝑧/𝐿 = −

̅̅̅̅̅̅̅0
(𝑔⁄θ̅)(𝑤′𝜃′)
𝑢∗3 ⁄𝑘𝑧

(Equation 3.1)

̅̅̅̅̅̅̅ is the covariance of the vertical wind component (𝑤)
where 𝑔 is the acceleration due to gravity, (𝑤′𝜃′)
and virtual potential temperature (𝜃), k is the von karman constant, and 𝑢∗is the friction velocity which
is defined as:
′ 𝑤 ′ ) ]1/2
̅̅̅̅̅̅
𝑢∗ = [−(𝑢
0

(Equation 3.2)

′ 𝑤 ′ ) is the covariance of the 𝑢 and 𝑤 wind components. Ten minute averages of 𝑢 ′ , 𝑣 ′ , 𝑤 ′ and
̅̅̅̅̅̅
where (𝑢

𝜃𝑣 measured by the CSAT3 3-D sonic anemometer were used to calculate 𝑧/𝐿 and 𝑢∗ . The scaling height
of 𝑧 was set equal to the height of measurements (1.65m). The Air Pollution Model (TAPM) also uses
MOST to define its surface fluxes and a validation study focusing on TAPMs ability to simulate
atmospheric stability in Alexandra is given in Appendix A.

3.6.2 Mixing Layer Height
To gain hourly estimates of boundary layer height a diagnostic parametrisation was used to calculate the
boundary layer height, ℎ. This parameteristation has been used to represent boundary layer height in a
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number of studies where vertical profiles of the atmosphere were not availiable(Giovannoni, 1993;
Cvitan, 2006; Griffis et al., 2013; Pegahfar and Bidokhti, 2013). The parameterisation is traditionally
expressed as:
ℎ = 𝑐𝑢∗ /𝑓𝑐𝑜

(Equation 3.3)

where 𝑓𝑐𝑜 is the coriolis parameter, 𝑢∗ is the friction velocity and 𝑐 is an empirical constant dependent
on atmospheric stability. Following Pegahfar and Bidokhti (2013) the values used for the constant,𝑐,
were as follows: 𝑐= 0.15 for unstable conditions(z/L≤-0.1), 𝑐 = 0.4 for stable conditions (z/L>0.1). For
neutral conditions (-0.1 <z/L≤0.1) 𝑐 =0.2 was used following Zannetti (1990). While there are a range
of more elaborate parameterisations for ℎ, verification studies have historically favoured simpler
diagnostic parameterisations such as Equation 3.3 (Seibert et al., 2000).

3.7 Research synopsis

A summary of the methodology described in this section is displayed in Figure 3.5. This highlights the
overarching aim of the thesis and indicates how the methods of data collection and analysis is undertaken
to describe the atmospheric controls at varying scales.
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Figure 3.5: Summary of the research methodology used to characterise the air pollution climatology of Alexandra.
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Chapter 4: Results
4.1 Background climate and air quality in Alexandra

In order to give context for the analysis within this results section, the air quality and background climate
of Alexandra will be presented initially. Firstly, to highlight the extent of Alexandra’s air quality
problem, Figure 4.1 shows the number of breaches of the Air Quality National Environmental Standards
(AQNES) between 2006 and 2012.

Figure 4.1: Number of days through May and August 2006 - 2012 above the 50µg/m³ AQNES 24 hour limit and
average winter PM10 concentration.

On average, the 50µg/m³ limit was breached 45.9 times a year between 2006 and 2012. The worst year
displayed is 2008 with 75 separate days exceeding the AQNES standard resulting in an average PM10
concentration of 60µg/m³ per winter’s day.

However, Figure 4.1 shows that the average winter PM10

concentrations were above 40µg/m³ each year. Across the sample however, average winter PM10
concentrations sat above 40 µg/m³; in close proximity to the AQNES limit. This indicates the extent of
the problem facing Alexandra as it attempts to meet the national standards by reducing the number of
exceedance days per year to three by 2016.
Figure 4.2 shows average monthly PM10 concentrations and exceedances for the years 2006 to 2012.
The result emphasizes the seasonality that occurs in Alexandra in regards to air quality, with high
average monthly PM10 concentrations from late autumn through to the end of winter. The most
outstanding months are June and July, showing an average monthly concentration above the 50µg/m³
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threshold, resulting in an average of 16 and 18.5 days exceeding, respectively. Only 7 days outside of
May through August have recorded daily average concentrations above the 50µg/m³ limit since 2006,
while none have been recorded between October and March. Variations in air quality through the
months of May through to August are from here forth the focus of this study and will be referred to as
“the winter months”.

Figure 4.2: Average monthly PM10 concentrations and the average number of days per month that exceed the
AQNES standards between 2006 and 2012.

Figure 4.3 shows the diurnal pattern of PM10 during the winter months by displaying the average hourly
PM10 concentrations between 2006 and 2012. It shows the occurrence of a morning peak at 0900h, as
well as highlighting the presence of a bimodal evening peak, one at 1900h and one at 2300h. Both the
morning peak and the evening peaks, on average, exceed the 50µg/m³ limit. The highest average hourly
concentration occurs at 2300h, which almost reaches 80µg/m³. The 95% confidence intervals show that
the largest variations in PM10 occur during the night (between 1800h and 0000h). During the daytime
concentrations are at their lowest and variability in concentration is less pronounced.
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Figure 4.3: Average hourly PM10 concentrations and 95% Confidence intervals for the winter months 2006 to 2012
as recorded at the ORC monitoring station.

To introduce the diurnal patterns and characteristics of the local climate during the months of May –
August, hourly wind direction frequency has been plotted using observations recorded between 2008
and 2013 measured at the NIWA site in Pioneer Park (Figure 4.4). As we are most interested in the
variation of climate variables that impact PM10 concentration during the evening, this plot (and future
plots) begins at 1500h (top) and continues throughout the night until midday (bottom).

Figure 4.4: Wind direction and speed recorded at the NIWA site for the winter 2008 - 2013. The contour plot on
the left indicates frequency of wind direction by hour of the day while the box plot on the right indicates hourly
wind speeds.

Figure 4.4 shows that the most frequent winds during the winter months come from the E-NE direction.
Wind from this direction is the prevailing wind throughout the day, but decreases in frequency after
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1500h and increases again after 2100h. The increase in frequency after 2000h indicates that this wind
from the E is a katabatic flow, which frequently shifts towards the N-E direction throughout the night.
However, flow from this direction continues to be the prevailing flow right through until the late
afternoon. The box-plot in Figure 4.4 indicates that wind speed in Alexandra is generally low throughout
the day, with median wind speeds only slightly above 1 ms-1 during the daylight hours. During the night
wind speeds look to be even lower, with median wind speeds <1ms-1.
Figure 4.5 uses the same wind direction frequencies but with the added shaded contours for wind speed
and temperature to help understand how these variables relate to the local wind flows. The average wind
speeds of the regularly occurring drainage flows from the E are generally low. However, winds from
the E to S-E sector have lower average wind speeds than those between the E to N-E direction. The
highest wind speed comes from the N-W direction, with the maximum speed occurring at around 1900h.
This wind, however, only occurs 2-3% the time during the winter months.

Temperature during the

highest frequency winds (i.e. from the NE-E) shows strong nocturnal cooling after sunset leading to the
lowest temperatures at 0600 hours.

Figure 4.5: Shaded contour plots of average wind speed (left) and average temperature (right) and percentage
frequency of wind direction for data recorded at Pioneer Park for the winter months, 2008-2013.

Finally, Figure 4.6 shows the average hourly PM10 concentration by wind direction frequency during the
winter months. It indicates that under the presence of winds from nearly all directions, two peaks in
PM10 concentration can be found, one in the evening between 2100 and 2400h and one after 0900h. The
highest concentrations occur under the presence of wind from the S-E, aligning with the lowest
temperatures and lowest wind speed. When winds are present from the NE and the SE sector, PM10
reaches its evening maximum earlier. The lowest PM10 concentrations occur with winds from the S-W
which were associated with average wind speeds above 1ms-1 (Figure 4.5).
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Figure 4.6: Shaded contour plots PM10 concentration and percentage frequency of wind direction (left) and a box
plot of hourly wind speed (right) for data recorded at the NIWA for the winter months 2008-2013.

This section has briefly described the temporal patterns of the PM10 issue in Alexandra highlighting how
concentrations vary annually, seasonally and hourly. The general climate of Alexandra during winter
has also been described depicting a climate that is dominated by low winds speeds and relatively low
temperatures.

4.2 Synoptic-scale controls on air quality

This section provides an analysis to determine the extent to which synoptic conditions can explain
variability of surface variables in Alexandra. As described in Section 3.4, hourly measurements of PM10,
wind speed and temperature are linked to the synoptic types classified by Kidson (2000). Statistical
analyses are carried out to determine whether variations in surface variables between synoptic types are
significant.

Finally, the relationship between the frequency, persistence and transitions of various

Kidson types is examined with regard to PM10 levels.

4.2.1 Kidson Type linkages to surface variables
To depict the relationship between PM10 concentrations and Kidson synoptic types, box plots of hourly
PM10 concentrations recorded at the ORC site from May – August, 2006 – 2012 are plotted in groups
defined by the Kidson types (Figure 4.7). In terms of regime groupings, Figure 4.7 shows that those
Kidson types within the “blocking” regime have generally higher concentrations than those in the
“zonal” and “trough” regimes. A Kruskal-Wallis test confirms this, with PM10 concentrations during
weather circulations classed under the “blocking” regime significantly higher than both “zonal” and
“trough” classifications at the 95% level.
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Figure 4.7: Hourly PM10 concentrations measured at the ORC site for the winter months of 2006 – 2012 by type,
where dark grey indicates the “zonal” regime, light grey indicates the “blocking” regime and white indicates the
“trough” regime.

Figure 4.7 indicates that high PM10 concentrations are a feature of all synoptic conditions, with the upper
quartiles of all Kidson types (except for SW) being above the AQNES daily limit, indicating that at least
25% of the recorded concentrations are above 50µg/m³. As expected, those Kidson types that are linked
to the presence of high pressure systems (H, HSE, HE and R) are associated with some of the highest
PM10 concentrations. This is highlighted by the results of Kruskal-Wallis and NWDW statistical
analysis, which showed that PM10 concentrations during the presence of a weather circulation classified
as H are significantly higher than any other except for HSE at the 95% level. PM10 concentrations during
HSE and HE types are not significantly different to each other but are significantly higher than all Kidson
types excluding H and TNW. Despite depicting the presence of strong north-westerly flow (Table 3.2),
PM10 concentrations during the presence of the Kidson type TNW had significantly higher
concentrations than 6 other Kidson types (HNW, W, HW, R, SW and TSW) and was only significantly
lower than H at the 95% level.
The lowest PM10 concentrations were associated with the presence of the south-westerly flow (SW,
HNW and TSW) or strong westerly flow over the South Island with a high centred above the North
Island (W) (Table 3.2). The SW Kidson type aligned with the lowest PM10 concentrations. A NDWD
multiple comparison procedure confirms this, as PM10 concentrations during this classification were
significantly lower than any other. Apart from SW, PM10 concentrations were also significantly lower
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when HNW, W and TSW Kidson types were present.. A matrix showing the results of the NDWD is
shown in Table B.1, which indicates the significance level of significance of PM10 concentrations
between Kidson types.
Figure 4.8 indicates that wind speeds during Kidson types within the “blocking” regime are generally
lower than the other two regimes. The Kruskal-Wallis test confirms this, showing wind speeds to be
significantly lower during the presence of Kidson types within the “blocking” regime, while also
revealing no significant difference between “zonal” or “trough” wind speeds. Generally, wind speeds
under the various types are low within the Alexandra basin. However, those types associated with southwesterly flow (SW, HNW and TSW) are associated with higher wind speeds indicating the introduction
of gradient flow from these synoptic conditions into the Alexandra Basin. The Kruskal-Wallis and
NDWD procedures indicate that this wind speed during the presence of HNW and SW are significantly
higher than any other Kidson type.

Figure 4.8: Hourly wind speeds measured at NIWA site for the winter months of 2008 – 2012 by Kidson type,
where dark grey indicates the “zonal” regime, light grey indicates the “blocking” regime and white indicates the
“trough” regime.

As expected, those Kidson types associated with anticyclonic conditions (H, HE, HSE and R) are linked
to the calmest conditions. Furthermore, wind speeds were significantly lower during the presence of H,
R Kidson types when compared to all other types with the exception of HSE, HE and TNW.
Interestingly, wind speeds during N-W (TNW) and N-E (NE) flow were shown to have some of the
lowest wind speeds indicating that the local terrain may reduce the impact of gradient flow within the
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Alexandra Basin. Again, the results of the Kruskal-Wallis and NDWD are transcribed into a matrix
provided in Table B.2.
Finally, as temperature can influence both emission rates and can potentially indicate the presence of
dispersion restricting surface inversions, the relationship between temperature and Kidson type is
explored in Figure 4.9. This shows that the “blocking” regime has generally lower temperatures than
the other two regimes. This is confirmed statistically using the ANOVA and Games-Howell post hoc
tests, which showed that temperatures recorded in the “blocking” regime significantly lower by an
average of 1.5˚C than those within the “Trough” regime and 1.9˚C lower than those within the “zonal”
regime. Those recorded temperatures within the “zonal” regime were significantly higher than those
recorded within the “trough” regime at the 95% level, with the mean temperature being 0.40˚C higher.

Figure 4.9: A Box plot of hourly temperatures for the winter months 2006 - 2012 from the ORC site by Kidson
Type, where dark grey indicates the “zonal” regime, light grey indicates the “blocking” regime and white indicates
the “trough” regime.

HSE, HW and R classified circulation patterns were significantly lower at the 95% level, with a mean
temperature 2.7 ˚C less than all other Kidson types. The presence of H and TSW types introduced
temperatures significantly lower than all other Kidson types excluding the aforementioned types and
NE. The highest temperatures occurred under synoptic classifications of HNW and W, which were
significantly higher than all other Kidson types at the same level of significance. As with the previous
analysis, results of the ANOVA and Games-Howell tests are given in Table B.3.
Table 4.1 summarises the synoptic influence on surface variables by displaying the associated mean of
each variable under each synoptic type. This shows that the synoptic types that are associated with the
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lowest PM10 concentrations are related to either the highest average temperature (W), the highest average
wind speed (SW) or both (HNW). Similarly, those with the highest average concentrations were
associated with low average wind speeds (H, HSE and HE). However, the link between temperature
under each synoptic condition and higher PM10 concentrations is less clear. For example TNW, has
higher average temperatures with an average PM10 concentration above the AQNES standards and TSW
having lower PM10 concentrations with lower average temperatures, yet both have similar wind speeds.
Table 4.1: Mean PM10, temperature and wind speed during each synoptic type and regime. A red box indicates the
four highest mean values for each column, while blue indicates the lowest.

Trough
SW
T
TNW
TSW
Zonal
H
HNW
W
Blocking
HSE
HE
HW
NE
R

PM10 (µg/m³)
40.7
31.0
48.7
52.6
40.5
45.7
55.5
38.7
42.9
51.5
60.4
51.1
45.8
48.5
48.0

Temperature(˚C)
4.9
5.3
5.0
5.4
4.0
5.9
4.1
6.6
6.9
3.4
2.7
5.5
2.3
4.1
2.6

Wind Speed (ms-1)
1.39
1.70
1.33
1.24
1.29
1.41
0.95
1.98
1.31
1.04
0.97
1.02
1.35
1.06
0.85

It is apparent that synoptic conditions which are linked to poor air quality are characterised by lower
wind speeds and to some extent air temperature. However, average PM10 concentrations are above
40µg/m³ during all but two synoptic types indicating that poor air quality in Alexandra occurs under
most types of circulation patterns. As synoptic conditions as well as PM10 concentrations are not fixed
in time it is important to consider the temporal aspects of the synoptic classification types which will be
the focus of 4.2.2.

4.2.2 Synoptic type frequency, persistence and transition
As a relationship between PM10 and synoptic conditions has been recognised, this sub-section will
explore the ability to describe yearly annual exceedances by the frequency of Kidson type occurrence.
The relationship between average Kidson type persistence times as well as transition patterns between
Kidson types to air quality will then be analysed. For further analysis, three groups of Kidson types
were formed according to the significance levels for hourly PM10 concentrations established from the
Kruskal-Wallis and NWDW tests (Table 4.2).
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Table 4.2: Pollution potential groups determined from the significance levels of each Kidson Type PM 10
concentrations Kruskall-Wallis and NDWD test.
Pollutant
Potential

Kidson Types

High

Average PM10
Concentration

Average Wind
Speed

Average
Temperature

H, HSE, HE and TNW 54.5µg/m³

1.02m/s

4.1˚C

Moderate

NE, HW, R and T

48.0µg/m³

1.19m/s

3.9˚C

Low

TSW, W, HNW and
SW

37.2µg/m³

1.59m/s

5.6˚C

The four Kidson types that corresponded with significantly higher concentrations from the analysis
undertaken in 4.2.1 were deemed to be in the “High” pollutant potential group. Those Kidson types that
were correlated with significantly lower PM10 concentrations were deemed as part of the “Low”
pollutant potential group, while the final four were deemed to belong to the “Moderate” pollutant
potential. With these groups defined it is easier to visualise and therefore understand how the temporal
patterns of the synoptic types relate to air quality in Alexandra.

Figure 4.10 shows the frequency of occurrence of Kidson types for May through August from 2006 to
2012 as well as the average frequency of Kidson type occurrence over 30 years between May and
August. The long term average frequencies of Kidson types (shown on the far left) indicate that those
Kidson types within the “High” grouping account for 43% of the total synoptic conditions. Those
Kidson types within the grouping of “Low” pollutant potential occurred with a frequency of 35% during
winter months.
To assess how the occurrence of Kidson types within the “High” pollutant potential group impact on
annual exceedance rates, the frequency of Kidson types during the winters of 2006 to 2012 were
compared to the long term average frequencies (Figure 4.10). During the 2008 winter, which had 75
exceedances, Kidson types that had been placed in the “High” pollutant potential group occurred with
less frequency (5.4%) when compared to the long term average frequencies. Kidson types within the
“Low” pollutant potential group also occurred slightly less during the winter of 2008, while those within
the “Moderate” pollutant potential group occurred with greater frequency.
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Figure 4.10: Frequency of Kidson Type occurrence the winter months of 2006 - 2012 compared to the 30 year
frequency of Kidson Types from 1982 – 2012 during May to August. Kidson Types shaded blue indicate those
within the “High” pollutant potential group, shaded grey for the “Moderate” pollutant potential group and green
for those in the “Low” pollutant potential group. Also shown above is the number of exceedances per year.

By comparison, 2009 had 34 days fewer than 2008 that exceeded the NES limit. However, comparisons
of the Kidson type frequency between the two years show that the synoptic frequencies were very
similar. The H Kidson type was more prevalent in 2008, occurring 5.1% more of the time than 2009
while the SW and W Kidson types were more frequent in 2009. In general however, the frequency of
Kidson types between the two years was comparable. 2010 shows a distribution of Kidson types that
has the potential to result in the most exceedance days, with 54% of the winter months being under the
influence of Kidson types that were associated with the “High” pollutant potential group. 2010 also had
a reduced frequency of those in the “Low” pollutant potential group, occurring 12% less than the 30
year average. This aligns with 2010 having 51 exceedances during the year, the second highest number
of exceedance days between 2006 and 2012.

Drawing specific links between the frequencies of Kidson types to variations in PM 10 concentrations is
difficult and the number of annual exceedances is not well described by the occurrences of different
synoptic types. One reason is that, as described earlier, average PM10 concentrations were relatively
close to the AQNES limit under nearly all synoptic types, making it hard to define exceedances as a
result in changes in synoptic type frequencies.

Also, the Kidson types only describe synoptic

circulations in 12 hour stationary periods. Air quality however, is more likely to be determined by the
continuation and interaction of varying synoptic conditions. It is therefore useful to understand the
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persistence of synoptic conditions that impact on air pollution and what conditions are likely to follow.
Accordingly, Figure 4.11 shows the long term average duration of each of Kidson type in days.

Figure 4.11: Average duration in days of Kidson types during the winter months of 1982-2012.

Duration was calculated by determining, on average, how often a Kidson type was followed by a Kidson
type of the same kind. The most persistent Kidson type is HSE, which had an average duration of 1.64
days during the months from May through August 1982-2012. H was the second most persistent with
an average of 1.57 days and third during the winter months was the Kidson type T with an average
duration of 1.53 days. The Kidson type with the lowest average duration was W with an average
duration of 1.00 day. On average, the remaining Kidson types persist between 1 and 1.5 days.
To highlight the influence of proceeding synoptic conditions, Table 4.3 shows the probability of a
Kidson type within a pollutant potential group to transition into another pollutant potential group.

Table 4.3: Probability of transition between pollutant potential groupings of Kidson types for May-August 19822012.

High
High
→→→→ 0.835
0.155
Moderate →→→→
Low
→→→→ 0.098

Moderate
0.091
0.669
0.112

Low
0.074
0.176
0.790

The probability of a Kidson type within the “High” group shifting to another one within the “High”
group is 0.835 (Table 4.3). This means that if H, HSE, HE or TNW are present there is an 83.5% chance
that one of those four will follow in the next 12 hour period. The probability of moving between Kidson
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types within the “Low” group to another “Low” group is again reasonably high at 0.790. Those Kidson
types within the “Moderate” group are most likely to transition between groups, with the probability of
moving into “High” being 0.155 or a “Low” being 0.176. This indicates that the preceding conditions
play an important part in determining PM10 concentrations.
This section has established a relationship between PM10 concentrations and the overlying synoptic
circulation, with the presence of high pressure systems often associated with poor air quality. However,
poor air quality in Alexandra was shown to be a feature of nearly all synoptic conditions and those
Kidson types which indicate strong gradient flow across the South Island do not appear to influence
dispersion within the Alexandra Basin. This suggests that terrain induced decoupling from synoptic
conditions may occur in Alexandra. Therefore, to determine the air pollution climatology of Alexandra,
it is of equal important to understand the processes that occur at the local and micro-scales.

4.3 Local-scale controls

This section provides an analysis of the local controls that impact on daily PM10 concentrations. Firstly,
a classification and regression tree (CART) analysis is undertaken in an effort to understand the
influence of local meteorology on the potential for an exceedance day to occur. The influence of the
meteorological conditions defined by the CART analysis on diurnal patterns of PM10 is then examined.
Finally, patterns of local drainage flows are analysed using ten days of wind data recorded during
anticyclonic conditions when thermally driven winds are most likely to feature strongly.

4.3.1 CART analysis
To identify the variables at the local-scale that have the strongest influence on air quality in Alexandra,
a Classification and Regression Tree (CART) analysis was undertaken following the methods described
in section 3.5.1. The classification was run using a variety of meteorological predictor variables
measured at the NIWA site, as well as the ORC site and were chosen following Appelhans et al. (2013),
which were shown in Table 3.3. A recursive partitioning algorithm was then used in order to predict
whether the NES had or had not been breached. The results of the CART analysis are displayed in the
form of a decision tree in Figure 4.12.
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Figure 4.12: Results of the Classification and Regression tree analysis.

The CART analysis produced six nodes, with nodes 2, 6 and 7 used to predict an exceedance day and
nodes 8, 10 and 11 used to predict a non-exceedance day. These six nodes have unique meteorological
conditions and Table 4.4 shows a general description of the meteorological conditions that were defined
by the CART analysis. Nodes 2 and 6 can be considered days with high pollution potential, Nodes 7
and 8 days of intermediate pollution potential and Nodes 10 and 11 can be considered days of low
pollution potential.
Out of the large list of predictor variables, four variables were found to have the most significant
influence on whether the NES was breached or not. These were Tmin_i1 (the minimum temperature
from the following day), ws_12_18 (mean wind speed between 1200 and 1800 h) ws_18i.1_06 (mean
wind speed between 1800 h of the preceding day and 0600 h of considered day) and ws_12_24 (mean
wind speed between 1200 h and 2400 h). As temperature can be seen as a controller for local emissions
from domestic heating, it is of no surprise that temperature is an important predictor in determining
whether the AQNES limit is exceeded. Average wind speeds are also well represented as predictor
variables, which is likely to be a result of the direct influence that wind speed has on pollutant dispersion.
The recursive partitioning algorithm made its first split using the Tmin_i1 variable at the level of -3.4
˚C, which produced Node 2. This indicates that if the minimum temperature from the following day is
below -3.4 ˚C, there is a 72.8% chance of an exceedance day occurring. This is the only meteorological
control imposed on Node 2 as, unlike the other nodes, it is not defined by any wind speed variables. All
other terminal nodes have Tmin_i1 temperatures above -3.4 ˚C and are also influenced by a wind speed
variable. Node 6 had the second highest pollution potential and was defined as having calm conditions
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throughout the day with no upper temperature limit. If these conditions were met there was a 71.2%
chance that the AQNES for PM10 would be exceeded.
Table 4.4: General meteorological conditions for each node as defined by the CART analysis, probability of
exceedance and the number of days that fitted the described meteorological conditions.
Meteorological conditions

Probability of an
exceedance day
if conditions met

Number of days that
met the described
meteorological
conditions

Node 2

Very cold and frosty following morning

72.8%

97/581

Node 6

Calm conditions from the previous evening and
through the afternoon and the evening, potential for
frost the following day
Similar to Node 6 but with increased evening wind
speed

71.2%

73/581

52.8%

53/581

Node 8

Calm conditions during the afternoon, potential for
morning frost

38%

50/581

Node 10

Windy afternoon conditions possible frost the
following day

24.5%

139/581

Node 11

Windy afternoon, no frost

8.3%

169/581

Node 7

The meteorological conditions that were most likely to result in a non-exceedance day were defined by
Node 11, which if met resulted in an 8.3% chance of the AQNES being breached. Average afternoon
wind speeds for days defined by Node 11 are above 0.95 ms-1, showing that increased wind speeds
reduce the potential for an exceedance day. Node 10 was also defined as having wind speeds above
0.95 ms-1, but by having a second split of the Tmin_i1 variable at 0.2 ˚C, the likelihood of an exceedance
day increased to 24.5%.

The CART analysis correctly classified whether or not an exceedance occurred 75.9% of the time (

Table 4.5). It was most successful when predicting the occurrence of a non-exceedance day, with an
80.0% success rate.

The CART analysis was less successful when predicting the occurrence of an

exceedance day with 150 days that exceeded the AQNES limit being correctly classified and 67 being
wrongly classified as a non-exceedance day.

Table 4.5: CART analysis performance.

Number of
Occurrences
Percent Correct
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Exceedence
Day predicted
Correctly

Exceedence Day
predicted on an NonExceedence Day

Non- Exceedence
Day predicted
Correctly

Non-Exceedence
Day Predicted on a
Exceedence Day

Total

150

67

291

73

581

80.0%

75.9%

69.1%

4.3.2 Terminal node analysis
The recursive partitioning using the CART analysis statistically identified the meteorological conditions
that were most important in determining exceedance potential. This provides a useful basis to assess
how different conditions influence diurnal patterns of PM10.
Figure 4.13 shows the diurnal that there are large variations in average hourly PM10 concentrations, with
those terminal nodes with the highest pollution potential, unsurprisingly having the highest average
PM10 concentrations. Mean hourly PM10 concentrations during the morning, although varying in
magnitude, follow a similar pattern to one another, having a two hour peak at 0800h-0900h. The
exception to this, is the mean PM10 concentrations on days with conditions imposed by Node 2, which
reaches its morning peak at 0900h-1000h. The low temperatures imposed by Node 2 indicates that this
is likely to signal the presence of a strong temperature inversion, which takes doesn’t break up until late
morning. This results in average PM10 concentrations being above the 50µg/m³ AQNES limit for four
hours

during

the

morning.

Figure 4.13: Mean hourly PM10 concentrations by each terminal node created during the CART analysis.

During the day time, PM10 concentrations under all conditions decrease, reaching their lowest levels
during the early afternoon.

After 1600h mean PM10 concentrations begin to increase under all

conditions, which leads to the evening period that has the highest variability in mean PM10
concentrations. Unlike the morning, evening hourly PM10 concentrations show that no general pattern
is present. This indicates that variations in the mechanisms for dispersion are present under the different
meteorological conditions defined by the CART analysis.
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In particular, the bimodal evening peak that has been identified in previous studies was well defined
under the conditions imposed by Node 6, with a peak at 2000h and another at 2300h. Node 7 had the
same conditions as Node 6, apart from having an average wind speed that was greater than 0.725ms -1
between 1200h-2400h instead of below. This division has a strong influence on evening PM10
concentrations, with Node 7 indicating that wind speeds above the 0.725ms-1 limit often result in
dispersion over the afternoon.
Although less defined, the evening patterns of Nodes 2, 8 and 10 show a tendency to have an early peak
and a later peak. This indicates that there is a mechanism for dispersion that occurs under nearly all
conditions. However, this period of dispersion varies temporally, occurring between 1900h and 2200h
on days defined by Node 2 and 2000h and 2100h on days defined by Node 6. To assess whether this
night time dispersion is a result of horizontal mixing from surface winds, it is useful to examine the
relationship between PM10 and the local wind field as well as variations in temperature.
Figure 4.14 assess wind frequency during days defined as Node 2 and highlights that a stronger signal
of the evening katabatic flows from the E-NE is present when compared to the winter averages shown
in Figure 4.4. It indicates that this prevailing wind direction accounts for over 50% of each hourly wind
direction coming from between N and SE during the day. With no restrictions on wind speed imposed
by the CART analysis for Node 2it is also shown wind speeds often reach speeds greater than 1ms -1
during both the daytime and the evening. The night time katabatic winds begin at 2100h, originating
from an easterly direction and appear dependent on wind speed. This is shown by the wind direction
being predominantly from the E-SE when wind speed remains low, while a strengthening flow results
in winds coming from the E-NE sector.

Figure 4.14: Shaded contour plots of average wind speed at the NIWA site (2008 – 2012) (left) and average
temperature at the ORC site (2008 – 2012) (right) and percentage frequency of wind direction for Node 2 as
observed at the NIWA site.

As expected, the average hourly temperatures are generally low, often averaging under 5˚C throughout
the day. Figure 4.14 indicates that the lowest temperatures occur after 0300h, dropping to -5˚C around
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90% of the time. Strong cooling is also evident after 1700h, with average temperatures dropping 8˚C
by 2200h. The strongest katabatic winds also align with the strongest nocturnal cooling and therefore
the lowest temperatures. Average temperatures remain low throughout the day, with the average daily
maximum occurring at 1500h often only reaching 5˚C.
Figure 4.15 shows that the wind direction frequency during Node 6 days, shows a similar pattern to the
winter averages in Figure 4.4, with the evening winds from the E-NE direction still occurring but a
smaller frequency than those under the conditions of Node 2. As defined by the splits during the CART
analysis, wind speeds are low throughout the day, never reaching >1ms -1. With no temperature
limitations introduced by the CART analysis, average temperatures are higher than those days defined
by Node 2. Figure 4.15 shows daytime temperatures increase faster after sunrise than Node 2, reaching
higher average maximum temperatures of about 9-10˚C. Strong cooling still occurs between 1700h and
2200h, with an average temperature decrease of 7˚C. However, the temperature does not reach the same
overnight minimum as Node 2.

Figure 4.15: Shaded contour plots of average wind speed (left) and average temperature (right) and percentage
frequency of wind direction for Node 6.

The relationship between wind direction frequency and PM10 concentrations are shown in Figure 4.16
during days defined by Nodes 2 and 6. Overall, the average evening PM10 concentration during the
evening is higher for Node 6 than Node 2, with conditions imposed by Node 6 also resulting in PM10
remaining higher over a longer period of time. However, both nodes indicate that evening average PM10
levels reach concentrations above 90µg/m³, irrespective of the wind direction.
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Figure 4.16: Shaded contour plots of average hourly PM10 concentration (µg/m³) and percentage frequency of wind
direction for Node 2 (left) and Node 6 (right).

Figure 4.16 also shows that during both Node 2 and Node 6 conditions, there is no horizontal wind
bimodal peak present. While PM10 concentrations are variable throughout the evening during both
conditions, there is no relationship between wind direction and a bimodal peak, indicating that horizontal
wind flow at the surface is not the mechanism for the bimodal peak. However, katabatic flows do appear
to have some influence on PM10 concentrations. During days defined by Node 2 when katabatic winds
are their strongest (from the E-NE direction), mean PM10 concentrations are lower than when compared
to hourly averages under lighter katabatic flows from the E-SE. The strong katabatic flows from the ENE appear to reduce concentrations through the morning period, with lower concentrations present at
0900h.

4.3.3 Defining the local wind field
Localised wind flow within complex terrain can often be found to inhibit dispersion rather than enhance
it. Therefore, it is important to determine how localised flows interact with the local terrain. To
understand the local thermally driven wind field in Alexandra, wind data observed at the TAWS and
NIWA sites over 10 days of anticyclonic conditions are examined (i.e. days represented as “H” Kidson
type). This made it possible to enhance the thermally driven flows by reducing the influence of gradient
flow, as well as choosing times when cloud cover is less likely, thereby enhancing the heating and
cooling cycles. The results of this are given in the form of wind direction frequency plots shown in
Figure 4.17.
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Figure 4.17: Wind direction frequency for 10 days that were under the presence of synoptic weather conditions
classified as Kidson Type H for the TAWS site (left) and the NIWA site (right).

It confirms that the winds from the eastern side of Alexandra are thermally driven circulations with the
frequency of winds from the E increasing at around 2100h. The TAWS site shows that the most frequent
wind direction comes from the SE direction, which continues throughout the night and into the morning.
The most frequent wind direction at the NIWA site is from the E at 2100h. Throughout the evening
however, the most frequent wind direction at the NIWA site shifts from the E towards the NE where it
remains until the late afternoon. The presence of a wind from the NW is also present in the late
afternoon, which is particularly evident at the TAWS site.

Figure 4.18 shows the wind speeds associated these thermally driven flows and shows that wind speed
during the presence of the katabatic winds from the E are generally low at both sites. However, average
night time wind speeds at the NIWA site were slightly higher than those at the TAWS site, with the
TAWS site often averaging below 0.5ms-1. The fastest winds over the diurnal period arrive from the
NW during the afternoon flow. The direction and timing of this afternoon wind indicates a thermally
generated lake breeze may occur, generated from the temperature gradient between Lake Dunstan to the
NW and the Alexandra Basin.

Figure 4.18: Average hourly wind speed by wind direction frequency for 10 days that were under the presence of
synoptic weather conditions classified as Kidson type H for the TAWS site (left) and the NIWA site (right).
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This section has defined the local-scale characteristics using a CART analysis that are most likely to
result in daily average PM10 concentrations exceeding the AQNES. This was shown to be a robust
method of describing the local controls on air pollution. Hourly average PM10 concentrations were
shown to differ in both magnitude and profile shape under the various conditions defined by the terminal
nodes. This is particularly true during the evening with the bimodal peak being more evident under
some meteorological conditions than others. An analysis of the relationship between wind direction
frequency and PM10 concentrations indicates that horizontal air flow within the basin does not look to
be responsible for this unique evening profile. It is therefore necessary to define the micro-scale
characteristics of the boundary layer in order to understand the atmospheric controls of on PM 10 within
the Alexandra Basin, which is addressed in Section 4.4.

4.4 Micro-scale controls and boundary layer processes
In this section, micro-scale processes within Alexandra boundary layer and their relation to PM10 are
characterised following the methods described in Section 3.6. The relationship between atmospheric
stability on air quality is assessed using the stability parameter z/L determined from Monin-Obuhkov
Similarity Theory (MOST), while the extent of vertical mixing and its influence on PM10 concentration
is examined using a boundary layer height estimate from a diagnostic relation derived from surface layer
measurements. How these parameterisations relate to the synoptic and local scale phenomena presented
previously will also be assessed in order to summarise the full air pollution climatology of Alexandra.
Finally, a case study analysis of the atmospheric conditions which result in the bimodal evening peak is
undertaken through a multi-scale perspective.

4.4.1 Micro-scale boundary layer parameterisation
Monin-Obukhov Similarity Theory (MOST)
MOST was used to parameterise the extent of turbulent heat fluxes in the surface layer, and once scaled
to the height of the observations (z), was used to describe the stability of the atmosphere. This analysis
was carried out using eddy covariance data recorded at the TAWS site from the 14 July to 20 August
2013 (Table 3.1) To determine the applicability of MOST at the TAWS site, the relationship between
normalised standard deviations in vertical velocity fluctuations and z/L were examined and then
compared to the functions established by Kaimal and Finnigan (1994) for fluxes over flat homogeneous
terrain.
Figure 4.19 shows this comparison and indicates that the best fit line of the observed approximately
follows that of the theoretical line signifying that MOST generally holds at this location. This is
particularly true during stable conditions (z/L> 0) where the best fit line is close to theoretical line,
whereas during neutral and unstable conditions the best fit line indicates that the observed vertical
velocity ratios are slightly underestimated. While the best fit lines indicate reasonable performance of
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MOST, there is considerable scatter of the vertical velocity fluctuations around both lines indicating that
MOST may struggle to hold in the very stable case (z/L> 1). However, the majority of the z/L values
are <1 and therefore the use of MOST, while not a perfect fit, is justified for use in assessing diurnal
patterns of stability and their relationship with PM10.

Figure 4.19: Relationship between normalised vertical velocity (w) standard deviations in velocity fluctuations
and the MOST stability parameter z/L. Green line indicates observed best fit and blue line indicates the theoretical
relationship presented by Kaimal and Finnigan (1994).

Boundary layer height (h)
As described in section 3.6.2, the height of the boundary layer (h) was parameterised using a diagnostic
model derived from the same eddy covariance data used for the MOST analysis (Table 3.1) The
parameterisation of h was intended to be validated by diurnal measurements of boundary layer height
by way of Sodar. However, due to instrument difficulties it should be noted that can validation could
only be completed of a five hour period and that h gave a reasonable approximation of boundary layer
height for this period. Figure 4.20 shows the validation period which compares h to the backscatter
intensity profiles captured by the Sodar.

Figure 4.20: Back scatter intensity measured by Sodar at the TAWS site on the 23rd July 2013 1800 - 2300h. The
black line indicates the parameterised estimates of boundary layer height (h).
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4.5 Parameterised boundary layer controls on PM10

To assess the relationship between the ABL and air quality, this sub section focuses on the parameterised
variables of z/L and h and how they impact on PM10. Figure 4.21 shows that a diurnal cycle of stability
is visible during both exceedance and non-exceedance days. Stable conditions (z/L > 0) occur during the
night which is followed by a switch to unstable conditions (z/L < 0) at approximately 0900h, before
returning to stable at 1700h following the change in direction of the sensible heat flux. The first notable
difference between exceedance days and non-exceedance days is the range of the diurnal stability.
Stability on exceedance days varies strongly, with z/L indicating that both strongly unstable conditions
occur during the day time and stable conditions are present during the night time. Stability on nonexceedance days shows a weakened diurnal cycle instead, with z/L values remaining closer to neutral
stratification.

Figure 4.21: Average hourly z/L (line) and average hourly PM10 concentration (bar) for 30 non-exceedance days
and 38 exceedance days between the 14 June and 20 August 2013. Error bars indicate 95% CI.

This variation in z/L seems to be an important control on PM10 concentrations and even at an hourly
time scale, changes in z/L look to strongly influence air quality. During the day tme, PM10 concentrations
decrease, signifying that the enhanced vertical mixing during unstable stratification is a mechanism for
increased dispersion. In the late afternoon, an increase in stability is observed with the ABL becoming
stable by 1800h. This coincides with an increase in average PM10 concentration, showing a relationship
between reduced mixing and poor air quality. Also of note, is the large variance in stability after sunset,
particularly on exceedance days. For example, z/L at 2000h has a 95% confidence interval that includes
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both strongly stable and neutral conditions. This indicates that turbulence may often be introduced into
the ABL prior to midnight, but not at regular time frames.
Figure 4.22 shows the relationship between average hourly stability the wind direction frequency and
indicates that the strongest stability aligns with the weakest katabatic flows from the E-SE and occurs
between 1800h-2300h. Katabatic flows from the E-NE, which have been shown to have higher wind
speeds and lower PM10 concentrations, also have a weaker early evening stability. This suggests that if
strong enough, the flows from the E-NE may produce shear at the surface. After 2300h, z/L returns to
being weakly stable under winds from all directions before transitioning into unstable stratification after
0900h. This signals that turbulence is often introduced into the ABL throughout the night.

Figure 4.22: Wind direction frequency, wind speed and z/L on 38 exceedance days between the 14 June and 20
August 2013 measured at the TAWS site.

Changes in stability have been shown to be strongly influence PM10 concentrations and it would be
expected that the changes in stability are also closely linked to the extent of vertical mixing. To
understand how variations in the vertical restriction of dispersion impacts on air quality in Alexandra,
the relationship between boundary layer height (h) and PM10 is examined. Accordingly, Figure 4.23
shows that h also shows a diurnal cycle on both exceedance and non-exceedance days, with the highest
boundary layer estimates reached during mid-day and the lowest estimates occurring during the night.
When comparing between non exceedance days and exceedance days, average h is lower on exceedance
days with average estimates around half the height of the non-exceedance day estimates. On an hourly
time scale, changes in h also look to influence average hourly PM10 concentrations, with a reduction in
h corresponding with in an increase in PM10 and vice versa.
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Figure 4.23: Average hourly boundary layer height (h) (line) and PM10 concentration (bar) for 30 non exceedance
days and 38 exceedance days between the 14 June and 20 August 2013.

Aligning the hourly average h estimates with stability shown in
Figure 4.21 it is demonstrated that even when the most unstable conditions occur, h on exceedance days
remains lower than non-exceedance days. This indicates that when conditions are near neutral, the
height of the boundary layer is strongly influenced by shear introduced at the surface. By comparison,
the boundary layer height during unstable conditions on exceedance days does not reach the same extent,
showing that shear driven turbulence results in higher h when compared to periods when turbulence is
driven predominantly by free convection.

The relationship between daily average h and daily PM10 concentrations is shown to be an
inverse on (Figure 4.24) and shows that h explains 55.3% of the variation in PM10. The line of
best fit indicates that an average h of 180m or lower will result in a daily average PM10
concentration above 50 µg/m³.

This is a relatively strong relationship, which highlights that the

vertical constrictions imposed by a shallow boundary layer height plays an important role on the
dispersion of PM10 in Alexandra.
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Figure 4.24: Relationship between daily average PM10 concentration and daily average boundary layer height with
the red line indicating best fit.

The boundary layer parameters of z/L and h have shown that boundary layer conditions can strongly
influence PM10 concentrations. However, the 95% confidence intervals for average hourly z/L (
Figure 4.21) and h (Figure 4.23) indicates that boundary layer conditions can fluctuate significantly. In
order to assess how this directly relates to hourly PM10 concentrations, it is important to remove the
smoothing effect introduced by long term averaging.

Figure 4.25 shows hourly stability and PM10

during a week where a high pressure system moved over the country. The presence of persistent
anticyclonic conditions (H, HSE) results in the continuation of nights with sub-zero temperatures (as
defined by Node 2).
The 10th through to the 13th of July show the largest variation in stability due to the enhanced heating
and cooling patterns (defined by H and Node 2). It is clear that hourly PM10 concentrations are
responsive to the stability conditions of the hour prior to the measurement. Spikes into strongly stable
conditions are often followed by an increase in PM10 concentrations an hour later, which indicates a
lagged relationship may exist between PM10 and z/L. Night time stability conditions vary strongly,
particularly between 1800h and 0000h, during which jumps to strongly stable conditions are often
followed by an immediate return to weakly stable or sometimes neutral conditions. For example, the
night of the 12th of July shows after 1900h that three peaks of very stable stratification occur, which are
each immediately followed by z/L values that demonstrate either weakly stable or neutral conditions.
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Hourly PM10 concentrations then show a similar pattern, increasing after stable conditions and reducing
after weakly stable stratification.

Figure 4.25: Hourly PM10 Concentration, hourly stability (z/L), corresponding Kidson types and regimes and the
days classified by the CART analysis from 7 July and 14 July2013 as measured at the TAWS site. Red (Green)
bars indicate days which were above (below) the AQNES.

To further understand the influence of changes in the ABL on hourly air quality in relation to the
synoptic and local-scale conditions, hourly h estimates are plotted against hourly PM10 in Figure 4.26
over the same week long period. This shows that variations in hourly PM10 concentrations are again
very responsive to hourly changes in h. As highlighted in Figure 4.23, boundary layer heights on nonexceedance days reach higher mid-day peaks and don’t reduce to the same extent in the evening. There
is a noticeable reduction in boundary layer height between 1600h and 1800h on exceedance days, which
often culminates in the lowest boundary layer heights of the day. This in turn corresponds with the start
of the evening rise in PM10 concentrations an hour later. This is clearly observed on the evening of 13
July, when at 1800h the boundary layer height is estimated at 18.8m and is followed an hour later by the
highest hourly concentration of the period (220µg/m³).

This boundary layer height estimate aligns

with the findings of Ancelet et al. (2013b) who determined that the evening temperature inversion in
Alexandra was often present below 26m. After the early evening period, h fluctuates, but also begins
to increase with height until a reduction in height occurs at 0800h to 0900h. This morning reduction
coincides with the morning peak (as seen on 11, 12 and 13 of July).
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Figure 4.26: Hourly PM10 concentration, boundary layer height (h), corresponding Kidson types and regimes and
the days classified by the CART analysis from the 7 July and 14 July 2013 as measured at the TAWS site. Red
(Green) bars indicate days which were above (below) the AQNES.

It has been shown that PM10 concentrations in Alexandra are strongly influenced by variations in
boundary layer conditions. Stability in the nocturnal boundary layer regularly shifts between strongly
stable and weakly stable and the tendency for PM10 concentrations shift according to the turbulence
present indicates that vertical motion maybe the driver behind the bimodal peak. To examine whether
this is indeed the case, Section 4.6 undertakes a case study to observe the atmospheric processes present
during a bimodal evening peak event on the evening of 23 July 2013.
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4.6 The bimodal peak - a case study

In order to explore the cause of the evening bimodal peak in PM10 concentrations, atmospheric
conditions from the synoptic, local and micro-scales are considered for 23 July 2013. This day was
chosen because the boundary layer height was within the range of the Sodar throughout the evening as
well as being having a well-defined bimodal peak as shown in Figure 4.27.

Figure 4.27: Hourly temperature and PM10 concentrations measured at the ORC site on 23 July 2013. The solid
black line indicates PM10 and the red dotted line indicates temperature. Grey area indicates the two hour period of
increased dispersion.

Figure 4.27 shows hourly temperature and PM10 concentrations and highlights the two evening peaks
with one at 2000h and one at 2300h. This case study will focus on determining the mechanisms that
drive the increase in dispersion between 2000h and 2200h. The overlying synoptic conditions were
classified as the Kidson type TNW (Figure 4.28). Figure 4.28 illustartes that a moderate westerly flow
across the lower South Island is present during the afternoon and evening period. The diurnal
temperature range indicates that the synoptic conditions have introduced cloud cover as nocturnal
cooling is somewhat muted (Figure 4.27).
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Figure 4.28: Contour map of MSL Pressure (hPa) (left) and wind speed and direction at 1000m height (right) based
on reanalysis data for 1200-2400h 23 July 2013.

The local conditions on 23 July were defined as Node 6 from the CART analysis given in Section 4.3.1.
This means that wind speed was calm throughout the day, with wind at the NIWA site averaging below
1 ms-1. Figure 4.29 shows that the wind direction at both sites originates from the east during the two
hour period of increased dispersion. It also shows that unlike the TAWS site, the NIWA site recorded
it’s highest hourly wind speed of the day at 2100h. A change in wind direction is not present at either
site, supporting the theory that the bimodal peak is not driven by horizontal flows within the basin.

Figure 4.29: Hourly wind speed and direction measured at the NIWA site (top) and the TAWS site (bottom) on 23
July 2013.

Vertical profiles of wind speed and direction indicate a number of flows are present during the evening
(Figure 4.30). The Sodar indicates that wind direction at the lowest level comes mostly from the east
throughout the evening, aligning with the wind direction shown at the TAWS site in Figure 4.29. This
indicates the presence of weak and shallow local drainage flows that are decoupled from upper level
flows throughout the evening.
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Figure 4.30: Vertical profiles of wind speed and direction from Sodar measurements at the TAWS site for the
evening of 23 July 2013. Shading indicates local drainage flows and the meso-scale down valley wind. The middle
section indicates the two hours of increased dispersion.

Above the low level drainage flows from the east, a wind from the NNE begins to develop after 1900h.
This flow looks to strengthens while increasing in depth and by 2040h it has the profile of a low level
jet (LLJ) (Figure 4.31). Soon after reaching its peak (2110h), the LLJ reduces in intensity. Once
removed the depth of the meandering surface flow begins to increase and by 2200h the air flow aloft
has been eliminated. This is replaced by a meandering flow which extends in height until it reaches the
gradient westerly flow which was shown to be present in Figure 4.28.

Figure 4.31: 10 minute vertical wind speed profile measured by Sodar at the TAWS site at 2040h on 23 July 2013.

To see if a relationship between the LLJ and the characteristics of the ABL are present, Figure 4.32
shows the average hourly micro-scale parameterisations of the boundary layer on 23 July 2013. It shows
that during the evening the boundary layer is strongly stable by 1900h which coincides with the
beginnings of the aloft air flow (Figure 4.31). After this strongly stable peak, the introduction of
turbulence results in near neutral/weakly stable conditions and an increase in boundary layer height at
2000h and 2100h aligning with period where the aloft down-valley wind is at its strongest. The increase
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in stability and an estimated decrease in boundary layer height at 2200h coincides with the dissipation
of the down-valley wind.

Figure 4.32: Hourly stability (z/L) and boundary layer height parameters measured at the TAWS site on 23 July
2013.

The multi-scaled atmospheric phenomena that combine to produce an evening bimodal peak in
Alexandra have been described in this case study. No direct link between the horizontal local wind field
and the bimodal peak was found indicating that the two hour increase in dispersion is more likely to be
a result of changes in boundary layer structure. It was shown that during the period between the first
and second evening peaks the atmosphere is weakly stable and the presence of turbulence extends the
height of the boundary layer. These changes where shown to coincide with the introduction of a LLJ,
which remained aloft of the local drainage flows.
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Chapter 5: Discussion
The following objectives were determined in Chapter 1 in order to describe the air pollution climatology
of Alexandra:
1.

Examine how patterns in large-scale atmospheric circulations relate to variations in surface
PM10 concentrations.

2.

Determine the local-scale atmospheric conditions which are most likely to result in high
levels of PM10.

3.

Examine the influence of micro-scale processes on boundary layer conditions and
investigate how these conditions relate to PM10 concentrations.

Accordingly, this chapter will discuss the role of synoptic circulation; and how it determines air quality
in Alexandra (5.1). It will then focus on the local-scale (5.2) and micro-scale (5.3) atmospheric
processes; including an assessment of their respective roles in Alexandra’s air pollution climatology.
Each section will include a summary of the limitations involved, as well as suggesting areas for future
research.

5.1 Synoptic-scale controls on air pollution
This section focuses on the contribution of synoptic scale weather patterns in the determination of the
air pollution climatology of Alexandra. While previous studies such as Tate et al. (2011) and Cullen et
al. (2012) have examined the influence of synoptic conditions through numerical modelling, this section
aims to discuss the relationship between synoptic patterns and Alexandra’s air quality as determined
using observational data.

5.1.1 Synoptic influence on surface variables
To establish a link between synoptic weather patterns and near surface observations, variations in air
temperature, wind speed and PM10 concentrations were compared to Kidson synoptic classification
types and regimes devised by (Kidson, 2000). Comparisons were made statistically using either the
parametric ANOVA or the non-parametric Kruskal Wallis tests, along with their associated post-hoc
procedures. These provided a robust method for statistically establishing which Kidson types had the
strongest influence on the measured surface variables.
The influence of general circulation patterns on the air pollution climatology was established by
analysing the regime groupings classified by Kidson (2000). Kidson types within the “blocking” regime
were found to be related to the poorest air quality, lowest air temperatures and lowest wind speeds. The
“blocking” regime consists of Kidson types that are associated with high pressure systems centred to the
south and the east of New Zealand. Poor air quality in Alexandra has been related to the presence of
high pressure systems in previous studies (Tate and Spronken-Smith, 2008, Tate et al., 2011; Cullen et
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al., 2012) and likewise within this research. Anticyclonic conditions bring weak pressure gradients
resulting in low surface wind speeds, while clear skies result in lower temperatures, therefore providing
ideal conditions for the formation of surface temperature inversions. Renwick (2011) also found that
winter temperatures were lower than average on the leeward side of the Southern Alps during the
“blocking” regime, which also encourages the use of home heating.
Compared to the “blocking” regime, the “zonal” and “trough” regimes had significantly lower PM 10
concentrations. The “zonal” regime consists of Kidson types which represent the presence of a high
pressure system over the North Island with strong westerly flow over the South Island (Kidson, 2000).
Kidson types within this regime were found to have the highest temperatures, aligning with Renwick’s
(2011) findings. This indicates that lower concentrations could potentially be a result of changes in
emissions. The “trough” regime was also associated with higher temperatures. This can be attributed to
a reduced diurnal temperature range due to increased cloud cover which accompanies “trough”
circulations during winter (Renwick, 2011). Wind speeds were also higher during the presence of the
“trough” regime, indicating that increased gradient flow tends to result in better dispersion conditions.
The regime groupings provided a generalised view of how synoptic circulations influence surface PM10
concentrations but to assess the control of synoptic conditions in further detail, surface variables were
examined under the presence of each of the 12 Kidson types. This showed Kidson types HSE, HE, H
and TNW had significantly higher concentrations than the other Kidson types. H and HSE indicate the
presence of anticyclonic conditions which have previously been linked to poor air quality. However,
HE and TNW often signify the presence of often strong north-westerly flow across the country. This
indicates that while strong gradient flow may be present across parts of the South Island, these synoptic
conditions have limited influence on the air pollution climatology of Alexandra. This is likely a result
of sheltering by the surrounding topography.
The topographical sheltering from gradient flow is supported further by the finding that 25% of the
hourly PM10 concentrations recorded during the presence of each Kidson type (except SW) were over
50 µg/m³. Poor air quality therefore occurs under nearly all synoptic types (not just anticyclonic
conditions), indicating that Alexandra’s location within an inland basin frequently results in the
decoupling of surface conditions from gradient flow.
For example, conditions associated with nor-west flow (TNW and HE) were found to result in some of
the highest PM10 concentrations in Alexandra, while in Christchurch (Chch), Appelhans et al. (2012)
linked these Kidson types to increased dispersion. Nor-west flow disrupted by the Southern Alps is often
associated with the formation of the nor’wester as well as coastal north-easterlies (Sturman and Tapper,
2006), considered to be prominent flows in Chch’s wind field (Kossmann and Sturman, 2006).
However, Alexandra’s inland location means that coastal flows do not influence the town’s wind field.
Also, surface conditions do not appear to be directly influenced by the nor’wester, indicating by the high
PM10 concentrations and relatively low wind speeds. This indicates that the nor’wester either does not
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make it as far south as Alexandra, or is often decoupled from the surface. The decoupling of the lower
atmosphere from gradient flow is a common occurrence for locations within topographic depressions
and it occurs due to the effects of both topographical sheltering and/or the presence of cold dense air
within a depression (Clements et al., 2003). The presence of a cold air mass above the surface of Lake
Tekapo in the central South Island has been shown to be enough to decouple the lower atmosphere from
the nor’wester, allowing the formation of local lake breeze circulations to occur (McGowan and
Sturman, 1996).
While foehn conditions generally result in better air quality for Chch (Appelhans et al., 2012), on
occasions the nor’wester has also been found to result in times of reduced dispersion. Chch’s coastal
location means the presence of cold sea air at the surface can force the nor’wester above the lower
atmosphere and the resulting warm air advection above can strengthen stable stratification of the cold
surface layer (Corsmeier et al., 2006). As TNW and HE were associated with some of the poorest air
quality in this study, it is possible that the nor’wester may regularly be held aloft by the local terrain,
therefore, having a similar influence on dispersion in Alexandra.
The Kidson types that were associated with the lowest PM10 concentrations were TSW, W, HNW and
SW, which were all linked to higher wind speeds. SW and HNW depict south-westerly flow, which
often results in the introduction of cold fronts, bringing strong winds and precipitation as they move up
the country (Smith et al., 1991). These cold fronts clearly result in improved air quality in Alexandra,
due to the increase in wind driven turbulent mixing which improves dispersion and reduces the
likelihood of the formation of radiative inversions at the surface (Sturman and Zawar-Reza, 2002). The
TSW Kidson type induces S/SE flow across the South Island. This directional gradient flow means that
the sheltering influences of the Southern Alps are removed, resulting in wind flow that also increases
dispersion in Alexandra. The W Kidson type implies a strong westerly flow and was associated with
higher wind speeds as well as lower PM10 concentrations. Similarly, Appelhans et al. (2012) found that
in Christchurch the presence of westerly and south-westerly flow (SW, W, HNW and T) were linked to
conditions that were to result in the clearest air.
While the comparison between synoptic types has made it possible to associate higher concentrations to
some synoptic conditions and lower concentrations to others; the most important finding is that episodes
of poor air quality can occur in Alexandra during most synoptic conditions. This appears to be driven
by the decoupling of surface conditions from the gradient flow due to Alexandra’s location within
confined topography. As the influence of gradient flow under different synoptic circulations is reduced,
it is not surprising that the number of annual exceedance days in Alexandra is not clearly explained by
the frequency of Kidson types.

5.1.2 Synoptic persistence and transition
This study found that during the winter months the H and HSE types had the longest persistence times
with average durations of 1.57 and 1.64 days, respectively. This agrees with Kidson’s (2000) findings,
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who found the same two synoptic types to be the most persistent. However, the average winter duration
times of these two types are reduced when compared to Kidson (2000), because he calculated the
average duration times for the Kidson types over all seasons. The H and HSE Kidson types were linked
to the poorest air quality, highlighting the influence that stagnated anticyclonic conditions can have on
PM10 concentrations in Alexandra. While PM10 concentrations were likely to reach their highest levels
during these conditions, the diurnal variations in PM10 indicate that this is not a result of continued PM10
build-up over more than one day, as PM10 is effectively dispersed during the day time. The extended
persistence of these Kidson types is therefore likely to produce surface conditions which strongly inhibit
the dispersion of pollutants. In particular, continued periods of clear skies associated with anticyclonic
circulations are likely to result in the strongest heating and cooling cycles, with sensible heat fluxes
being enhanced due to reduced moisture content at the surface from continued dry conditions. This,
along with reduced gradient wind flow, provides the ideal conditions for the occurrence of strong surface
temperature inversions.
While the persistence of particular Kidson types looks to be an important control on air quality, the
evolution of high pressure systems can include a range of Kidson types. To explore how the progression
of synoptic conditions relate to air quality, the transitioning patterns between Kidson types were
assessed. This showed that that Kidson types which were linked to the poorest air quality (H, HSE, TNW
and HE) had an 83% chance of being followed by one of those same Kidson types. Similarly, the
probability of transition between Kidson types related to better dispersion (TSW, W, HNW and SW)
was 79%. This indicates that the importance of the preceding synoptic conditions for air quality under
each of the Kidson types. This strong probability of transition between the Kidson types shown here is
similar to the findings of Kidson (2000) as well as Appelhans et al. (2012). The latter investigated the
progression of synoptic types over the winter months and found that the most common progression was
SW → HNW → H → HSE → HE → TNW → T → SW. This pattern shows the common progression
of synoptic conditions moving from east to west across New Zealand, with a low pressure system
transitioning into high pressure system, followed by another low pressure system.
When relating this progression back to the findings in this study, it is clear that the evolution of synoptic
conditions plays an important role on the air quality of Alexandra. Firstly, the introduction of a trough
(SW) was shown to result in increased wind speeds, resulting in lower PM10 concentrations. As a high
approaches from the west (HNW), the continued presence of south-westerly flow was still strong enough
to result in good ventilation for Alexandra. The introduction of high pressure over the country (H and
HSE) was shown to result in low wind speeds (due to weak gradient flow) and the lowest temperatures
(due to the associated clear skies) which leads to increased PM10 concentrations. These blocking
conditions have been shown to be the most persistent of all synoptic types. Also, the likelihood of these
two Kidson types to follow on from one another is high, thus, resulting in long periods of time which
are most likely to experience poor air quality. As the high moves eastwards, a north-westerly flow
begins (HE and TNW). These conditions have also shown to have little effect on dispersion in
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Alexandra. This further expands the time frame in which Alexandra is subject to conditions of poor
ventilation. Not even the introduction of another trough immediately impacts concentration levels. For
example, the Kidson type T, which represents the introduction of a trough across the South Island, was
associated with the 5th highest concentrations (averaging around 48µg/m³), which reinforces the
importance of the preceding synoptic conditions. It is not until the introduction of the south-west change
(SW) that concentrations are reduced and pollutants are flushed from the Alexandra basin. This is the
most probable progression between Kidson types during winter, but it is clear that this progression
pattern is not fixed and there are many variations in synoptic evolution that can occur. Appelhans et al.
(2012) noted that variations in the latitudinal positioning of the anticyclone can result in a range of
different sequences occurring.

5.1.3 Limitations and Future Research
This section has linked surface variables to overlying synoptic conditions by using the synoptic types
devised by Kidson (2000). The analysis however, is limited by the application of variations of synoptic
conditions to a single site. This is a particularly important aspect when considering the synoptic
influence on wind speed in Alexandra, because the NIWA site (separate from the ORC monitoring site)
is not likely to be representative of the entire township. Furthermore, the relationship between synoptic
circulations and wind speed may be influenced by surface heterogeneity, meaning that upwind objects
have the potential to produce signals which are caused by the position of the observation site rather than
changes in synoptic conditions. Therefore, it would be beneficial to apply the same analysis technique
to more than one site in the Alexandra region, in order to understand the influence of the Kidson types
on wind speed. This would also be useful for understanding the role of synoptic variability on PM 10
concentrations for the Otago region, and further contrast the role of the Alexandra Basin on surface
decoupling from upper air flows.
Limitations also arise when attempting to simplify the vast range of synoptic variability into twelve
types. The simplification results in substantial variability in synoptic conditions within each Kidson
type. This could lead to circulations classified by the same Kidson type influencing surface conditions
differently. A bias may occur due to the methodology used in linking the Kidson types to the observed
surface variables. This arises from the Kidson types being produced at 12 hour intervals which was not
acknowledged in the analysis with no differentiation being made between the surface variables that
occurred between 0000h – 1200h from those that occurred between 1200h – 0000h. This means that
the Kidson types which occurred more often during the AM (PM) would likely have lower (higher)
PM10 concentrations, temperatures and wind speeds.
The use of synoptic classifications also has potential to be used as a forecasting tool for future pollution
events. This is particularly useful in the scenario of climate change and a number of studies have
assessed how projected changes in large scale phenomena may affect synoptic patterns and consequently
air quality (Applehans et al., 2012; Yuval et al., 2012; Jiang et al., 2014). Yuval et al. (2012) also applied
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synoptic classification forecasting of pollution events in the short term. There is therefore an avenue
for the Kidson synoptic types to be used to predict future air quality events in Alexandra.

5.2 Local-scale controls on Air Pollution

This section focuses on determining the local scale atmospheric conditions that result in poor air quality
in Alexandra, and also defines patterns in the local wind field. It is at this scale where a number of
studies have assessed the characteristics of the air pollution climatology of Alexandra (West, 2008; Tate
and Spronken-Smith, 2008; Tate et al., 2011; Cullen et al., 2012). This study has employed different
analyses to build upon the previous research in order to improve the understanding of local controls on
air pollution.

5.2.1 CART analysis
The CART analysis was shown to be a robust tool for defining the conditions which result in poor air
quality for Alexandra. The performance of the CART analysis showed that it could correctly predict
whether or not an exceedance day occurred 76% of the time. Tate and Spronken-Smith (2008) also
attempted to predict the occurrence of a high pollution event in Alexandra using 5 sets of criteria derived
from observational data recorded at the ORC site. The success rates of their selected criteria varied
between 17.6% and 35.9% for the 5 sets. The use of the CART analysis in this study has clearly provided
a far more robust and thorough frame work for defining the conditions that result in poor air quality.
This is due to a number of reasons. Firstly, this study employed a larger and more varied set of predictor
variables over a longer time frame. Secondly, by using recursive partitioning to define the criteria, it
was possible to ensure that the most important meteorological conditions were chosen and the thresholds
determined were made at a significant level. Thirdly, the CART analysis has also enabled a complex
number of physical factors to be utilised in order to define local conditions. Without the use of an
algorithm this would have otherwise been difficult to formulate (Burrows et al., 1995). The benefits of
using CART are its simplicity of use, as well as its ability to provide easy to interpret results through
the decision tree diagram. This makes it a useful tool for interested parties from various backgrounds
to understand the impact of the local climate on air pollution, which should aid the decision making
processes in the future.

5.2.2 Local conditions as defined by the CART analysis
As described in the results, the CART analysis produced 6 terminal nodes that were defined by variations
in wind speed and temperature. The minimum temperature of the following day (Tmin_i1) was found
to be the most important variable for predicting an exceedance day in Alexandra. This variable alone
could be used to predict poor air quality, with a 72.8% chance of an exceedance day occurring if Tmin_il
was below -3.4˚C (as described by Node 2). Appelhans et al. (2012) also found that the Tmin_i1 variable
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was the most important variable during his CART analysis used in Christchurch, however, all terminal
nodes in that study described both temperature and wind speed controls on air quality. Appelhans et al.
(2012) found the Tmin_i1 split to be closer to the freezing point at -0.1˚C and associated this variable to
indicate the increase in local resident’s use of solid fuels. It is likely that this signal is also being
represented in the creation of node 2 by the CART analysis in Alexandra. However, the relationship
between low air temperatures and increased emissions in this study may be slightly reduced, as
Alexandra’s average winter temperature of 5.0˚C means that home heating by local residents is used
more consistently throughout winter. Also, this relationship is expected to be further reduced when
considering the low temperatures associated with Node 2, with home heating being employed long
before temperatures fell to -3.4˚C.
This implies that this temperature derived terminal node is also representing the effects of the boundary
layer, as nocturnal temperature inversions are a common characteristic of the atmosphere within basins
(Whiteman, 2000). The occurrence of low over night air temperatures indicates that the reduced vertical
dispersion caused by the presence of a surface temperature inversion is being represented. However,
without the meteorological input to describe the vertical structure of the atmosphere for the CART
analysis, it is difficult to determine to what end variations in PM10 concentrations occur from increased
emissions or changes in the structure of the boundary layer. To account for the influence of night time
stability, a predictor variable was created by calculating the difference between the maximum
temperature of the considered day and the minimum temperature of the following day
(Tmax_i_Tmin_i1). This variable however, was not defined as an important variable in the CART
analysis, in both this study and that carried out by Appelhans et al. (2012). Previous studies have shown
that temperature inversions are a regular feature of the Alexandra Basin during winter (Tate and
Spronken-Smith, 2008). Because the increased stability during these conditions often results in the
poorest air quality, the ability for the Tmax_i_Tmin_i1 predictor variable to describe atmospheric
stability appears limited.
As expected, wind speed was also found to be an important variable for the prediction of an exceedance
day. Node 6 accounted for the influence of low wind speeds on the build-up of pollutants. Days that
met the specified low average wind speeds defined by the CART analysis resulted in a 71.2% chance
that an exceedance day would occur. At the other end of the scale, 91.7% of the days that had an average
afternoon wind speed > 0.95ms-1 and a minimum temperature the following day above 0.2 ˚C (as
described by node 11) were non-exceedance days. The wind variables used in the CART analysis have
therefore clearly provided an indicator for the relationship between wind magnitude and active
dispersion.
Similar to this study, the CART analysis produced by Appelhans et al. (2012) found that the most
important predictor variables for determining whether or not an exceedance occurred were temperature
and wind speed, with no predictor variables from other observed meteorological variables included in
the final output. The 581 days used for the CART analysis in this study were classified into six different
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combinations of wind speed and temperature predictor variations. This made it possible to assess how
varied atmospheric conditions influence hourly PM10 concentrations in Alexandra.
The different meteorological conditions described by the CART analysis were shown to result in strong
variations in hourly PM10 concentrations. The largest variations occurred during the evening with PM10
profiles varying in both magnitude and shape, with no common pattern between the different nodes
present. Of particular interest was the variation in the timing and magnitude of the evening bimodal
peak under the various conditions imposed by the different terminal nodes. The classic bimodal peak
shape was most identifiable when the wind and temperature conditions met the criteria of Node 6. Using
shaded contour plots (Figure 4.16), the relationship between hourly wind direction frequency and hourly
PM10 concentrations; indicated, there was no discernible link between wind direction and the bimodal
peak. This was also the case for days during conditions defined by Node 2. This agrees with previous
studies that have attempted to link horizontal motion to the bimodal peak (e.g. Tate et al., 2011, Cullen
et al., 2012, Ancelet et al., 2013b).
What was discernible from the shaded contour plots is the presence of a wind at the NIWA site from the
NE of town. The signal of this wind was much stronger on days defined by Node 2 (with low
temperature and uncapped wind speeds) when compared to those defined by Node 6. This indicates that
a thermally driven wind system is present, since nocturnal thermally driven circulations are often at their
strongest in dry, mountainous areas when night time cooling is enhanced (Whiteman, 2000). The
direction of the wind suggests that a circulation from the Manuherikia Valley may enter the basin during
the evening introducing cold air from further up the valley. The introduction a thermally driven wind
into the Alexandra basin from the Manuherikia Valley has not been observed in previous studies and it
is therefore important to understand how it interacts with both the local topography as well as smaller
drainage flows.

5.2.3 Defining the local wind field at the surface
Local thermally driven wind systems can be important components for describing an air pollution
climatology as they can influence pollution concentrations. They can either create dispersion, or more
commonly, introduce weak, closed circulations (Zawar-Reza et al., 2010). Previous studies have
highlighted the importance of nocturnal drainage flows for air quality in Alexandra by showing that
katabatic winds provide the mechanism for transporting PM10 within the basin (e.g. Cullen et al., 2012,
Ancelet et al., 2013). This sub-section aims to build on the previous understanding of the surface wind
field by analysing observations at two new sites in order to make inferences about the interaction of the
local wind field with the local topography.
To assess the local surface thermo-topographical flows present in Alexandra ten days of wind speed
data during anticyclonic conditions were averaged (chosen by the presence of the “H” Kidson type).
This made it possible to assess days which were likely to have clear skies, which enhance the diurnal
cycles of heating and cooling thereby strengthening the signal of thermally driven wind systems.
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Choosing a high pressure system also meant that the influence of gradient flow was reduced, although
Whiteman (1990) noted that thermally driven flows are nearly always influenced by overlying
conditions, even if only subtly.
The variation in prevailing wind directions, derived from the hourly wind direction frequency plots
during the ten days of anticyclonic conditions at the NIWA and TAWS sites (Figure 4.17), highlights
the complexity of Alexandra’s wind field. The TAWS site indicated that the prevailing wind direction
during night time over the ten day period was from the SE, which agrees with previous research (e.g.
Tate and Spronken-Smith, 2008; Tate et al, 2011; Cullen et al, 2012). This is the direction of the steepest
hills in closest proximity to the township. Because drainage flows are known to “slide” along the ground
following the form of the topography (Clements et al., 1989; Haiden and Whiteman, 2005) these wind
directions have previously been considered an indicator of nocturnal drainage flows into the basin.
The NIWA site however, was shown to be influenced by wind arriving from the NE which does not
feature at the TAWS site. The location of the NIWA site is in line with the only part of the Alexandra
basin where the Manuherikia Valley enters at the surface, indicating, that this may signal the presence
of a circulation which is generated further up the valley. The wind from the NE-E was shown to form
after sunset and the onset of this circulation aligns with the characteristics of a down-valley wind system
(Zardi and Whiteman, 2013). A down-valley flow which enters the basin has not been identified by
previous studies. This is likely to be because of the ridgeline to the north of the town ship which may
shelter wind from this direction.
The shape of the basin ridgeline allows the down-valley wind to enter at the surface near the Manuherikia
River. However, as the ridgeline increases in height (to around 60-80m) away from the rivers entrance,
the signal of this flow is removed from the surface (as seen in Figure 5.1). This topographical influence
is highlighted by the difference in the prevailing wind directions between the TAWS site and the NIWA
site, as well as findings in previous studies. West (2008) gathered wind speed and direction
measurements from a number of locations around Alexandra and while not commenting on the presence
of a nocturnal flow from the Manuherikia Valley, did observe its signal at four sites on the eastern side
of the township. Similarly, the NIWA site provides observations from the eastern side of town while
observations from sites further north-west have predominantly reported wind arriving from the SE (e.g.
Tate et al. 2011, Ancelet et al. 2013b). Simulations using TAPM have also been unsuccessful in
identifying the presence of the down-valley flow (e.g. Tate et al. 2011, Cullen et al, 2012) which could
be attributed to TAPM’s tendency to overestimate drainage flows in complex terrain (Zawar-Resa et al.,
2005).
While the onset, and in general, the direction of this flow at the NIWA site are typical of a thermally
driven down-valley wind, other characteristics differ. Traditionally, thermally driven winds move in
upslope directions during the day and downslope during the evening (Sturman and Tapper, 2006).
Conversely, the along-valley wind system did not include an upslope component, instead a downslope
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wind into the basin from the Manuherikia Valley was observed throughout most of the day. As the
characteristics of along-valley circulations are dependent on the shape of a valley, often, variations in
the formation and temporal patterns of along-valley systems are observed (Zardi and Whiteman, 2013).
In Alexandra, the continued downslope flow into the basin could be a result of the “topographic
amplification factor” (TAF) which describes the amplification of the diurnal temperature range within
confined areas with smaller air masses, such as basins and valleys (Zardi and Whiteman, 2013). The
smaller air mass within the Alexandra Basin is likely to heat faster than the larger air mass within the
Manuherikia Valley, ensuring that the flow of cold denser air continues into the basin throughout the
day.
Figure 5.1 shows the prevailing wind direction at three hourly intervals at both the TAWS site and the
NIWA site to illustrate the evolution of the down-valley wind into the basin and how it interacts with
the local topography.

Figure 5.1. Map indicating the direction of the highest frequency winds at the NIWA and TAWS site during the
presence of H Kidson type per three hour intervals.

The easterly direction of the prevailing wind at the NIWA site between 1800h and 0300h indicates that
the down-valley wind into the basin is influenced by the convergence of perpendicular drainage flows
from the hills at the SE. The influence of the slope flows appear to be strongest after sunset, but weakens
through the night as the down-valley wind shifts from the E to the NE. By 0300 – 0600h the prevailing
wind direction has shifted to the NE indicating the removed influence of the drainage flows. This is
typical of slope flows, which often slow during the night as a build-up in static stability and cold air at
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the surface reduces the pressure gradient (Whiteman et al., 1999). When assessing the down-valley flow
from wind direction frequency plots on days defined by Node 2 (Figure 4.14) it is also apparent that the
extent of redirection due to the perpendicular drainage flow is also dependent on the speed of the
incoming down-valley wind, stronger wind speeds means the wind direction tends to remain from the
NE.
Katabatic flows at the TAWS tend to remain from the SE throughout, even when the influence of
drainage winds has been removed at the NIWA site. This indicates that the down-valley flow maybe
modified by the topography at the end of the basin and is redirected towards the TAWS site. The
redirection of this flow away from the Clutha Gorge to the SE is in agreement with the findings of Tate
et al. (2011) who determined that cold air avalanching down the gorge was not present due to the
influence of the drainage flows from the surrounding hills. It is therefore likely, that instead of travelling
down the gorge, the down-valley wind is redirected to the west by the foot hills of the Old Man Range.
This is known as topographical blocking, which occurs when air flow is impeded by an obstacle of
which it cannot overcome and is thereby forced to go around or re-join local circulations (Mayr and
McKee, 1995). This phenomenon can also enhance the formation of cold pools as the blocking can
result in the build-up of stagnated air behind the obstacle (Whiteman, 2000). This makes it an important
consideration for air quality as it may increase atmospheric stability over the township.

A

conceptualisation of the redirection of the down-valley wind at the surface due to drainage flow
convergence and topographical blocking is shown in Figure 5.2.
The presence of a light N-NW flow has also been described in previous studies. Tate et al. (2011)
discussed the presence of frequent drainage flows from a northerly direction at a site located 6km NW
of Alexandra. Tate et al. (2011) also determined the most frequent flow at the ORC site coming from a
NW direction. While the reliability of wind data recorded at the ORC has been discussed, Ancelet et al.
(2013b) also observed the frequent presence of a light (< 2ms-1) wind from the north from their own
measurements at the same site, as well as acknowledging the presence of winds form the southern
quadrant. This flow from the north is likely to be the presence of drainage flow from the NW section
of the basin. While only observed at low frequency at both sites, it is possible that flows from both the
SE and the NW occur at the same time in the Alexandra basin.
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Figure 5.2: Idealised surface modification of the down-valley wind of Alexandra depicted at 2100h under the
presence of anticyclonic conditions.

The convergence of flows has been shown to create zones of stagnation that can result in poor air quality
(Kossmann and Sturman, 2004) and since these flows look to converge right on the township this could
be a factor which further enhances the pollution problem. Cullen et al. (2012) as well as Ancelet et al.
(2013) have shown the ability for katabatic flows to transport pollutants, however local wind speeds
were shown to often be very weak (<1ms-1). Weak, meandering flows may spread pollutants in all
directions rather than transporting pollution plumes (Mahrt et al., 2001) and there is little evidence to
suggest that changes in horizontal motion is responsible for a shift of the pollution plume.

5.2.4 Limitations and future research
Describing the local wind field within such terrain as complex as the Alexandra Basin is a difficult task
and this study is limited by the use of only two stations for evaluating the thermal winds. To further the
understanding of the local wind field observations from more sites is needed. Simulations using a model
may also be utilised, although the model would have to with a much higher resolution than TAPM would
need to be utilised. This would make it possible to determine how the convergence of surface flows on
the township may influence surface stability. Analysis of wind data from stations in the Manuherikia
Valley (such as Lauder) may also provide more insight into the characteristics of the along-valley wind
system.
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The CART analysis was shown to be a robust method for determining the conditions which influence
the probability of Alexandra exceeding the AQNES limit. To ensure that genuine signals of the
influence of meteorological conditions on PM10 were being captured by the CART analysis, it would
have been preferable to use wind data observed at the same site as pollution measurements (e.g. the
ORC site). However, the reliability of the wind data recorded at the ORC site is considered poor and
the NIWA site provided an adequate data set to account for the influence of wind on air quality in
Alexandra.
The CART analysis provides a useful tool for air quality assessment because data is easy to obtain and
the results are displayed clearly and are simple to interpret. CART could therefore be easily applied to
other townships that also have poor air quality around New Zealand. Results from the CART analysis
may also be used to predict the occurrence of future pollution episodes, highlighting its potential use for
local governments as a method for pre-empting poor air quality in conjunction with weather forecasting.
The results of the CART analysis may also be beneficial to the ORC, because the meteorological
conditions important for determining a breach of the AQNES can be used to perform a trend analysis
on annual exceedances. By using the defined conditions it would be possible to differentiate between
the annual exceedance variability driven by changes in either emissions or the presence of
meteorological conditions present. This would be a useful tool to assess the impact of the ORC’s policy
aimed at emission reduction in Alexandra.

5.3 Micro-scale controls on PM10 within the Boundary Layer

Previous studies have yet to define the influence of vertical motion on PM10 concentrations in Alexandra.
Therefore, this section aims to describe the relationship between the condition of the atmospheric
boundary layer and patterns in air quality. Firstly, this section will examine the applicability of MOST
in this setting before focusing on the relationship between PM10 concentrations and the micro-scale
characteristics of the boundary layer. It will then discuss the reasons for the bi-modal peak using a multiscale approach.

5.3.1 The use of MOST in the Alexandra Basin
MOST was originally formulated to describe fluxes in the surface layer over homogeneous flat terrain,
but has since been applied to a range of areas and is now one of the most frequently used methods to
characterise turbulence (Nadeau et al., 2013). Of particular importance is its use within numerical
atmospheric models, as it provides the framework for simulating turbulent heat fluxes. As turbulence
is a key component to dispersion, it is important to understand how well MOST performs in air pollution
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modelling. However, availability of turbulence data means that validation of turbulent fluxes is rarely
carried out, with most models being validated with easily accessible wind speed and temperature data.
Models such as TAPM are often applied without the consideration of whether or not MOST is applicable
and whether it can replicate local turbulent fluxes. This section will therefore discuss, the applicability
of MOST in Alexandra. This is closely linked to the verification study presented in Appendix A, which
evaluates TAPM’s ability to simulate stability conditions in Alexandra.
In order to assess the applicability of MOST, the similarity of scaled standard deviations in vertical
velocity fluxes were analysed (Figure 4.19). The lines of best fit indicate that vertical velocity
fluctuations were generally in good agreement with the functions defined by Kaimal and Finnigan
(1994). As the theoretical functions were devised over flat, homogeneous terrain, it was hoped that the
relationships would appear similar at the TAWS site, which was deployed over similar terrain. In the
near-neutral range the asymptotic limits for vertical fluctuations were lower than the 1.25 found by
Kaimal and Finnigan (1994) and a similar pattern was observed during unstable conditions.
Encouragingly, the observed showed similar lines of best fit to the theoretical limits, and therefore
MOST was considered to be valid within this setting. There was however, noted scatter around both
lines during all stability conditions with the largest scatter observed under strongly stable conditions
(z/L > 1). This is likely due to the intermittent nature of turbulence in the strongly stable boundary layer
as MOST works under the assumption that fluxes are somewhat constant in the surface layer (Cheng
and Brutsaert, 2005). Features of the NBL, such as low-level jets, gravity waves and density currents
can also result in the departure from MOST (Nadeau et al., 2013).
The finding that the applicability of MOST in the surface layer was somewhat limited during strongly
stable conditions, is an important finding in the context of air pollution modelling. Previous studies in
Alexandra (Tate et al., 2011, Cullen et al., 2012) have explored the atmospheric controls on air pollution
using TAPM which uses MOST to estimate turbulent fluxes throughout the atmosphere (Hurley, 2008).
The verification results in Appendix A highlight TAPM’s tendency to over-predict wind speed in
Alexandra resulting in simulated boundary layer conditions which were closer to neutral than what was
observed.

When assimilated wind speed is used to help reduce TAPM’s over-prediction, nocturnal

stability is often greatly exaggerated while unstable conditions during the day are under predicted. This
has implications for the use of TAPM in areas of complex terrain such as Alexandra as the MOST does
not provide accurate simulations of boundary layer conditions within the confines of the model.

5.3.2 Relationship between boundary layer conditions and PM10
To understand how variations in ABL characteristics influence air quality in Alexandra,
parameterisations of both stability and boundary layer height were used. It was shown that both
parameterisations displayed strong diurnal cycles and notable differences were observed between the
average diurnal cycles on exceedance days and non-exceedance days. A relationship between boundary
layer height and z/L was also observed, which makes sense in a theoretical context as lower (higher)
boundary layer heights coincided with more stable (unstable) conditions.

However, as both
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parameterisations were defined using friction velocity (u*) this signal could have been enhanced due to
auto-correlation.
When comparing the diurnal cycle of z/L between non exceedance days and exceedance days the diurnal
signal of stability was somewhat muted during non-exceedance days. This can be attributed to the
presence of synoptic conditions, which have already been associated with non-exceedance days (i.e.
higher wind speeds and the presence of cloud cover). As u* describes the influence of shear stress on
L, conditions with increased wind speed will result in near neutral conditions. Conversely, if wind
speeds are low and correspondingly so is u*, mechanically generated turbulence has a reduced influence
on stability. Therefore, z/L values are likely to be more stable during the night and unstable during the
day, as seen on exceedance days.
During the one week case study (Section 4.5), hourly PM10 concentrations looked to be responsive to
the changes in z/L and boundary layer heights but offset by an hour. The strongest stability was shown
to occur on nights under the presence of a high pressure system (Kidson type H) and low temperatures
(characterised by Node 2). During the daytime the decrease in stability due to surface heating resulted
in an increase in dispersion. This reduces PM10 concentrations throughout the day and aligns with the
findings of Cullen et al. (2012).
Of particular interest is the relationship between PM10 and atmospheric stability during the night. By
understanding changes in vertical motion it becomes possible to account for temporal patterns of PM10,
such as the evening bimodal peak. The strongest stability was shown to occur immediately after sunset
on exceedance days, coinciding with the first of two evening PM10 peaks. This was not surprising, as
the decrease in both turbulent motion and mixing height means dispersion is suppressed at the period
when emissions from local residents is at its highest (Wilton, 2006).
The early evening strongly stable period was shown to be followed by increased mixing with the
boundary layer returning to weakly stable and even near neutral conditions throughout the night.
Previous studies have observed similar patterns of strong stability after sunset followed by decreasing
stability throughout the night (e.g. Businger, 1973; Mahrt, 1998; Mahrt et al. 2001). These strongly
stable periods are usually associated to times when thermal stratification is strongest and wind speed is
low (Mahrt et al., 2001). Accordingly, this study showed that the strongest stability aligned with the
weakest winds from the SE (Figure 4.22).
After the early evening strongly stable period, stability and boundary layer height were shown to vary
considerably. PM10 concentrations were seen to be responsive to changes in the SBL. A shift between
a near neutral/weakly stable atmosphere with extended boundary layer height to more strongly stable
stratification with shallower boundary layer heights, were typically followed by an increase in PM10 an
hour later. The fact that night time stability was seen to vary greatly, indicates that turbulence is often
introduced into the SBL at irregular intervals throughout the night. Due to the influence that z/L and h
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stability seem to have on PM10, it is possible that this source of nocturnal turbulence may be the driver
behind the evening bimodal peak that occurs in Alexandra.
As mixing within the strongly stable boundary layer is usually shear induced (due to changes in wind
speed with height) (Mahrt, 1998) the increase in night time mixing suggests the presence of shear driven
turbulence. Such sources can produce intermittent and sporadic bursts of turbulence which are important
in the air pollution context as they become a primary mechanism for dispersion in the NBL (Meillier et
al., 2008). While local drainage flows and meso-scale winds can often introduce turbulence from surface
wind shear (Stull, 1988) this study, as well as previous studies, have not been able to definitively link
surface winds to the period of increased mixing within the two evening peaks. This makes it likely that
turbulence within the NBL is driven by other sources such as low level jets, breaking gravity waves or
density currents (Salmond and McKendry, 2005). Such sources of turbulence are often sporadic and
intermittent (Salmon and McKendry, 2005) and the irregular pattern of stability between sunset and
midnight indicates that Alexandra’s NBL may be influenced by turbulence from one or more of these
processes. To investigate further, the following sub-section will discuss the findings of the bimodal peak
case study given in Section 4.6.

5.3.3 The bimodal peak – a case study
The diurnal profile of Alexandra’s PM10 concentrations is unique, with a morning peak followed by two
evening peaks. Elsewhere, McKendry (2000) reported on a similar diurnal cycle in PM10, where a late
evening “spike” in PM10 at a site in the Lower Fraser Valley, British Colombia was observed. Other
studies have reported evening spikes in other pollutants, such as ozone (Baumbach and Vogt, 1999,
Salmond and McKendry, 2002), volatile organic compounds (Prévôt et al., 2000) and carbon monoxide
(Moxley and Cape, 1997). These studies associated “spikes” in pollution to various phenomena
observed within the NBL.
In Alexandra, Tate et al. (2011) and Cullen et al. (2012) have acknowledged that the bimodal peak is a
result of a mixing event, but as the focus of these studies was the horizontal advection of air at the
surface, the driver was suggested to be the temporary displacement of the pollution plume by light
katabatic flows. This study, could not confirm this, as the bimodal peak did not coincide with any
significant changes in wind speed or direction at either the NIWA or TAWS site. Ancelet (2012),
through the use of hourly pollution roses observed at the ORC site, was also not able to define a
relationship between PM10 transport and the bimodal peak in Alexandra. Since the bimodal peak is a
regular phenomenon in the diurnal cycle of Alexandra’s PM10 concentrations, it would be expected that
a change in wind speed or direction would coincide regularly. As this is not the case, it is likely that the
bimodal peak is a result of processes other than variability in horizontal air flow.
During the case study, vertical wind profiles observed by Sodar at the TAWS site, identified the
formation and dissipation of an air flow aloft. The direction of this flow from the NNE suggests that
this may be the same down-valley wind previously identified at the NIWA site. Unlike the NIWA site,
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the TAWS is sheltered from the direction of the Manuherikia Valley due to the basin ridgeline to the
North. This appears to result in the down-valley wind remaining aloft above the site. Figure 5.3 shows
a conceptualisation of how changes in the elevation of the basin ridgeline impacts on the down-valley
wind. It shows the slower surface down-valley wind that enters at the eastern side of town and (as
proposed in Figure 5.2) is redirected E-SE across the township, while an aloft down-valley flow is
present over the surface flows due to the sheltering by the ridgeline.
An increase in wind speed from the NE-E direction at the NIWA site (Figure 4.29) was noted to occur
at the same time as the formation of the aloft down-valley flow from the NNE (Figure 4.30). This
indicates that while these while the characteristics of these flows may differ, they are in fact driven by
the same thermal circulation. The NNE direction of the aloft down-valley wind shows that this thermal
wind does not run directly down the axis of the Manuherikia Valley to the NE. This may be a result of
the Dunstan Mountain Range which borders the NW side of the Manuherikia Valley being at a higher
elevation than the Raggedy Range on the opposite side of the valley. To further the case for the aloft
wind being a down-valley wind, the vertical wind profiles obtained by Sodar indicated that the flow
reached the profile of a low level jet (LLJ) (Figure 4.31) which is a characteristic of a down-valley wind
(Whiteman, 2000).

Figure 5.3: Conceptualised night time flow of the down-valley wind into the Alexandra Basin and the influence
of the basin’s ridgeline to the north of the township.

The LLJ was initiated after the formation of the SBL which is a common occurrence as air flow in the
residual layer (RL) is no longer influenced by the surface, resulting in accelerated wind speeds above
the SBL (Stull, 1988). This allows winds within the SBL to remain weak and variable (Stull, 1988).
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Accordingly, weak surface winds from the E were observed at the TAWS site throughout the period
when the aloft down-valley was present.
After the formation of the down-valley wind, changes in the characteristics of the boundary layer were
observed. Stability was shown to shift from strongly stable to weakly stable mirrored by an increase in
boundary layer height (Figure 4.32). The acceleration of LLJ’s after sunset has been shown in previous
studies to create a layer of enhanced shear below it and this can be an important source of turbulence in
the SBL (Banta et al., 2006; Mahrt, 1999). While the magnitude of the jet can be somewhat related to
the extent of shear driven turbulence (Banta et al., 2003), the shallow depth of the SBL in this case
increases the likelihood of the LLJ influencing turbulence characteristics at the surface. Because the
period in which the down-valley wind is present coincides with the return to weakly stable conditions,
it is possible that wind shear could be a mechanism that introduces turbulence in the SBL. Both the
formation and dissipation of the down-valley wind occurs between the two evening peaks in PM10,
indicating that it is likely to be the reason for the decrease in PM10 concentration during this period.
A similar result was seen by Salmond and McKendry (2002) who found shear driven vertical mixing
from winds above the SBL, resulted in a secondary maxima in ozone (O3) concentrations in the Lower
Fraser Valley, British Columbia. The shear driven vertical mixing was observed to occur under the
presence of a down-valley LLJ which resulted in the temporary recoupling between the RL and the SL.
The recoupling of the SBL and RL allowed the transferal of O3 stored within the RL back down to the
surface layer which resulted in “spikes” of O3 concentrations (Salmond and McKendry, 2002).
However, the influence of a vertical mixing mechanism on PM10 concentrations in this study differs to
that of O3, as the introduction of the aloft down-valley flow aligns with the reduction of PM10
concentrations rather than to increase concentrations. This can be accredited to how PM10 and O3 are
emitted into and behave in the atmosphere. O3 is present in the atmosphere during the day, before the
NBL is formed and the nocturnal decoupling means high concentrations of O3 can be observed in both
the SBL and the RL (McKendry and Lundgren, 2000). After sunset, chemical depletion and deposition
of O3 means that by the time the introduction of O3 from above occurs surface concentrations are
generally lower (Salmond and McKendry, 2002). PM10 on the other hand is often emitted directly into
the SBL after sunset and without the presence of turbulent mixing can stay entrained in the atmosphere
for long periods of time.
In Alexandra, Ancelet et al. (2013b) found that PM10 concentrations in the SBL are often higher than
those in the RL by taking measurements both below and above the temperature inversion (shown in
Figure 2.9). This indicates that enhanced mixing of the RL with the SBL may introduce cleaner air to
the surface and could thus help explain the reduction in PM10 concentrations. The recoupling would
also extend the height of vertical mixing to the top of the RL. This was highlighted with the increase of
boundary layer height when the aloft down-valley wind was present, particularly when it reached LLJ
speed.
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Soon after the LLJ had been formed, the aloft down-valley flow was shown to dissipate, indicating a
change in the valley pressure gradient. As the onset of the down-valley wind occurred after the
formation of a SBL, the pressure gradient within the Manuherikia Valley is likely to be formed with the
warmer air within the RL, rather than the colder stable air mass within the basin. However, the
recoupling of the RL and SBL combines the two air masses at the end of the basin. This is likely to alter
the valley pressure gradient and may be the reason why the down-valley wind ceases soon after the
introduction of top down mixing.
Once the aloft down-valley wind had ceased, the ABL was shown to become increasingly stable with
the boundary layer height lowering. Accordingly, PM10 concentrations were shown to increase reaching
the second evening peak at 2200h.

The second evening peak is therefore likely to be a result of

continued emissions into a changing boundary layer rather than a return of a temporarily displaced
pollution plume as previously thought (Tate et al., 2011; Cullen et al., 2012). The timing of the LLJ
event in relation to the evening bimodal peak indicates that the vertical motion introduced by the aloft
down-valley wind may be the driver of the bimodal peak. The characteristics of this event in relation to
the ABL and PM10 concentrations are generalised in Table 5.1.
Wind direction frequency plots from the NIWA site have indicated that the down-valley wind is the
most frequent wind that occurs in Alexandra (Figure 4.4). This means that the introduction of turbulence
from the LLJ above the SBL is likely to be a common occurrence. However, the extent of the top down
mixing from the LLJ is likely to vary according to the overlying synoptic conditions and their impact
on local conditions. A good indication of this is the variation of night time hourly PM10 concentrations
during the different conditions imposed by the CART analysis (Figure 4.13).
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Table 5.1: Generalised description of the evolution of the aloft down valley wind and its relationship with boundary
layer conditions and PM10 concentrations which causes the bimodal peak.
Time
of day
Sunset

Aloft downvalley wind
Not formed

SBL

1hour
after
sunset

Begins to
accelerate
introducing top
down wind shear

Shift from strongly
stable to weakly
stable stratification
and boundary layer
height increases

2-3
hours
after
sunset

Down-Valley
flow reaches its
peak and is
characterised by
the formation of a
LLJ

Weakly stable
stratification with the
presence of top down
mixing which
extends the height of
the boundary layer to
the top of the RL

4-5
hours
after
sun set

Down-Valley
flow dissipates
soon after
reaching its peak

Increasing stability
and reduction in
boundary layer
height indicates the
decoupling of the
SBL and RL

Formation of a
decoupled strongly
stable boundary layer
with a residual layer
aloft

Conditions and
mechanisms
Strong radiative cooling after
sunset enhanced by the
topographic amplification
factor

Valley pressure gradient
within the Manuherikia
Valley and the air within the
residual layer above the basin
is sufficient to begin downvalley flow.
Wind speed accelerates
above SBL due to
decoupling, which removes
the influence of the surface
on wind flow
Shear induced turbulence
above the SBL is maximised
recoupling the RL and the
SBL and increasing vertical
mixing

Down-valley flow ceases due
to the changes in the valley
pressure gradient caused by
the recoupling of the SBL
and the RL creating one cold
air mass at the end of the
valley. Accordingly,
turbulence from aloft is
reduced

PM10 concentrations
Reduced mixing and
boundary layer height
coupled with
increased emissions
results in increase in
concentrations (first
peak)
Concentrations
depend on the
strength of the aloft
down-valley wind.
Strengthening flow
leads to an increase in
mixing and PM10
concentrations
reduced

The recoupling of the
SBL and the RL
introduces clean air
stored above as well
as increasing mixing
resulting in the low
point between the two
evening peaks
Reduced mixing
along with continued
emissions results in
the build-up of PM10
(second peak)

Node 2 was defined by having temperatures which were less than -3.4 ˚C the following day and was
shown to have largest variations in night time PM10 concentrations. This could be attributed to the
effects of strong nocturnal cooling on both the formation of the NBL and the formation of the LLJ.
Strong nocturnal cooling increases the chances for the formation of a temperature inversion with strong
stability and low boundary layer height while also providing the ideal conditions for the strongest
thermally driven flows (Whiteman, 2000). Therefore on nights with lower temperatures than those
observed during the evening of the case study, it is likely that the intensity of the LLJ is increased
introducing stronger turbulence into a shallower SBL. This may explain the temporal variations in the
bimodal peak between Node 2 and Node 6 (Figure 4.13)with strong nocturnal cooling during Node 2
resulting in a lower boundary layer height needing less emissions to result in poor air quality resulting
in an earlier 1st evening peak.
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The down valley flow was also shown to continue into the basin throughout the night (Figure 4.4) and
night time stability profiles indicated that the LLJ may produce intermittent turbulence throughout the
night. The largest variations in stability occurred in the early evening and it is possible that after the
initial dissipation of LLJ, and if cooling is strong enough, the SBL may again decouple from the RL
resulting in the reformation of the LLJ. This may account for moderate stability returning to weakly
stable after midnight (as shown in Figure 4.21)potentially increasing dispersion during the night.

5.3.4 Limitations and future research
This study’s representation of the ABL through parameterised eddy covariance measurements, is limited
by the fact turbulence characteristics can vary dramatically between sites. This is heightened during the
presence of stable conditions when the influence of objects within the surface flow on turbulence
characteristics is enhanced (Foken, 2006). Therefore, observations of turbulence from one site is
unlikely to be representative of the ABL across the entire township. This becomes an issue when
drawing conclusions between turbulence characteristics measured at TAWS and PM10 concentrations
observed at the ORC site. However, the location of the ORC site would not have been suitable for
turbulence measurements by eddy covariance due to the limitations of fetch by surrounding buildings.
To gain a more representative view of turbulence within the night time ABL some studies have applied
the use of devices known as scintillometers (e.g. Hartogensis et al., 2002; Roth et al., 2006).
Scintillometers make path averaged measurements of turbulent heat and momentum fluxes over a larger
area (Salmond and McKendry, 2005).
Understanding the evolution of the LLJ and its impact on the boundary layer in Alexandra has been
restricted by the limited amount of vertical wind data available for analysis. This was due to both
instrument difficulties as well as the vertical resolution of the Sodar used. The SBL, as found by Ancelet
et al. (2013b), often formed below a height of 30m which is below the lowest limits of the Sodars
capabilities. This meant that on days with a strong temperature inversion at the surface the instrumental
noise made it impossible to define the height of the ABL, as well as the direction and speed of the lower
level winds. This leaves a need to better define the LLJ and understand its control on the boundary
layer.
Sodar technology has improved beyond the capabilities of the Sodar used in this study, and the use of a
mini-Sodar may be able to capture LLJ events during strongly stable conditions. However, direct
observations of the vertical structure of the atmosphere maybe the best way to understand the complex
processes present. Tethered balloon ascents can be used to directly measure turbulence and trace gas
concentrations at any desired vertical resolution but is limited to field campaigns as it cannot be run unmanned (Seibert et al., 1999). The installation of an observation mast can provide high temporal
resolution of a range of measurements (Seibert et al., 1999) and by gaining profiles of temperature and
turbulence data it would be possible to define the influence of the LLJ on a SSBL. Mast installation can
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be an expensive exercise and the use of numerical modelling could also provide an understanding of the
controls exerted by the LLJ on the NBL.
While TAPM has been shown to have limitations in characterising surface layer stability, the use of a
more complex numerical model capable of simulating conditions at a higher resolution maybe
beneficial. Hu et al. (2013) used the Weather Research and Forecasting model (WRF) coupled with a
pollution component to simulate the recoupling of the RL and the SBL due to the presence of a LLJ.
However, to undertake a similar study using numerical modelling in Alexandra, the use of a high
resolution DEM would be required due to the effects of terrain on the down-valley wind.
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Chapter 6: Conclusion
The aim of this research has been to define the air pollution climatology of Alexandra by characterising
the atmospheric controls on PM10 from the synoptic, local and micro-scales. The main findings are
briefly summarised here.


The relationship between overlying synoptic and hourly surface conditions was examined by
comparing surface variables under the presence of different Kidson synoptic types. This
analysis indicated that the presence of a weak pressure gradient over the South Island (H, HE
and HSE) was linked to the lowest temperatures and lowest wind speed, leading to the poorest
air quality. Strong south-westerly gradient flow (SW and HNW) was shown to result in the best
air quality driven by increased wind speed. Importantly however, it was found that poor air
quality occurred under nearly all synoptic conditions. This is attributed to the sheltering effects
of Alexandra’s location within both the Alexandra Basin and the Manuherikia Valley,
suggesting that the gradient flow is often decoupled from the surface leaving dispersion
conditions to be driven by localised atmospheric processes.



The evolution of synoptic conditions was shown to be an important consideration for air quality
in Alexandra, with the persistence of certain conditions increasing the potential for pollution
episodes. By calculating the transition probabilities between Kidson types it was shown that
synoptic types linked to the poorest air quality were most likely to be followed by a Kidson type
also associated with high PM10 concentrations. The continuation of synoptic conditions was
linked to a typical progression pattern of a high pressure system moving slowly from west to
east across the South Island.



A CART analysis was used to statistically determine the influence of local atmospheric
conditions on air quality in Alexandra. By using a comprehensive list of meteorological
predictor variables derived from historical data, the CART analysis was used to determine the
conditions that are most likely to determine whether or not the AQNES is breached. This was
shown to be a robust method for describing the impact of local conditions on PM 10
concentrations, improving on previous efforts in Alexandra by correctly predicting an
exceedance 76% of the time.



The effect of Alexandra’s topography on local thermo-topographic air flow was established
using 10 days of data recorded under the presence of high pressure systems. This indicated that
local drainage flows from the surrounding hills interact with a down-valley wind that is
introduced from the Manuherikia Valley to the NE of the township. The down-valley wind was
the prevailing wind at the NIWA site during the winter months, with its direction dependent on
the magnitude of its flow due to the presence of perpendicular drainage flows from the hills to
the south-east. The convergence of these flows, as well as the topographical blocking from the
hills to the south directs this flow away from the Clutha gorge, (the only drainage exit for the
basin), instead shifting the wind northwards into the Alexandra Basin.
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To analyse the micro-scale influence on PM10, parameterisations were used in order to describe
the state of the atmospheric boundary layer. MOST was utilised in order to determine
atmospheric stability and the relationship between the fluctuations in vertical velocity and z/L
indicated that MOST was held under most conditions. Boundary layer height was also estimated
using a diagnostic relation and these two parameters were shown to have a strong relationship
with PM10 concentrations at both hourly and daily time scales. The characteristics of the
nocturnal boundary layer were shown to vary frequently, switching between a strongly stable
and shallow to a weakly stable with increased height. This suggests that intermittent turbulence
is frequently introduced into the NBL. Accordingly, patterns in evening PM10 concentration
were shown to be influenced by the variation in boundary layer conditions, especially between
the hours of 1700h and 0000h when emissions from home heating are somewhat constant.



A multi-scaled case study was undertaken to determine which atmospheric processes were
important to the event of an evening bimodal peak in Alexandra.

Vertical wind profiles

collected by Sodar allowed the formation of a LLJ above the surface wind field to be observed.
The direction and timing of this wind indicated that it may be the same down-valley wind that
had been observed at the surface at the NIWA site, but which remained aloft due to the sheltering
of the basin ridgeline. The formation of the LLJ coincided with a change in stability from
strongly to weakly stable, suggesting that shear introduced by the LLJ may reach the surface.
The reduction in PM10 during this period also indicates that a recoupling of the RL and the SBL
may occur, introducing clean air from the RL towards the surface. The recoupling of these two
layers may also result in a change of the valley pressure gradient as the LLJ was seen to dissipate
soon after reaching its peak. Once the aloft source of turbulence had been removed, stability
was noted to increase, along with PM10 concentrations that reached their second peak not long
after the dissipation of the LLJ.
The winter of 2014 has produced 51 exceedence days indicating that much improvement is needed
if air quality in Alexandra is to meet the AQNES standards of one exceedance by 2020. An
encouraging finding from 2014 has been the noted reductions in pollution peaks, with the highest
pollution events not reaching the same magnitude as they have in previous years, indicating that
progress is being made on improving air quality in Alexandra. As there is a need for further
reductions in PM10 it is important that the relationship between the decoupling of the SBL and the
RL after sunset and emissions from home heating is well understood.
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TAPM
This chapter provides results from a separate analysis using The Air Pollution Model (TAPM) to
simulate atmospheric stability in an area of complex terrain (Alexandra). As TAPM is suggested by
the MFE as the best methods to represent pollution dispersion in complex terrain (Bluett et al., 2004)
understanding how well TAPM performs in its simulation of the surface fluxes in Alexandra is therefore
useful for verification purposes. Due to the reduced availability of eddy covariance measurements
(when compared to temperature and wind data), only Zawar-Reza et al. (2005b) have previously
verified TAPM’s ability to simulate surface turbulent heat fluxes. This section will first introduce the
model set up and verification methods before describing TAPM’s general performance. It will then
assess TAPM’s ability to reproduce the stability parameter z/L before summarising the results.

A.1. Model set up and verification
Using TAPM (V4), this study ran simulations between 14/6/2013 and 20/8/2013 in order to coincide
with the surface measurements obtained at the TAWS site. Simulations were run with the centre grid
defined at the coordinates 45˚ 13’ S and 169˚ 21’ E. To test the sensitivity of TAPM’s boundary layer
simulations to variations in model set-up, four simulations were run. The set ups used are displayed in
Table A.1. All runs had the same vertical resolution of 30 grid levels spaced between 10m and 8000m.

Table A.1. The set-up of the meteorological component of TAPM for the four sensitivity runs used in this study.
Run number
1

Number of grids
with distances
4

Grid
Resolution
25 by 25

Surface Characterstics

Wind Speed Assimilation

default

No

40 by 40

default

No

40 by 40

Surface type changed from
Grassland mid dense tussock
setting to low urban setting

No

40 by 40

Surface type changed from
Grassland mid dense tussock
setting to low urban setting

Yes, using hourly
observations from the
TAWS and NIWA sites

(10000m, 5000m,
2000m, 500m)

2

4
(10000m, 5000m,
2000m, 500m)

3

4
(10000m, 5000m,
2000m, 500m)

4

4
(10000m, 5000m,
2000m, 500m)

To first get an understanding of TAPM’s overall performance hourly simulated wind speed, temperature
and friction velocity values were compared to observations recorded at the AWS site using the Pearson
correlation coefficient (r) and the Index of Agreement (IOA) (Equation A.1) measures following
(Hurley et al., 2002):
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𝐼𝑂𝐴 = 1 − (

2
∑𝑁
𝑖=1(𝑃𝑖 − 𝑂𝑖 )
)
̅
̅ 2
∑𝑁
𝑖=1(|𝑃𝑖 − 𝑂| + |𝑂𝑖 − 𝑂 |)

(Equation A.1)

where𝑃𝑖 is the predicted variable at the 𝑖-th time step; 𝑂𝑖 is the observed variable at the 𝑖-th time step;
𝑂̅ is the average of the observed variable.TAPM produces simulations at fixed heights throughout the
atmosphere and data were extracted from the lowest level (10m). As wind speed at the AWS site was
measured at 3m, wind speeds were extrapolated to 10m using the logarithmic power law in order to
make direct comparisons between the simulated and observed wind speeds, following Justus and
Mikhail (1976):
𝑧

𝑣2 = 𝑣1

ln(𝑧2 )
0

𝑧
ln ( 1 )
𝑧0

(Equation A.2)

Where 𝑣1 is wind speed at height 𝑧1 and 𝑣2 is wind speed at height 𝑧2 and 𝑧0 is the roughness length. A
roughness length value of 0.2m was used following Stull (1988), which is an appropriate length for
describing the surface roughness of the outskirts of town with few buildings. When extrapolating wind
speed it is common practice to account for the effects of stability on the wind profile, however as
TAPMs performance of simulating wind speed is only being assessed in order to check general
performance, the influence of stability was not accounted for in the wind profile. Temperature could
also be adjusted for the 7.5m difference between observations and simulated extraction height, however
applying a fixed lapse rate to account for the minimal change in altitude resulted in a negligible
difference in temperature and was therefore not applied. Friction velocity is assumed to be independent
of height (Sutton, 1953) so direct comparisons were made without the need for extrapolation.
In order to assess TAPMs ability to reproduce stability conditions, simulated values of L were scaled
to the height of observations (1.65m) to produce a making it possible to directly compare the stability
parameter (z/L). L values were extracted from TAPM at a height of 10m to ensure it was representing
the surface layer even during the presence of shallow boundary layer. The difference between
observed and modelled height is not important as L is assumed constant throughout the surface layer
(Kaimal and Finnigan, 1994), it was. From here, time series comparisons were then used to verify
TAPMs ability to represent the stability conditions of the boundary layer.

A.2. General performance
In order to compare the ability of TAPM to reconstruct the boundary layer 4 runs were undertaken over
the entire measurement period (Table 3.1). This made it possible to understand how changes in the setup of TAPM would impact on simulations of stability. To firstly gauge overall performance of TAPM
in simulating wind speed, temperature and friction velocity (u*), four runs were compared using the r
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and IOA performance measures shown in Table A.2. It indicates that the increase in grid resolution
from Run 1 to Run 2 sees little change in performance, whereas the change in surface characteristics in
Run 3 results in an improvement in all three variables. The assimilation of data in Run 4 expectedly
improves the performance of wind speed simulation but reduces the performance measures for
temperature. Friction velocity shows a marked improvement after the introduction of assimilated wind
speed reaching an IOA of 0.69. Hurley et al., (2002) states that an IOA>0.5 indicates good model skill
which bodes well for simulations of L, as u*is a fundamental parameter within the calculation of L.
Table A.2. Performance of TAPMs ability to simulate wind speed, temperature and friction velocity for four
different runs in comparison to measurements collected at the TAWS between the 14 June and the 20 August
2013.

TAPM Setup run and
description

Run 1 25 X 25
4 Domains
Run 2 40 X 40
4 Domains
Run 3 40 X 40
4 Domains, Surface
Characteristics Changed
Run 4 40 X 40
4 Domains, Surface
Characteristics Changed,
Wind Speed data
Assimilation

Mean
Observed
Wind
Speed
(TAWS)
[m/s]

Mean
Predicted
Wind
Speed
[m/s]

r

IOA

Mean Observed
Temperature
(TAWS)
[˚C]

Mean
Predicted
Temperature
[˚C]

r

IOA

Mean
Observed
(TAWS)u*

Mean
Predicted u*

r

1.9

2.5

0.41

0.60

5.1

8.0

0.68

0.68

0.12

0.24

0.33

1.9

2.5

0.41

0.60

5.1

7.9

0.68

0.68

0.12

0.24

1.9

2.4

0.45

0.63

5.1

7.7

0.73

0.74

0.12

0.24

0.35

1.9

1.25

0.80

0.77

5.1

8.1

0.68

0.67

0.12

0.17

0.59

0.33

A.3. Verification of simulated z/L
TAPM uses MOST to simulate surface layer fluxes and produces the Obukhov Length (L) within its
output. As L is assumed constant throughout the surface layer TAPMs L predicted at a height of 10m
was scaled to the same height as the observed at 1.65m. Figure A.1 shows the percentage frequency

distribution of z/L between -2 and 2 over the four TAPM runs as well as the observed. It shows
that the most frequent z/L values fall within the in the near neutral/slightly stable range of 0.00.05 for both observed and those predicted by TAPM. Fifteen percent of the observed hours
fell within this range. TAPM however, over predicts the frequency of occurance of hours within
this stability range and the first three runs predict neutral conditionsoccur 17 - 22% moreoften
than the observed.
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Figure A.1: Percentage frequency distribution of observed z/L and thosez/L predicted during the four TAPM runs.

Figure A.1. shows that the introduction of assimlated wind speed data in run 4 improves the fit, with
the frequency within the 0-0.05 range over predicting the frequency by the smaller margin of 5%. Run
4 also represents unstable conditions better than runs 1 through 3 with 19.7% of the predicted data being
below 0 while only 1-4% being below 0 in runs 1, 2 and 3 which compares poorly to the observed
26.1%. The distribution above 0.05 was similar between the observed and all the TAPM runs at
between 47 and 52%. However, the the inclusion of assimilated wind data results in frequency of z/L>1
of 20.8% as opposed to the observed 4.2%. The influence of assimiliated data on the diurnal cycle of
z/L is highlighted in Figure A.2.

Figure A.2: Simulated and observed daily average z/L

Runs 1 through 3 predict reasonable values for z/L during the evening, while run 4 indicates the
tendency for TAPM to produce extremely stable values during the night time highlighting the impact
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of a forced reduction in wind speed with the introduction of assimilated wind speed. Overall, TAPM
replicates unstable conditions during the day poorly with unstable conditions being under predicted.
This is particularly true for runs 1 through 3, whose average values during the day remain around 0
indicating neutral stratification. Run 4 also under predicts the magnitude of unstable z/L conditions but
does replicate the occurrence of unstable conditions better than the previous runs. All in all, Error!
Reference source not found. indicates that while TAPMs simulations of z/L somewhat reproduce the
diurnal cycle, the magnitude of the stability range differs largely during both unstable and stable
conditions. Although Run 4 has a wider range (than runs 1 through 3) and strongly over predicts stable
conditions during the evening, its better differentiation between stable and unstable conditions away
from the neutral leaves this set up with the most potential for predicting the stability classes outlined
previously. Figure A.3 shows how well TAPM performs simulating hourly z/L compared over the
week 7 till the 14 July 2013.

Figure A.3: Hourly simulated and observed z/L values between 7 and 14 July 2013.

As highlighted previously, stable conditions are over predicted during the night, particularly those
simulated by run 4. Again, the diurnal cycles are somewhat captured by TAPM. However, the ability
for TAPM to predict an unstable atmosphere is limited with only minimal hours being predicted as
unstable throughout the week. In general it can be said that TAPM performs better in stable conditions
without assimilated data. However, without simulating unstable conditions the daily signal in stability
changes is somewhat lost. Therefore TAPM runs using assimilated data, although over predicted in
stable conditions, produce the best estimates of z/L. Although it is understood that the magnitude of
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simulated stable conditions is somewhat out, it would be useful to see if TAPM can reproduce a similar
stability signal in relation to the local drainage flows.

A.4. Summary
TAPM was shown to over predict wind speed, as well as simulating higher temperatures than those
observed at the TAWS site. This was shown to impact on TAPM’s ability to accurately simulate the
stability of the surface layer. Higher wind speeds resulted in an overestimated friction velocity thereby
resulting in the tendency for TAPM to simulate neutral rather than unstable or stable conditions. The
reduction of wind speed estimates through data assimilation were shown to improve the prediction of
unstable conditions during the daytime, however, without the overestimated wind speed, TAPM
simulated extremely stable conditions during the night time.

Tate (2012) simulated dispersion

conditions in Alexandra using TAPM with assimilated wind data and found that night time
concentrations were over strongly over predicted and this could be partly due to the over prediction of
night time stability. Zawar-Reza et al. (2005b) found that TAPM over predicted sensible heat fluxes
during the day. This study however, has found that surface heat fluxes were under predicted as shown
by the propensity for TAPM to inaccurately simulate unstable conditions, even after data assimilation
had reduced the impact of overestimated wind speed. For future numerical modelling in the Alexandra
Basin, it would be beneficial to use a numerical model which has a higher resolution both horizontally
and vertically than TAPM. Increased horizontal resolution may reduce the overestimation of drainage
flows by being able to account for more subtle changes in the local topography, while increased vertical
resolution may mean that variations in stratification caused by terrain may be able to be simulated. As
TAPM is one of the methods recommended by the Ministry for the Environment for air quality analysis,
it would be beneficial for more validation studies focusing on TAPM’s ability to reproduce surface
fluxes.

110

Kruskill Wallis and ANOVA post-hoc results
Table B.1: Matrix showing significance values for differences in PM10 concentrations at the 95% measured at the
ORC site calculated using the Kruskall Wallis test with the NDWD post hoc procedure. A green (red) square
indicates that PM10 concentrations during the column Kidson type are significantly lower (higher) than the row
Kidson type. White squares indicate no significant difference.
Kidson Type H
H
HNW
W
HSE
HE
HW
NE
R
SW
T
TNW
TSW

HNW
W
HSE
HE
0.000
0.000
0.120
0.000
0.000
0.000
0.000
0.000
0.000
0.120
0.000
0.000
0.030
0.000
0.000
1.000
0.000
0.000
0.63
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.056
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.095
0.000
0.000
0.000
0.000
0.266
0.000
0.021
0.866
0.000

HW
0.030
0.000
0.000
1.000

NE
0.000
0.000
0.630
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.096
0.000

R
0.000
0.000
0.000
0.001
0.000
0.485

0.485
1.000
0.000
1.000
0.020
0.000

SW
0.000
0.000
0.056
0.000
0.000
1.000
0.516

0.516
0.000
0.989
0.951
0.000

T
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
1.000
0.023
0.000

TNW
TSW
0.000
0.000
0.000
0.021
0.000
0.866
0.266
0.000
0.096
0.000
0.02
0.000
0.951
0.000
0.023
0.000
0.000
0.000
0.427
0.001
0.427
0.000
0.001
0.000
0.000
0.000
0.095
0.000
0.000
1.000
0.989
1.000
0.000

0.000
0.000
0.000

Table B.2: Matrix showing significance values for differences in wind speeds between Kidson types at the 95%
measured at the NIWA site calculated using the Kruskall Wallis test with the NDWD post hoc procedure. A green
(red) square indicates that wind speeds during the column Kidson type are significantly lower (higher) than the
row Kidson type. White squares indicate no significant difference.
Kidson Type H
H
HNW
W
HSE
HE
HW
NE
R
SW
T
TNW
TSW

HNW
W
HSE
HE
0.000
0.000
0.996
0.000
0.000
0.000
0.000
0.000
0.000
0.996
0.000
0.000
0.292
0.000
0.000
0.004
0.000
0.000
0.001
0.000
0.337
0.000
0.000
0.004
0.058
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.000
0.000
0.005
0.000
0.000
0.000
0.000
0.000
0.155
0.000

HW
0.292
0.000
0.000
0.004
0.000
1.000
1.000
0.000
0.000
0.862
0.000

NE
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.004
0.097
0.992

R
0.337
0.000
0.000
0.004
1.000
0.000
1.000
0.000
0.000
0.606
0.000

SW
0.058
0.000
0.000
0.000
1.000
0.000
1.000
0.000
0.000
0.936
0.000

T
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

TNW
TSW
0.005
0.000
0.000
0.000
0.000
0.155
0.000
0.000
0.862
0.000
0.097
0.992
0.606
0.000
0.936
0.000
0.000
0.000
0.000
0.166
0.000
0.007
0.166
0.007
0.000
0.000
1.000
0.000
0.000
0.004
0.000
0.000
0.000

Table B.3: Matrix showing average difference in temperature between Kidson types at the ORC site calculated
using an ANOVA with the Games-Howell post hoc procedure with significance at the 95% level. A green (red)
square indicates that temperatures during the column Kidson type are significantly lower (higher) than the row
Kidson type. White squares indicate no significant difference.
Kidson Type H
HNW
W
HSE
HE
HW
NE
R
SW
T
TNW
TSW
H
2.49897 2.80259 -1.42689 1.37142 -1.81955 -0.00104 -1.49775 1.16683 0.91043 1.14789 -0.07766
HNW
-2.49897
0.30362 -3.92586 -1.12755 -4.31852 -2.50001 -3.99672 -1.33214 -1.58854 -1.35108 -2.57663
W
-2.80259 -0.30362
-4.22948 -1.43117 -4.62214 -2.80363 -4.30034 -1.63576 -1.89216 -1.6547 -2.88025
HSE
1.42689 3.92586 4.22948
2.79832 -0.39266 1.42585 -0.07086 2.59372 2.33732 2.57478 1.34923
HE
-1.37142 1.12755 1.43117 -2.79832
-3.19098 -1.37246 -2.86917 -0.20456
-0.461 -0.22353 -1.44908
HW
1.81955 4.31852 4.62214 0.39266 3.19098
1.81851
0.3218 2.38638 2.72998 2.96744 1.74189
NE
0.00104
2.5001 2.80363 -1.42585 1.37246 -1.81851
-1.49671 1.16787 0.91147 1.14893 -0.07662
R
1.49775 3.99672 4.30034 0.07086 2.86917 -0.3218 1.49671
2.66458 2.40818 2.64564 1.42009
SW
-1.16683 1.33214 1.63576 -2.59372 0.20456 -2.98638 -1.16787 -2.66458
-0.2564 0.01894 -1.24449
T
-0.91043 1.58854 1.89216 -2.33732
0.461 -2.78998 -0.91147 -2.40818
0.2564
0.23746 -0.98809
TNW
-1.14789 1.35108
1.6547 -2.57478 0.22353 -2.96744 -1.14893 -2.64564 0.01894 -0.23746
-1.255
TSW
0.07766 2.57663 2.88025 -1.34923 1.44908 -1.74189 0.07662 -1.42009
1.2449 0.98809
1.255
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