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Abstract 
 
The purpose of the project has been to investigate how synoptic scale climate systems 
control the frequency of air pollution episodes in the city of Christchurch, New 
Zealand. The work has been done at the University of Canterbury, New Zealand, and 
data from the region has been analysed. Air pollution is, during winter time, a 
growing problem in Christchurch and the project was initiated by the regional 
environmental legislative body. 
 
The first part of the report is on finding relationships on a local-scale between 
particulate matter concentrations, ground temperature, temperature at 10 meters and 
wind speed. The data set used in the analysis comes from a monitoring station in St. 
Albans, situated in the north-east of Christchurch. In the second part, a connection is 
made thought correlation calculations between the results from the local-scale 
analysis and the synoptic situation observed over New Zealand during the same 
period. Two different data sets have been used in the analysis. One data set includes 
different weather patterns observed over New Zealand and the other data set includes 
different zonal and meridional circulation indices. A pressure index is also used, the 
Southern Oscillation Index. 
 
On the local-scale, a relationship has been found between the particulate matter 
concentration and the number of night hours with an inversion present. A correlation 
also exists between the wind speed and the number of night hours with an inversion 
present. 
 
The connection to the synoptic scale through cluster frequencies and circulation 
indices was found to be divergent. The cluster frequency analysis indicates on a direct 
correlation between the Southern Oscillation Index and the air pollution concentration 
in Christchurch, while the circulation indices analysis indicates on an inverse 
relationship between the Southern Oscillation Index and the air pollution 
concentration in Christchurch. 
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Sammanfattning av ”Kopplingen mellan ENSO och 
aerosoler mindre än 10 μm i Christchurch”  
 
Avsikten med projektet har varit att undersöka om det finns ett samband mellan 
storskaliga vädersystem (synoptisk skala) och antalet lokalt inträffade händelser med 
höga halter av luftföroreningar. Arbetet har utförts vid University of Canterbury i 
Christchurch på Nya Zeeland och mätdata för denna region har analyserats. 
Luftföroreningar är här ett växande problem, speciellt vintertid, vilket de regionala 
lagstiftande myndigheterna har identifierat och önskat få utrett. 
 
I första delen av rapporten analyseras samband mellan lokala parametrar, så som 
temperatur vid marknivå och på 10 meters höjd, vindhastighet och koncentrationen av 
olika luftföroreningar. Data som använts i dessa analyser har uppmätts vid en 
mätstation placerad i St. Albans, vilken ligger i nordöstra delen av centrala 
Christchurch. I den andra delen av rapporten beräknas korrelationen mellan resultaten 
från den lokala analysen och olika synoptiska vädersituationer observerade över Nya 
Zeeland under motsvarande tidsperioder. Två databaser har använts vid analysen, dels 
en databas innehållande olika vädersituationer över Nya Zeeland och dels en 
innehållande olika cirkulationsindex. Dessutom användes också ett lufttrycksindex, 
”The Southern Oscillation Index”. 
 
Två korrelationer har beräknats i den lokala analysdelen. Dels har ett samband mellan 
luftföroreningskoncentrationen och antalet timmar med en inversion närvarande 
nattetid beräknats samt en korrelation mellan vindhastighet och antalet timmar med en 
inversion närvarande nattetid. 
 
Kopplingen till den synoptiska skalan visar på två divergerande resultat. Analys 
genomförd med olika ”clusters” visar på ett direkt samband mellan ”The Southern 
Oscillaion Index” och luftföroreningskoncentrationen i Christchurch medan en analys 
genomförd för circulationsindex visar på ett omvänt samband mellan ”The Southern 
Oscillation Index” och luftföroreningskoncentrationen i Christchurch. 
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1. Introduction 
 
During winter time, air pollution is a significant problem in Christchurch which 
affects many people. Urban smog is observed over Christchurch for more than 30 
nights each winter. Most of the research done in this area has focused only on how the 
synoptic circulation effects the dispersion of air pollution within the city. This project 
will focus on searching for correlations between the local-scale and the synoptic scale. 
The major parameters analysed in the report, affecting the particulate matter 
concentration, are the ground temperature (measured 1 meter above ground), the 
temperature at 10 meters and the wind speed. 
 

Recent research indicates a global climate 
change with an unusually rapid increase of 
temperature and sea level and changed 
patterns of precipitation. This may lead to 
changes in the synoptic weather patterns and 
it is therefore very important to know how 
different weather situations affect the local 
dispersion of air pollution. Will these 
climate changes result in a worsening air 
pollution problem, or will it result in a 
decreased problem? At the moment no one 
has the answer to this type of question, but 
searching for connections between the 
dispersion of air pollution on a local-scale 
and synoptic scale is a step in the right 
direction.  
 

The environment around Christchurch results in a winter climate with light winds and 
a night-inversion that traps the air pollution close to the ground, leading to very high 
levels of air pollution and urban smog being observed over the city, figure 1.1. The 
three main emission sources are industry, vehicles and domestic home heating. 
During winter time, burning of wood and coal for home heating is by far the main 
contributor to the degradation of air quality. Around 90% of the observed suspended 
particulate is from burning wood and coal and 7% is from industries. Motor vehicles 
contribute only 3% towards particulate pollution on a typical winter day, see figure 
1.2. [Web page: “Air”] 

 
The questions which this report seeks to 
answer are how the temperature and wind 
speed is related to the observed air pollution 
values in Christchurch and how different 
weather patterns over the New Zealand 
region affect the dispersion of air pollution 
within the city.  
 

 

 
Figure 1.1 Smog over Christchurch, Lancaster
Park, on a winter morning. The main air
pollution emission source is home heating.
Picture taken from [Web page: “Christchurch
smog image”]. Photographer unknown. 

 
Figure 1.2 Contributor to air pollution 
during a cold winter night in Christchurch.  
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2. Meteorology 

Dispersion of air pollution emitted from sources close to the ground is on a short-
range basically controlled by the motions and processes occurring in the planetary 
boundary layer (PBL). The depth of the planetary boundary varies over the day and is 
created as a consequence of different interactions between dynamics and 
thermodynamics of the atmosphere and the physical and thermal properties of the 
underlying surface. Different interactions result in different structures of the PBL, 
including among other things temperature distribution, wind speed, depth and energy 
transport. The depth of the PBL is also called the mixing height. Above the mixing 
height is an inversion layer with just a little mixing. Due to this lack of mixing, the air 
pollution is limited by the height of the PBL. 

 
Since the thermal properties of the surface change during the day, so does the height 
of the PBL. The minimum depth of the layer is found during night time and in the 
early morning, showing depth values in the order of 100 metres. The maximum depth 
is found in the late afternoon, with a depth value in the order of 1 kilometre. 
[Högström et al., 1989] As discussed later, the diurnal trend of the PBL has a big 
affect on the diurnal trend of air pollution concentrations. 
 
During smog nights in Christchurch, an inversion is often present. The definition of 
an inversion is that temperature increases with height. An inversion that starts to build 
up at the surface and then grows deeper with time is called a surface inversion. When 
a surface inversion is present, polluted air is trapped within the inversion close to the 
ground. An inversion can also build up at high levels, so called upper-level inversion. 
This type of inversion occurs either when warm air is advected at the upper levels by 
synoptic weather systems or when there is an anti-cyclonic system present, making 
the air subside and thereby undergo an adiabatic heating. In the case of an upper-level 
inversion the air pollution is still trapped, but now within a deeper layer. 
 
To be able to understand how a surface night-inversion builds up, we start to look at 
the energy exchange, and further on at the surface energy budget. The exchange of 
energy between the atmosphere and the lowest part of the PBL, the so called surface 
layer, is through turbulent motions. There are two different kinds of turbulence, 
thermally produced, and mechanically produced turbulence. The energy can be 
transported either as sensible heat, H0, or as latent heat, E0λ. Both heat flows are 
denoted positive from the surface towards the atmosphere. The main source of this 
energy is the sun. 
 
When looking at the energy exchange, also the radiative exchange of energy between 
the atmosphere and the surface must be taken into account. The short-wave radiation 
from the sun is both absorbed and reflected by the surface of the Earth. The definition 
of short-wave radiation is that the wave length of the radiation is between 0.15 and 
4.0 μm. There also is a long-wave radiation defined as a wave length between 4 and 
100 μm. The long-wave radiation is continuously emitted by the Earth’s surface and 
the amount of emitted radiation is dependent on the surface temperature and 
emissivity. Also various gases in the atmosphere absorb radiation leading to a long-
wave atmospheric radiation received at the surface. 
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By using the law of conservation of energy, the surface energy budget can be 
described by the following equation: 
 

λ000 EHGRN +=−  
 
RN is the net radiation that the surface receives and G0 is the heat flux to the ground 
(both denoted positive from the atmosphere towards the surface), making the RN - G0 
the net incoming all-wave radiation. H0 is the surface sensible heat flow and E0λ is the 
latent heat flow. The surface energy budget for urban areas usually also includes a 
storage term. This term includes the heat storage in the streets and buildings within 
the city. [Sponken-Smith et al., 2005] Since there are mostly one and two storey 
houses in Christchurch with lots of surrounding green areas, no large amount of 
energy can be stored in the urban structures. The storage term is therefore likely to be 
quite small and is not taken into account here. 
 
To see how the stability of the air changes through the day and which effect this has 
on the concentration of air pollution, we study figure 2.1, showing the diurnal trend of 
a smoke plume. [Zawar-Reza, Spronken-Smith, 2005] 
 
In the early morning transition, just before sunrise, a night-inversion is still present, 
and the pollutants are trapped near the ground, figure 2.1 (a). As long as the chimney 
emits smoke within the inversion layer, the smoke will be trapped and the plume will 
take a fanning shape. When the sun rises, the RN-G0 component in equation 2.1 starts 
to increase rapidly and becomes positive about one hour after sunrise. The turbulent 
fluxes, H0+E0λ, on the other hand, increase very slowly in the beginning, due to the 
presence of a strong night-inversion and stable layer. When the sun or rises further, 
the ground temperature increases leading to increased vertical motions and the night-
inversion slowly breaks, while a mixing layer starts to form. The vertical motions 
bring polluted air down from aloft leading to very high concentrations at ground level. 
This is called fumigation, figure 2.1 (b), and is probably the case shown in figure 1.1. 
 
The temperature gradient decreases as the vertical motions continue to mix the air. 
This, together with increased heating from the sun, causes the mixing layer to grow 
rapidly, around 500 meters per hour. [Högström et al., 1990] The night-inversion and 
stable layer has usually broken down two to three hours after sunrise. The unstable air 
with increased turbulent mixing is evident when observing the smoke plume, which 
now takes on a looping behaviour, figure 2.1 (c). When heating from the sun slowly 
starts to decrease in the late afternoon, the ground temperature decreases and the 
atmosphere becomes neutral, following the dry adiabatic dashed line (DALR). There 
is less turbulent mixing in a neutral atmosphere than in an unstable atmosphere, now 
giving the smoke plume a coning shape, figure 2.1 (d). 
 
In the late evening, just after sunset, the net all-wave radiation component RN-G0 
becomes negative. To maintain the conservation of energy rule, and thereby maintain 
the equilibrium within equation 2.1, the right side of the equation also has to change 
sign. Long-wave radiation is now directed from the surface towards the atmosphere, 
which causes energy near the surface to decrease. Decreasing energy causes the 
surface temperature to drop, which results in a build up of an inversion and a stable 
layer. In a stable layer there is little turbulent activity which leads to almost no 
turbulent mixing of air and therefore poor ventilation conditions. Decreasing 

Eq. 2.1 
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turbulence activity also results in a decrease of the wind speed which in turn is 
favourable for the inversion to grow deeper. The pollutants are thus trapped within the 
inversion near the surface, leading to a high concentration of air pollution observed 
here. 
 
 

 
 
Figure 2.1 Diurnal trend of a smoke plume. The dashed DALR line is the dry adiabatic line and the 
sold line shows the stability of the air.  Picture taken from [Zawar-Reza, Spronken-Smith, 2005] 
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In Christchurch, different local wind systems, as discussed later, are formed in the late 
evening and night, moving cold air down to the city causing the inversion to grow 
even faster. This is the main reason for the big air pollution problem in Christchurch. 
If a chimney emits smoke above the inversion layer, as seen in figure 2.1 (e), the 
smoke will not be able to move downwards and a so called lofting of the plume is 
observed. 
 
As mentioned earlier, the PBL, and thereby also the dispersion of air pollution, is 
affected by the atmospheric state. High air pollution values are often observed 
together with high-pressure systems, slowly moving across the country. In order to 
explain this, we look at what happens with the PBL when a high-pressure system 
passes by. High-pressure is associated with subsidence and low-level horizontal 
divergence which both lead to a decreasing depth of the PBL. As noted earlier, the 
pollutants are limited by the height of the PBL. When the height decreases, the 
pollutants are trapped within a thinner layer, increasing the air pollution 
concentration. As we will see later, high-pressure systems are also associated with 
clear skies and low wind speed which are favourable conditions for building up a 
surface inversion. This inversion traps the air pollution, leading to high air pollution 
concentrations observed close to the ground. [Sturman et al., 2002] During nights 
with an inversion present, the air pollution is generally found within 10 meters of the 
ground. 
 
When a low-pressure system passes by the country, the PBL can grow very deep and 
even merge with towering clouds. During this event, associated with strong 
convection, it is very hard to define the exact depth of the PBL and the observed 
values of air pollution concentration are often very low. The pollutants can in this 
situation be dispersed to large heights in the troposphere and if the convection is very 
strong, the pollutants can even reach the free atmosphere. [Högström et al., 1990] 
 
Air pollution can be dispersed in many different ways. Some examples are advection, 
diffusion and dry and wet deposition. If the pollutants are dispersed through 
advection, the pollutants follow the mean wind direction. When the pollutants are 
dispersed by diffusion, they are instead dispersed perpendicular to the mean wind 
direction. The diffusion is produced by the turbulence. [Högström et al., 1990] As 
noted before, inversions are associated with very low turbulent activities. This leads to 
weak diffusive dispersion. Since the average wind direction is usually horizontal, no 
diffusive dispersion means no spread in the vertical direction. Thereby the possibility 
of mixing and ventilating is reduced 
 
Dry and wet deposition are two ways for the air pollution within the atmosphere to 
reach the ground. As one can hear from the names, wet deposition happens together 
with precipitation while dry deposition does not. During dry deposition the pollutants 
are moved to the ground either by the gravitation or by following the downward 
turbulent motions within the air. Wet deposition is divided into two categories; 
washout and rainout. In a washout, the pollutants are captured by raindrops falling to 
the ground while in rainout, the pollutants are captured within the rain forming cloud 
and dropped to the ground when the rain starts to fall from the cloud. [Högström et 
al., 1990] 
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3. Wind systems 

3.1 Synoptic circulations 

Due to the differences in surface warming and the Earth’s rotation, which creates the 
fictive Coriolis force, there exist different circulation cells over the globe, e.g. the 
well known Hadley cell. These cells try to even the temperature gradient over the 
globe by transporting air meridionally. 
 
In addition to these types of circulation cells there also exist cells that zonally 
transport the air. The zonally air transporting cells are climatic circulation cells. If 
observing the average pressure field over the Earth for a period of a couple of years, 
one may see some statically high and low pressure areas, e.g. the Siberian high 
pressure. 
 
One of those climatic circulation cells is the so called Walker circulation. This 
circulation transports air zonally between the eastern and western sides of the South 
Pacific. By observing the average pressure field over this area, a subtropical high is 
found over Indonesia, which here causes the air to rise, and a subtropical low is found 
over the eastern South Pacific, which here gives the air a descending motion. 
[Sturman A. et al., 1996] 
 
Changes in the Walker circulation, known as the Southern Oscillation, influence the 
synoptic weather patterns over New Zealand, which in turn may influence the air 
pollution dispersion. We will further seek correlations between the different synoptic 
circulations and the dispersion of air pollution within the city of Christchurch. 
 
When analysing the synoptic circulations, one may use the Southern Oscillation index 
(SOI) which measures the strength of the Walker circulation and thus the index can be 
used as an indicator of major changes in the Pacific atmospheric and oceanic 
circulation. The SOI is based on the pressure difference between Tahiti and Darwin 
and is also called the El Niño Southern Oscillation (ENSO). The two opposite 
extremes of the ENSO cycle is called El Niño and La Niña. 
 
 

 
 
Figure 3.1 Sea surface temperatures during neutral conditions, December 1990. Picture taken from 
[Web page: “Reynolds Monthly SST (oC)”] 
 
The pressure difference observed over the Pacific, that drives the Walker circulation, 
occurs due to differences in ocean sea surface temperature between the east and west 
of the tropical South Pacific. During neutral conditions, when neither an El Niño nor a 
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La Niña event is present, there is usually a tongue of cold water extending from the 
west coast of South America towards the west over the Pacific. Figure 3.1 shows the 
sea surface temperature over the Pacific during neutral conditions in December 1990. 
The cold water cools the atmosphere above, resulting in a high surface pressure at the 
west coast of South America. In the western Pacific on the other hand, the water is 
usually warm, here causing the air to rise. The descending air at the west coast of 
South America together with the rising air over the western Pacific, results in a 
surface pressure difference over the tropical South Pacific of 5-10 hPa. [Sturman et 
al., 1996] Due to the resulting pressure gradient, air moves westwards over the Pacific 
Ocean, in the trade winds. The air rises over the Indonesian region and an aloft flow is 
formed, transporting air eastwards towards the west coast of South America where it 
subsides, and thereby the circulation is complete. High rainfall occurs in the western 
Pacific due to the rising motion while the colder east Pacific is relatively dry. 
 
 

 
 
Figure 3.2 Sea surface temperatures during an El Niño event, December 1997. Picture taken from 
[Web page: “Reynolds Monthly SST (oC)”] 
 
During an El Niño event, the trade winds weaken and the cold water tongue outside 
the coastline of South America observed during the neutral conditions now disappears 
since the motion of ocean water across the Pacific is reduced. Figure 3.2 shows the 
sea surface temperature over the Pacific during an El Niño event in December 1997. 
A high pressure system over Darwin and a low pressure system over Tahiti are now 
formed which correspond to a low or negative value of the SOI. This leads to drier 
conditions over the Indonesian region, while the coastal area off South America 
becomes warmer with heavy rainfalls. 
 
 

 
 
Figure 3.3 Sea surface temperatures during a La Niña event, December 1988. Picture taken from 
[Web page: “Reynolds Monthly SST (oC)”] 
 
When the trade winds strengthen and the cold water tongue in the eastern Pacific 
becomes even colder than for the neutral condition, it is said to be a La Niña event. 
Compared to the El Niño event, the pressure systems are now reversed showing a low 
pressure over Darwin, due to the warmer sea surface temperature, and a high pressure 



 12 

over Tahiti, due to the colder sea surface temperature. See figure 3.3, showing the sea 
surface temperature over the Pacific during a La Niña event in December 1988. 
 
A clear relationship is found between the SOI and the pressure field over New 
Zealand. [Sturman et al., 1996] The SOI is therefore of great interest when studying 
different climatic conditions within New Zealand, and as in this case, the connection 
to the local-scale weather conditions within the city of Christchurch. We will now 
look feature into the effect that the SOI has on the New Zealand climate. 
 
During an El Niño period, New Zealand tends to be cooler and windier due to the 
increase of south-westerly winds resulting from the high pressure system observed 
over Australia, see figure 3.4. Southerly winds are more common during the winter, 
making the temperature decrease while more frequent westerly winds appear during 
the summer, leading to increased rain fall on the west coast and decreased rain fall 
and increased temperature on the east coast, due to the Fhoen effect. The winter anti-
cyclone over the country is intensified and the high pressure system over Australia 
makes the flow more meridional. For Christchurch, an El Niño period means colder 
winters, warmer and drier summers and colder water off the coast. 
 
 
 

 
 
Figure 3.4 Typical El Nino wind anomalies for the New Zealand region. Picture taken from [Web 
page: “How does ENSO typically affect New Zealand?”] 
 
During a La Niña event, figure 3.5, a low pressure is placed over Darwin and thereby 
the temperature in New Zealand becomes warmer, since more frequent north-easterly 
winds occur over the country. The north-easterly part of the North Island experiences 
enhanced rainfall due to the moist, rainy air conditions resulting from the north-
easterly winds, while the rainfall decreases in the south and south-west of the country. 
As during an El Niño event, a La Niña event also leads to drier climate for 
Christchurch with drought in the south of Canterbury, but warmer temperatures and 
warmer water off the coast is now observed. Compared to the El Niño event, the La 
Niña event has a weaker influence on the climate within New Zealand. [Sherman et 
al., 2005] 
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However, the specific climatic conditions described above for the El Niño and La 
Niña event respectively, do not always appear. Although it is shown that ENSO 
events influence the climate of New Zealand, it accounts for less than 25% of the year 
to year variance in seasonal rainfall and temperature at most New Zealand measuring 
sites. [Web page: “How does ENSO typically affect New Zealand?”] 
 
 

 
 
Figure 3.5 Typical La Nina wind anomalies for the New Zealand region. Picture taken from [Web 
page: “How does ENSO typically affect New Zealand?”] 
 
It is not currently know what triggers an ENSO event but it is most likely changes in 
the atmospheric circulation that lead to changes in the ocean circulation, and not the 
other way around. [Sturman A. et al., 1996] The ENSO is a non-linear quasi-
periodical system that occurs in the range of two to ten years, and an event usually 
lasts between 18 and 24 months. However, there are two theories as to what causes 
the fluctuations in the Walker circulation in the first place. The first theory involves 
equatorial oceanic Rossby waves, propagating to the west over the Pacific Ocean. A 
reflection of the western boundary of the Pacific in one of those waves results in a 
decreased vertical temperature gradient in the western Pacific and thereby the sea 
surface temperature increases since the upwelling of cold water is reduced. Also the 
trade winds are weakened and an El Niño event starts to form. 
 
The second theory of what triggers an ENSO event implies that the events are trigged 
randomly by storms, so called westerly wind bursts, formed due to the strong 
convection in the western Pacific during neutral conditions. The storms are geotropic 
and tend to last for about a month. The winds within the storms are easterly and if 
they are strong enough, the theory implies that they can start the movement of warm 
air towards the eastern Pacific. 
 
However, the actual triggering of an El Niño event is probably a combination of the 
two theories since neither of the theories alone can explain every El Niño event 
observed. Also the Pacific Decadal Oscillation (PDO) is expected to affect the ENSO 
cycle, but this will not be a feature discussed.  [Web page: Tomsett A., 2000. “What 
triggers an ENSO event”] 
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3.2 Local-scale circulations 

Christchurch, with a population of about 400.000, is situated on the east coast of the 
South Island of New Zealand. The Southern Alps rise in the west and the Hills of 
Banks Peninsula, including the Port Hills, rise in the south. North and west of the city, 
one finds the Canterbury Plains, see figure 3.6. The whole area is called Canterbury 
and its location within New Zealand is shown in figure 3.7. The surroundings of the 
city lead to an interaction of different mountain winds and land and sea breeze 
circulations. All these different wind systems contribute and make the wind field over 
the city very complex. The different wind systems are of particular importance when 
studying air pollution within the city since these affects the dispersion conditions. 
 
 

 
 
Figure 3.6 Topography of the Christchurch area showing the Southern Alps, Canterbury Plains and 
Banks Peninsula, including the Port Hills. Picture taken from [Sturman et al., 2002].  
 
Cold air drainage winds occur from the two mountains mentioned 
above, the Southern Alps and the Hills of Banks Peninsula and also 
from the Canterbury Plains. 
 
Cold air drainage flow is a combination of air drainage from many 
different slopes. During clear calm nights the air close to the slope 
becomes colder, due to radiative cooling, than the air further away 
from the slope. The cold air is denser than the warmer surrounding 
air. Due to gravitation the dense air close to the slope moves 
downhill, following the terrain, in a so called katabatic wind. This 
brings cold air down to the valley which causes the temperature here 
to decrease. The cold air helps to build up an inversion within the 
valley, where Christchurch is sited. The katabatic winds develop in 
the small valleys of the Hills of Banks Peninsula and are not a 
circulation system since there is no counter flow aloft. [Sturman et 
al., 1996] 
 

 
Figure 3.7 A map 
of New Zealand 
showing the 
location of 
Canterbury. 
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Cold air is also brought down to the valley through mountain valley winds, 
originating in the Southern Alps. The mountain valley wind, compared to the 
katabatic wind, is a closed circulation, resulting in parcels of air moving back and 
forth across the area. The mountain valley wind arises due to the overall heating and 
cooling of the whole mountain-valley system. During night, the upper part of the 
valley is colder than the air deep down in the valley, causing the cold dense air to 
move down in a mountain wind. Also this wind system helps the inversion to grow 
faster, since it makes the temperature within the valley decreases. During smog 
nights, the near-surface airflow is often dominated by this westerly cold air drainage 
from the Southern Alps. [Kossmann et al., 2003] 
 
The different wind systems often converge over Christchurch leading to a build up of 
a convergence zone over the city. During smog nights, the south-easterly air flow 
from the Hills of Banks Peninsula usually converges with the west to north-westerly 
air flow from the Southern Alps and the Canterbury Plains. The convergence zone can 
be seen as a “wall”, limiting the exchange of pollutants between the two wind 
systems. This results in a higher observed air pollution concentration than in 
situations with no convergence zone present. Due to the convergence, the vertical 
motions become stronger, making the pollutants rise to the top of the layer. In the case 
when a surface inversion is present, the rising motion of the pollutants is limited and 
thereby the pollutants are trapped close to the ground. 
 
To initiate the katabatic wind flow, a smaller amount of air has to be cooled down 
than for a mountain valley flow. This causes the katabatic winds to develop one to 
two hours before the mountain valley winds, and thereby the location of the 
convergence zone between the two flows changes though the night. In the early night 
(1800-2200 NZST), before the mountain valley winds have developed, nothing 
prevents the weaker katabatic winds, originating in the Port Hills and Hills of Banks 
Peninsula, from extending all the way down to the city centre in a north-westerly 
flow. Later in the night, around 2200 NZST, when the mountain valley winds 
develop, the katabatic wind flow is pushed back by the dominating mountain winds 
and will join this opposing flow direction. Thereby the air is re-circulated over the 
city leading to high air pollution values during cold winter nights with high emission 
of air pollution. [Sturman et al., 2002] 
 
How the different local wind systems interact with each other, and which effect this 
has on the air pollution in Christchurch, depends on the strength of the prevailing 
synoptic wind. In the case of a prevailing strong synoptic wind, the turbulent mixing 
of air increases, which inhibits the build up of a radiation inversion close to ground 
and thereby no local wind systems are able to develop. The prevailing wind direction 
will then be set by the synoptic wind systems. In the case of a prevailing light 
synoptic wind, the airflow near ground is instead dominated by the local wind 
systems. [Sturman et al., 2002] 
 
The synoptic systems over the Christchurch region are mostly controlled by the 
southern hemispheric westerly belt, moving high and low pressure systems eastwards. 
When the westerly winds reach the Southern Alps the air travels either around the 
mountains or over them. If the air travels north and around the Alps, Christchurch will 
experience north-easterly winds. If the air instead travels over the mountains, a Foehn 
effect will arise in Christchurch with warmer and drier conditions and a flow from the 
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north-west. These two flows usually converge over the Christchurch region. 
Prevailing north-easterly wind direction, created when the air moves north and around 
the Alps, is very common during smog nights in Christchurch. 
 
Since Christchurch is situated near the coast, also the sea surface temperature affects 
the weather and the particulate matter concentration within the city. When there is a 
larger temperature difference between the sea surface temperature and the ground 
temperature, a sea breeze is created. Due to the rotation of the Earth, creating the 
fictive Coriolis force, the land and sea breeze circulation will with time be more 
oriented along the coastline, resulting in an on-shore north-easterly wind over 
Christchurch. Instead of moving the polluted air off shore, as in the case with no or a 
very weak land breeze, the pollutants are now trapped and re-circulated over the city. 
This usually leads to higher air pollution concentration on the following day, since the 
polluted air is stuck within the re-circulation. [Ridley, 1995] 
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4. Data and monitoring method 

4.1 Data 

The local-scale analysis has been based on data from a permanent monitoring station 
within the city of Christchurch, which has been operating since August 1998 and is 
still ongoing. The data set used in this report contains hourly data from a period 
between 1998 and 2005. Since the years 1998 and 2005 do not contain a complete 
data series, which is necessary for this type of analysis, this analysis was done only 
including data from the years between 1999 and 2004. Almost a complete data set of 
sulphur dioxide (SO2), nitrogen oxide (NO), nitrogen dioxide (NO2) and nitric oxides 
(NOX) were obtained during these years. Measured are also particulate matters (PM), 
divided into PM10 and PM2.5 (see Chapter 4.3 for definitions). Continuous 
observations of PM10 are available for every year while observations of PM2.5 are 
unfortunately not continuous and only available from May 23 2001, 07.00 pm. 
 
This data set also includes observations of wind speed, wind direction, relative 
humidity, temperature at 1 meter and 10 meters. Also for some years, the temperature 
difference between the two different temperature levels was measured. Data used for 
the analysis, collected from this data set, is the PM10 concentration, the wind speed 
and the temperature at 1 and 10 meters respectively. 
 
Used in the synoptic analysis is a data set based on the NCEP (National Centres for 
Environmental Prediction) and NCAR (National Centre for Atmospheric Research) 
data sets, which has been reanalysed by J. W. Kidson [Kidson, 1999]. In the 
reanalysis, a principal component analysis was used, followed by a cluster analysis. 
(For further information about the principal component analysis method and cluster 
analysis, see Chapter 4.3) The data set contains monthly frequencies of 12 different 
synoptic clusters. (For definition of cluster, see Chapter 4.3) The data set contains 
continuous data between the years 1958 to 2005. However, in this report, only data 
from year 1999 to 2004 are used. 
 
An additional data set is used in the synoptic analysis, this data set is taken from The 
National Institute of Water and Atmosphere Research (NIWA) Climate Database and 
has been reanalysed by M. J. Stalinger et al. [Stalinger et al., 1999]. In the reanalysis, 
a principal component analysis was used to define different circulation indices and 
corresponding airflows over New Zealand. The indices had earlier been defined by K. 
E. Trenberth [Trenberth, 1976]. The data set includes eleven different circulation 
indices available from year 1900 to 2005. Used in this report, are the Z2, M1, M2 and 
MZ3 indices for the years 1999 to 2004. (See Chapter 5.3.1 for definitions) 
 
Not included in the data sets described, is the Southern Oscillation Index. Information 
about this circulation index was taken from the homepage of the Climate Research 
Unit, University of East Anglia, United Kingdom. [Web page: Salmon M., 2004. 
“Southern Oscillation index (SOI)”] Both monthly and annually averages of the SOI 
is available for the years between 1866 and 2005. 
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4.2 Site 

The monitoring station for the local-scale data set is called Coles Place and is raised 
primarily for the local air quality agency. The station is placed in St Albans, located in 
the northeast part of central Christchurch, see figure 4.1. 
 
As in most parts of Christchurch, there are mostly one story houses within the area of 
St Albans. The traffic concentrations are low and there is no nearby industrial 
emission. Thereby the air quality is representative for the Christchurch’s inner 
suburbs. 
 

 
 
Figure 4.1 Location of the monitoring station in St Albans, Christchurch. Picture taken from 
[McCauley, 2005] 
 
 

4.3 Monitoring method 

The measured particulate matter (PM) is divided into two different categories 
depending on the diameter of the particles; PM10 and PM2.5. All particles measured in 
the data set are airborne particles and have different shapes and uneven surfaces. It is 
therefore hard to measure the exact diameter of the particles. Measured instead is the 
aerodynamic diameter which means the diameter of an idealised spherical particle. 
The particulate matter is also grouped into three different groups, depending on the 
aerodynamic diameter. The three groups are ultrafine, fine and coarse particles. 
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PM10 includes all particles with an aerodynamic diameter less than 10 μm, which are 
also particles with a natural origin such as sea spray, desert dust and pollen. Particles 
with an aerodynamic diameter between 2.5 μm and 10 μm are grouped into coarse 
particles and have a moderate impact on the human health. [Fenger, 1999], [Web 
page: “General Glossary”] When there are frequently easterly winds in Christchurch, 
the PM10 concentration usually increases due to increased amount of sea salt in the 
air. 
 
It is also important to study the PM2.5 concentration, which includes particles with an 
aerodynamic diameter less than 2.5 μm. Particles included in this group are the so 
called fine and ultrafine particles (ultrafine particles have an aerodynamic diameter 
less than 0.1 μm and are not separately measured in the data set used). These particles 
are chemically formed or condensed from hot vapour, such as diesel exhaust, and 
coagulate into fine particles. By measuring 2.5 μm particles, one gets an idea of the 
amount of man made air pollution. 
 
The measuring technique used to measure the PM concentration is the so called 
Tapered Element Oscillating Microbalance (TEOM) method. The TEOM machine 
measures the amount of suspended particles in the air by sucking air with a constant 
flow rate, typically 2-4 litres per minute, to a filter in the machine by using a small 
pump. Since the PM concentration in the air changes, so does the weight of the filter 
which leads to a difference in frequency of a small vibrating element in the machine. 
Deposing particles increase the mass of the vibrating element which results in a 
decreased oscillating frequency. The PM concentration is calculated through this 
variance in frequency. A change in relative humidity can change the amount of 
particle-bounded water, associated with the collected PM. To eliminate this effect, the 
TEOM filter is heated to 40 deg C. [Web page: “Air”] The TEOM method is capable 
to provide continuous one-hour average measurements. 
 
The statistic method used when analysing the data set, used for the synoptic analysis, 
is the so called classical principal component analysis (PCA). The basic idea of the 
PCA is on finding a linear combination of the original set of data that explains the 
maximum amount of variation. 
 
In a two dimensional data set, the first principal component would explain the 
maximum amount of variation while the second principal component would explain 
the second maximum of variation. The two components are oriented perpendicular to 
each other and there is no relationship between them, see figure 4.2 (A). 
 
By multiplying the original data set by the principal components one rotates the data 
so that the maximum variation is projected into the axes. The correlated variables in 
the original data set is then transformed into a new uncorrelated data set where the 
variables are ordered by reducing variation, see figure 4.2 (B). By using PCA the 
dimensions are reduced while most of the information is maintained. 
 
The principal component analysis was followed by a cluster analysis. Cluster analysis 
is a way of grouping together similar data items, as in this case, grouping together 
data showing similar weather patterns at the mean 1000 hPa heights. The weather 
patterns were selected between latitudes 25oS-55oS and longitudes 160oE-175oW, an 
area not large enough to contain more that one weather system at the time. Each 
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group, weather pattern, is called a cluster and characterise a special circulation pattern 
over a period of time. The analysis was made with a so called k-means clustering 
method. The first step in this method is to decide the number of clusters wanted and 
then define one centre for each cluster. The data set is then sorted into the different 
clusters by looking at the nearest defined centre. A minimizing algorithm is then 
finally used to minimize the sum of the distances from each element to its nearest 
centre. [Web page: Matteucci M. “A Tutorial on Clustering Algorithms”], [Web page: 
Bell C. et al. “PCA – Principal Component Analysis”] 
 
 

 
 
Figure 4.2 (A) Showing first and second principal components. (B) Same data set as in (A) but after 
multiplications by the principal components.  Picture taken from [Web page: Bell C. et al. “PCA – 
Principal Component Analysis”] 
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5. Results 

5.1 Background 

The guidelines for the daily-average (24h) PM10 concentration in New Zealand during 
the winter months, May-August, is set to 50 μg/m3. This guideline is exceeded several 
times each year. Four different Clean Heat Project programmes have been set up by 
the Environmental Canterbury in order to help the Christchurch citizens to 
voluntarily replace old wood and coal-fired heaters with cleaner and more efficient 
heating technique. The project also point out the importance of insulating the 
dwellings. 
 
High PM10 values cause general malaise to people, especially to children and elderly 
people, and inflame asthma. This is a very serious problem and it is important to try to 
understand how different weather situations and local-scale parameters affect the 
dispersion of air pollution. 
 
 

5.2 Local-scale 

5.2.1 Diurnal variation 
 
In order to understand how the air pollution concentration is related to ground 
temperature and wind speed differences, one has to start to analyse the diurnal 
variations of these parameters. This has been done based on data from 1999 to 2004. 
 
The diurnal variation of the temperature is quite obvious and does not have to be 
mentioned in detail. The temperature increase during the day when the short-wave 
radiation from the sun is high and decreases during the night when there is no 
incoming short-wave radiation, only outgoing long-wave radiation. No figure shown. 
 
When it comes to the wind speed, one expects it (see the discussion in Chapter 2) to 
decrease during the night when a stable layer with less turbulent motion is build up. 
When the sun rises, the surface temperature starts to increase causing the stable layer 
collapse and the wind speed is then expected to increase. This analysis is in agreement 
with the observations, see figure 5.1, showing the diurnal variation of the wind speed 
over a typical 48-hour period. One can easily see how the wind speed increases during 
daytime and decreases during night time. 
 
During winter time in Christchurch, when the temperature drops to 2 deg C and 
below, most people usually start to heat their homes. Since many households use 
wood and coal to heat their homes, this gives rise to a high amount of air pollution. Of 
course, particles emitted from exhaust fumes, such as vehicles and domestic fires 
among other things, also contributes to the degradation of air quality observed, but the 
home heating is the main source. 
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Figure 5.1 Diurnal variation of the wind speed over a 48-hour period, 10/7 4.00 p.m. to 12/7 4.00 p.m. 
(2001) 
 
During the winter months, smog is often seen in Christchurch in the late afternoon 
when the citizens drive home from work, heat their homes and cook food, and also in 
the morning hours when the citizens light there domestic fires again and drive to 
work. A peak in the PM10 level is often observed just before midnight. Later in the 
night the amount of air pollution usually decreases since most of the fires dies when 
people go to sleep. The diurnal variation of the PM10 concentration is shown in figure 
5.2, showing the PM10 concentration variation during the same 48-hour period as in 
figure 5.1. One can clearly see how the PM10 concentration peaks just before midnight 
and then quickly drops off. There is also a minor peak in the morning. 
 
Since low wind speed is favourable for an inversion to build up and air pollution is 
easily trapped within the inversion, one would expect low wind speed to coincide with 
PM10 peak and conversely high wind speed to coincide with low PM10 concentration. 
This is also what has been observed, see figure 5.3. 
 
Figure 5.4 shows the number of days when the night-average ground temperature, 
average between 07.00 pm and 07.00 am, was equal to or below 2 deg C. The 
calculations include the winter months, May to August, between the years 1999 and 
2004. There is a distinct peak observed in year 2001. As shown further on, the winter 
in 2001 was, for the three first winter months, the coldest one of the years analysed, 
see figure 5.19. Since the home heating increases when the ground temperature 
decreases, many cold nights most likely lead to an increased of emitted air pollution. 
It is interesting to see if there were many inversions built up during the coldest winter 
months, since inversions trap the pollutants close to the ground, increasing the 
observed PM10 concentration.  
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Figure 5.2 Diurnal variation of the PM10 concentration over a 48-hour period, 10/7 4.00 p.m. to 12/7 
4.00 p.m. (2001) 
 
 

 
 
Figure 5.3 Diurnal variation of the PM10 concentration and wind speed over a 48-hour period, 10/7 
4.00 p.m. to 12/7 4.00 p.m. (2001) 
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Figure 5.4 Number of days with a night-average (7.00p.m. to 7.00a.m.) ground temperature ≤ 2 deg C, 
May to August, 1999 to 2004. 
 
Figure 5.5 shows the number of hours when the temperature difference between 10 
and 1 meter, during night time between 07.00 p.m. to 07.00 a.m., was positive. That 
is, figure 5.5 shows the summarized number of hours with an inversions present 
during the winter months each year between 1999 and 2004. Since the data set 
consists of hourly values there are every night 13 possibilities to observe a positive 
temperature difference. As seen in the figure, there is now instead a distinct peak 
observed for the winter months in 1999. 
 
The air pollution can only be trapped if an inversion exists at the same time as the air 
pollution emission. The inversion also has to remain for a longer period if a higher 
amount of pollution should be observed.  
 
Figure 5.6 shows the number of nights when the night-average ground temperature 
between 07.00 pm and 07.00 am was equal to or below 2 deg C and there were at 
least 12 out of 13 hours observed with a positive temperature difference (10 meters – 
1 meter). 12 hours indicate that there was an inversion present during almost the 
whole night, resulting in good conditions for trapping air pollution. As seen in the 
figure, the two years of 1999 and 2001 with a peak in table 5.5 and 5.4 respectively, 
both shows high values also in table 5.6. That is, in these two years, there are many 
favourable nights for high concentration of pollutants to build up near the ground. 
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Figure 5.5 Number of hours with temperature difference (10 and 1 meter) > 0. Calculated between 
7.00 p.m. and 7.00 a.m., May to August, 1999 to 2004. 
 
In figure 5.7, the monthly average of PM10 concentration for each winter month, May 
to August, between 1999 and 2004 is plotted. The years 1999 and 2001, with many 
favourable conditions for trapping the air pollution, shows in general much higher 
values of PM10 concentration than the other years. One exception is seen, July 1999, 
when the PM10 concentration suddenly drops. As seen later, the wind speed for this 
month was very high. This probably broke down the night-inversion and spread the 
pollutants over a larger area resulting in low values observed in Christchurch. 
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Figure 5.6 Number of nights with night-average (7.00 p.m. to 7.00 a.m.) ground temperature ≤ 2 deg C 
and an inversion was present during 12 out of 13 of the night hours, May to August, 1999 to 2004. 
 
 

 
 
Figure 5.7 Monthly average of PM10 concentration, May-August, 1999-2004 
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5.2.2 Correlation 
 
To determine the relationship between two parameters, the correlation coefficient can 
be used. A strong correlation means that there is a direct relationship between the 
calculated parameters and is usually defined as correlation coefficient > 0.6, while a 
strong indirect relationship usually is defined as correlation coefficient < -0.6. In 
figure 5.8, the average PM10 concentration between 07.00 pm to 07.00 am and the 
number of hours with an inversion present during the winter months in year 2001, is 
plotted. The correlation coefficient between the two parameters equals to +0.61, 
indicating that there exists a direct relationship between the two parameters, which 
one easily can see in the figure. The trend of the two parameters is more or less the 
same. When the number of hours with an inversions present (from now on called 
inversion hour) increases, so does the PM10 concentration. One exception is seen for 
early August when the PM10 concentration suddenly drops while the number of 
inversion hours remains high, see the area in the figure marked with an oval line. One 
can find an explanation for this when observing the average ground temperature for 
the period. In July the average ground temperature was equal to 2.6 deg C while it 
was equal to 6.0 deg C in August. The ground temperature increased through the 
whole of August which probably led to a decrease in home heating, making the 
emission of PM10 to drop. 
 
 

 
 
Figure 5.8 The number of hours with an inversion present and the night average PM10 concentration 
for the winter months May to August. (2001) 
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The correlation coefficient between the average PM10 concentration and the number of 
inversion hours differs very much from year to year. The correlation value for each 
year is shown in table 5.1. For the years 2001, 2003 and 2004 a strong direct 
relationship is observed, with the correlations coefficient > 0.6, while there is only a 
moderate or weak relationship observed for the years 2000 and 2002. Both the 
average and the median calculated for the period studied indicate a strong existing 
relationship between the average PM10 concentration and the number of inversion 
hours. 
 
It is important to calculate both the average and the median values for the data series 
since they respond differently on outliers. An outlier is an extreme value that lies 
apart from most of the rest of a distribution. If there are several outliers in a data set it 
often results in skewed shape of the distribution. The median is resistant to outliers 
while the mean is affected by it. No huge difference is seen between any of the 
calculated median and average values. This indicates on smooth data series with few 
outliers. 
 
In the same table, the correlation coefficient between the number of inversion hours 
and the average ground temperature, average calculated between 7p.m. and 7a.m., is 
shown. Both the average and the median values are small and negative and indicate an 
inverse moderate or weak relation. That is, no strong relationship exists between the 
ground temperature and the number of inversion hours observed. Since low ground 
temperature does not mean that an inversion builds up, this result is not surprising. 
 
 
Table 5.1 Different correlation coefficients for each year, 2000 to 2004. Correlation calculated for 
night-average values, average between 7.00 p.m. and 7.00 a.m., of the PM10 concentration, ground 
temperature and wind speed. 
 

 
In the last row in table 5.1, the correlation coefficient between the number of 
inversion hours and the night average wind speed, calculated between 7pm and 7am, 
is shown. Both the average and the median values indicate a strong inverse 
relationship between the two parameters. This can be interpreted that a low wind 
speed will increase the probability of a build up of an inversion. 
 
No correlation coefficient could be calculated for year 1999. The reason for this is 
that the numbers of inversion hours that winter were each night equal to 13, resulting 
in an average value of 13. When calculating the correlation coefficient one takes, in 
the denominator, the value of one parameter minus the average value of the same 
parameter which in this case is equal to zero, resulting in an imaginary solution. 
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Summarising the results from table 5.1, we see that high PM10 concentrations during 
night hours are strongly directly related to the presence of an inversion, so is also the 
numbers of inversion hours to the night average wind speed. Since we know that low 
ground temperature increases the emission of air pollution and that both the 
temperature and the wind speed are affected by the synoptic systems, one would 
expect a relationship between the PM10 concentration and the synoptic scale 
circulations. This will be analysed further. Between the numbers of hours with an 
inversion build up during the night and the night average ground temperature, there is 
just a weak relationship found. This is, as noted before, expected since an inversion 
only indicates an increase of the temperature with height and does not give any 
information about the ground temperature. Strong inversions are observed also during 
the summer, when the ground temperature is much higher than during the winter.  
 
So far it has been seen that a high number of days with a night-average temperature 
equal to or below 2 deg C and an inversion present during almost the whole night, 
leads to high values of air pollution observed. Variations in the conditions for 
inversion build ups and temperature variations are caused both by local-scale 
phenomena, such as Foehn effect and local wind systems, and by synoptic circulation 
systems. The synoptic circulation also affects the build up of an inversion since high 
wind speed and advection of warm air during night can break down the inversion. The 
goal of the following chapters is to relate these results to the observed synoptic 
situations. 
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5.3 Synoptic circulations 

5.3.1 Definition of the circulation indices 
 
In addition to the Southern Oscillation Index (SOI), one can define different 
circulation indices for the New Zealand region. [Trenberth, 1976] The indices of 
interest for us, when analysing the conditions within Christchurch, are Z2, M1, M2, 
MZ3, see definitions in table 5.2. Z stands for zonal index while M stands for 
meridional index. 
 
 
Table 5.2 Definition and wind anomalies for the four circulation indices 

 
Z2 is defined as the mean-sea-level pressure difference between Christchurch and 
Campbell Island. (see figure 5.9 for place names) A positive anomaly indicates a 
westerly circulation over southern New Zealand while a negative anomaly indicates 
an easterly circulation. The index also specifies the strength of the circulation. The 
westerly circulation strengthens with increasing values of Z2, while the easterly 
circulation strengthens with decreasing values of Z2. That is, a large positive value 
indicates strong westerly winds while a large negative value indicates strong easterly 
winds.  
 
M1 is defined as the mean-sea-level pressure difference between Hobart and Chatham 
Island. This index specifies the strength of southerly circulation over New Zealand. A 
large positive value indicates strong southerly winds while a strong negative value 
indicates on strong northerly winds. 
 
M2 measures the mean-sea-level pressure difference between Hokitika and Chatham 
Island, specifying the strength of southerly and northerly winds over the eastern New 
Zealand. Positive values indicate southerly winds. 
 
MZ3 indicates the strength of south-westerly (positive values) and north-easterly 
(negative values) winds over New Zealand and is defined as the mean-sea-level 
pressure difference between New Plymouth and Chatman Island. 
 
Each pressure difference is proportional to the wind gradient between the two places 
defined by the different indices. Since calm weather conditions, with low wind speed 
and thereby a small wind gradient, is favourable for build up of an inversion. We 
expect values close to zero, of the indices, to lead to a high PM10 concentration. 
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Figure 5.9 Map over New Zealand showing all place names referred to in the text, except from Hobart 
(42o54’S, 147o18’E). Picture taken  from [Salinger et al., 1999] 
 

5.3.2 Monthly flow variations 
 
To be able to understand the connection between the local-scale distribution of air 
pollution within the Christchurch area and the synoptic weather circulations over New 
Zealand, we start by observing the monthly average of the flow patterns over the 
country for the winter months each year between 1999 and 2004.  
 
In the data file including twelve different clusters, the clusters have been sorted into 
three different groups, one trough group including four clusters, one zonal group 
including three clusters and one blocking group including the rest five clusters. Figure 
5.10 shows the twelve different patterns and which groups they belong to. [Kindson, 
1999] 
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Figure 5.10 Cluster patterns divided into three groups. Picture taken from [Kidson, 1999] 
 
The trough group includes clusters with a trough crossing the country from the west to 
the east. This brings wet, cold and cloudy conditions to the Christchurch area and the 
wind speed is fairly high for most of the clusters included in the group. The zonal 
group includes clusters with an intense anticyclone in the north or north-west part of 
the country. This leads to strong westerly winds in the south, resulting in a strong 
westerly gradient in the south part of the country. During this circulation anomaly, the 
Christchurch area usually experiences dry and warm conditions due to the Fhoen 
effect. When having a high pressure centre to the north-east or somewhere in the 
southern part of the country, the cluster belongs to the blocking group. The winds are 
then usually light and the skies are clear. 
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When summarising the monthly frequencies for each cluster within the trough, zonal 
and blocking groups and observing the per cent values of each group, one gets 
information about the general flow during each month. In the following discussion we 
look at the monthly flow variations by using this information, together with the 
monthly variation in SOI (see figure 5.20) and the monthly variation of the four 
circulation indices (see appendix, figure A1 to A4). The monthly average of wind 
speed and ground temperature is also used and can be seen in figure 5.18 and 5.19 
respectively. 
 
The per cent values for each group, each winter month in 1999, are shown in figure 
5.11. One can see that during the winter 1999, the flow was mostly zonal although 
one exception is seen for June. During this month there was a percentile equal 
distribution observed between the trough and the zonal events, while the observed per 
cent value for the blocking group for the same month was a little less. One can also 
see, in figure 5.11, that there were almost no trough events in the beginning of the 
winter, only 4% of the total flow was registered as a trough event. The observed zonal 
circulation led to warm and windy conditions for New Zealand. Circulation index M1 
shows strong winds, northerly in the beginning of the winter that later switched to 
southerly. MZ3 indicates mostly south-westerly winds. The SOI was close to zero 
during the winter, only a very weak La Niña event was observed for July, figure 5.20. 
 
Figure 5.12 shows the same as figure 5.11, but for the winter months in year 2000. As 
seen in the figure, the winter started off with mostly zonal circulation, switched to 
blocking situations in July and switched to trough events at the end of the winter. 
Both the wind speed and the ground temperature were high during the winter months, 
see figure 5.18 and 5.19. M1 shows very high negative values for May and July, 
indicating very strong northerly winds. Index MZ3 indicates, for the same two months 
north-easterly winds. The SOI varied much from month to month, but neither a strong 
El Niño nor La Niña event was observed during this winter. 
 
Figure 5.13 indicates a big variability of the circulation anomalies between the 
different months in winter 2001. The winter started off with a trough flow which in 
June was overtaken by a zonal flow. In July the flow pattern varied much but the 
blocking group was the most frequent one. The winter ended just as it began, with 
mostly trough patterns observed. The ground temperature this year was, for the three 
first months, the lowest recorded of the six analysed years. The big flow variability 
can also be seen in the circulation indices, where the values switch between positive 
and negative for the different months. No extreme values were observed for none of 
the indices, and the wind speed during the winter was observed to be low. The SOI for 
the winter was small and negative. 
 
The whole winter in year 2002 was dominated by trough events, with the highest 
frequency observed for June, as can be seen in figure 5.14. The wind speed was low 
for June and July, indicated by very small values of the circulation indices. For May 
and August, the wind speed was higher and the wind direction was southerly to south-
westerly. A strong El Niño event was observed in both May and August, while the 
event was only weak for June and July. 
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Figure 5.11 The variation of zonal index in per cent for four winter months in 1999 
 
 

 
 
Figure 5.12 The variation of zonal index in per cent for four winter months in 2000 
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Figure 5.13 The variation of zonal index in per cent for four winter months in 2001 
 
 

 
 
Figure 5.14 The variation of zonal index in per cent for four winter months in 2002 
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In year 2003, the first three months were dominated by a zonal flow patterns. As seen 
in figure 5.15, the frequency distributions between the three groups were almost the 
same for these first three months. In August, the flow pattern changed and instead a 
high amount of blocking situations was observed. The ground temperature was, 
except from July, high and the wind direction was westerly in the beginning of the 
winter and switched later to north-westerly. An El Niño was observed for the first two 
months, weak in May and strong in June, while the SOI was close to zero for the last 
two winter months. 
 
In figure 5.16 one can see the month to month variation of the flow pattern during the 
winter 2004. In May the flow was dominated by trough and blocking events, with the 
highest frequency of troughs. During the middle part of the winter, the highest 
frequencies were observed in the zonal group while the trough events dominated at 
the end of the winter. The ground temperature this winter was more or less the same 
as for the year before, in 2003, with high temperatures observed, except in July. The 
wind speed was high in the beginning and at the end of the winter. M1 indicates 
northerly winds in the first three months and southerly winds in August. A strong La 
Niña event was recorded for May which quickly switched to a strong El Niño event in 
June. The El Niño became weaker in July and August. 
 
 

 
 
Figure 5.15 The variation of zonal index in per cent for four winter months in 2003 
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Figure 5.16 The variation of zonal index in per cent for four winter months in 2004 
 
 

5.3.3 Southern Oscillation Index 
 
Since the Southern Oscillation Index is derived from the pressure difference between 
Tahiti and Darwin, the index influences both the wind and the temperature field over 
New Zealand. A strong correlation is found between the SOI and the national average 
PM10 concentration. By taking a zonal index as a wind indicator, no correlation was 
found with the PM10 concentration. It is thus to be expected that temperature plays the 
biggest role for the national average PM10 concentration. [Sherman et al., 2005]. We 
will now investigate how the synoptic circulation, indicated by the SOI, affects the 
temperature, wind speed and PM10 concentration on a local-scale, within 
Christchurch. The correlation is calculated for monthly averages of the parameters 
and only include the winter months, May to August, for the years between 1999 and 
2004. The results are shown in table 5.3 
 
One could at first expect an existing correlation both with temperature and wind speed 
since the SOI is related to the pressure field over New Zealand, which in turn is 
related both to the temperature and the wind field over the country and therefore over 
Christchurch. However, no relationship was found in this analysis, neither with 
temperature nor with wind speed. 
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Table 5.3 Correlation coefficients between the SOI and local-scale parameters 
 

As mentioned earlier, many different local wind circulations contribute to the wind 
field over Christchurch. As long as the overlying synoptic wind field is weak, local 
wind systems can build up and control the wind speed within the city. These local 
wind systems control the wind speed as well as the wind direction, and thereby also 
the temperature in the city. The calculated correlation coefficient between the SOI and 
the temperature (1 and 10 meters), and between the SOI and the wind speed, indicate 
no existing relationship. We know that the number of inversions plays a big role when 
build up of high PM10 concentrations. Since no relationship is found with the 
parameters affecting this, we expect no correlation with the PM10 concentration, 
which is also the case, since correlation coefficient equals 0.07. 
 
Although a strong correlation is found between the SOI and national average PM10 
concentration [Sherman et al., 2005], no correlation has here found between the SOI 
and local monthly average (for the winter months) PM10 concentration within 
Christchurch. 
 
Since there is no correlation found between the SOI and the local dispersion of PM10 
we will instead, in the following chapters, see how different circulation indices and 
cluster types affect the dispersion. Once we know this, we will continue by 
calculating the correlation between the most important clusters and circulation 
indices, affecting the dispersion of air pollution, and the SOI. Thus we will hopefully 
see the indirect affect of SOI on the air pollution within the city. 
 

 

5.3.4 Comparison with clusters 
 
To see how the frequency of different cluster types affect the air pollution dispersion 
within Christchurch we compare two extreme months, June 1999 and July 2000. In 
June 1999 a very high amount of air pollution was observed with several days 
exceeding the daily-average guidelines of 50 μg/m3, while in July 2000 a very low 
amount of air pollution was recorded, see figure 5.17. As discussed earlier, light 
winds and clear skies are favourable for build up of an inversion, which in turn 
reduces the mixing of the air close to the ground. If this happens together with a low 
ground temperature, when the emission of air pollution is high, high PM10 values are 
usually observed. Thus the next step is to analyse which weather situations, cluster 
types, that lead to this kind of weather conditions in the city. Figures of the different 
cluster patterns can be seen in figure 5.10. 
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Figure 5.17 Monthly average of PM10 concentration for the months May to August between the years 
of 1999 and 2004. 
 
 
The most favourable clusters for trapping air pollution in the city are; 

 
• SW – South-westerly winds over New Zealand due to a high pressure centre 

placed to the north-west and a low pressure centre placed far south-east of the 
country. The south-westerly winds bring cold air to Christchurch and the wind 
speed is fairly high. 

• TSW – A low pressure centre is placed just outside the south-east coast line of 
the North Island. The pressure gradient is very small over the whole country, 
leading to light winds. The wind direction in Christchurch is south to south-
westerly, making the temperature decrease. 

• H – A high pressure centre is placed to the west of the North Island, bringing 
cold south-south-westerly winds to the east coast of the South Island. A small 
pressure gradient is observed, leading to low wind speeds over the country. 
High pressure is associated with clear skies, favourable for the build up of 
inversion during night time. 

• HNW – This cluster is similar to the one denoted by H above, but the high 
pressure centre is now placed a bit further out from the western coast line and 
the pressure gradient over New Zealand has strengthen. The conditions over 
Christchurch are still cold with quite calm winds from the south to south-west. 

• HW – Just like for cluster type H and HNW, there is a high pressure system 
placed to the west of the country. It has its centre west of the South Island, 
leading to a south to south-easterly flow over Christchurch. The pressure 
gradient is small. Similar to the description for cluster type H, clear skies are 
expected together with this cluster type. 
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The cluster types above all indicate high emission of air pollution, due to a low 
temperature, and include favourable conditions for building up of an inversion. One 
would therefore expect a higher frequency of those clusters for June 1999, the month 
with high air pollution concentration observed, than for July 2000, the month with 
low PM10 concentrations observed. By calculating the difference in cluster frequency 
between June 1999 and July 2000, for each cluster type, one expects a positive 
difference associated with the clusters described above. 
 
The results of the calculation are shown in table 5.4. There are big differences 
observed between the two months and for the frequency distribution between the 
different cluster types. Although some of the frequency differences are small, positive 
values are observed, as expected, for all of the clusters just described. The biggest 
positive differences are calculated for cluster type H and HW. Those two clusters both 
indicate a very small pressure gradient and clear skies within Christchurch due to the 
relatively small distance from the city to the centre of the high pressure system. The 
wind directions associated with these clusters are expected to result in a low ground 
temperature in the city.  
 
 
Table 5.4 Cluster frequency for the twelve clusters for June 1999 and July 2000. Shown is also the 
difference in cluster frequency between the two months. 
 

 

 
 
A big positive frequency difference is observed also for cluster type T. The pattern for 
this cluster shows a low pressure system placed far south of the South Island. The 
wind speed within Christchurch is moderate to fairly high and the wind direction is 
westerly to south-westerly. Westerly winds lead to warm weather condition in 
Christchurch due to the Fhoen effect, while south-westerly winds lead to cold 
conditions in the city, resulting in increased home heating. It is therefore not certain if 
this cluster type is favourable for trapping air pollution. 
  
We continue the analysis by observing the negative values of the calculated frequency 
differences, the clusters expected to lead to a low amount of air pollution observed. 
The most negative values, as seen in table 5.4, are found for cluster type W, HSE and 
NE. We further look into the cluster patterns associated with those clusters, see figure 
5.10. 
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• W – A high pressure system has its centre north-north-west of the North 
Island. The wind direction is westerly, bringing warm air to the east coast, and 
the pressure gradient is moderate, leading to fairly high wind conditions. That 
is, no favourable conditions for build up of an inversion and no high emission 
of air pollution is expected. 

• HSE – Just outside the South Island’s eastern coast line, there is now a high 
pressure centre placed. This brings a warm calm north-easterly wind to the 
city. The sky is usually clear, resulting in good conditions for air pollution to 
be trapped close to the ground within an inversion. However, since the 
temperature is relatively warm, the home heating is expected to be low. 

• NE – The circulation anomaly during this cluster type is controlled by a low 
pressure system centred west of the North Island and a high pressure system 
centred to the east of the country. The pressure gradient is very small and the 
flow is north-easterly, bringing warm air to Christchurch. 

 
Since light winds and anti-cyclones are usually associated with high air pollution 
values and a high frequency of the clusters including the conditions observed for July 
2000, one could at first expect high air pollution values for this month. Cluster type 
HSE and NE, with generally light north-easterly winds, can however sometimes lead 
to high concentrations of air pollution observed within the city. We know that this 
wind direction is the same as the one resulting from a daytime sea breeze or from a 
westerly flow splitting over the Southern Alps. As mentioned earlier, during nights 
when cold air drainage flows are formed, the prevailing north-easterly wind will join, 
on a local-scale, the cold air drainage flow later in the night. The wind direction 
within the city then changes from north-easterly to an opposing south-westerly 
direction. This leads to a re-circulation of air over the city, resulting in the high air 
pollution observed. [Sturman et al., 2002] However, in July year 2000, the observed 
monthly average wind speed was high, see figure 5.18. This probably broke down the 
local cold air drainage flows, resulting in no re-circulation of air over the city and 
thereby no enhanced build-up of pollutants. Also the average ground temperature was 
high during this month, see figure 5.19, resulting in less home heating. The two 
cluster types, HSE and NE, are therefore not expected to lead to an increased 
concentration of PM10 for July 2000. 
 
Summarising the discussion above, we expect the cluster types, W, HSE and NE, all 
showing a large negative frequency difference, to include conditions favourable for 
low air pollutions values. 
 
The remaining clusters, SW, TNW, TSW, HNW, HE and R, all show small frequency 
differences and are therefore not expected to cause a big difference for the PM10 
concentration between the two analysed months. Those cluster types are thereby not 
further discussed. The analysis in this chapter has showed, just as expected, a higher 
frequency of those cluster types that contain favourable conditions for high air 
pollution values for June 1999 than for July 2000. 
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Figure 5.18 Monthly average wind speed for the months May to August between the years of 1999 and 
2004 
 
 

 
 
Figure 5.19 Monthly-average ground temperatures for the months May to August between the years of 
1999 and 2004 
 
 
 



 43

5.3.5 Correlation between clusters 
 
In July 1999, high frequencies were observed for the T, H and HW cluster types while 
in June 2000, high frequencies were observed for the HSE, NE and W cluster types. 
By calculating the correlation between the most frequent cluster types each month, we 
can investigate if there is any relationship between them. The correlation is calculated 
for monthly averages of the cluster frequencies for the winter period, May to August, 
for the two years, 1999 and 2000. The result is shown in table 5.5. In general, there is 
an inverse relationship observed for the winter period in 1999 and a direct relationship 
observed for the winter period in 2000. However, one exception is seen in the analysis 
for the winter period in 1999, showing a strong direct relationship between cluster T 
and HW. 
 
 
Table 5.5 Correlation coefficients between the three most high frequent cluster types for each winter 
period in 1999 and 2000. 
 

 

 
An indirect relationship between two clusters means that when one cluster type 
increases in frequency, the other cluster type decreases. An indirect relationship could 
be interpreted that the two clusters do not usually follow each other and thereby 
represent two different kinds of flow. For cluster type T, the weather system affecting 
New Zealand seams to have its centre far south of the country, while for cluster type 
H, the weather system crosses right over the country, interpreted as two different 
flows, see figure 5.10. A strong indirect relationship is observed between cluster T 
and H, as well as between H and HW. The pattern for HW shows a high pressure 
centre west of the Southern Alps on the South Island. Instead of moving across the 
mountains, the weather system usually moves around them, as discussed earlier. The 
results from the correlation indicate that weather circulations in this situation usually 
move to the south of the Alps. If they instead would have moved northwards along the 
western coast line, a direct correlation would have been seen with cluster H, which is 
not the case here. A direct relationship is however observed between cluster T and 
HW. If moving one of the pattern eastwards one would get the pattern for the other 
cluster. That is, those cluster types follow each other.  
 
Thereby the results indicate that the flow over New Zealand varied a lot during the 
winter of 1999. We know that both cluster T and HW, which seems to follow each 
other, probably include favourable conditions for build up of an inversion. Once one 
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of the clusters is observed the probability of observing the other one is high. If the 
home heating at the same time is big, one would expect a longer period with high air 
pollution values build up over the city. However, as discussed earlier, it is not certain 
that the T cluster contains good weather conditions for high air pollution values to 
build up. 
 
A direct relation between two cluster types could be interpreted, as just mentioned, 
that the two cluster types follow each other. When one of the clusters increases in 
frequency, so does the other one. A strong direct correlation is found both between 
cluster HSE and NE, and between HSE and W. When observing the pattern for cluster 
type HSE, see figure 5.10, one find a high pressure centre to the east of the South 
Island. By moving this pattern eastwards, one would get the pattern for cluster type 
NE. The same kind of discussion can be done for cluster type W and HSE, and further 
to NE. If moving the high pressure system seen in the pattern for cluster W to south 
south-east, one gets the pattern for cluster HSE. If instead moving the pattern for 
cluster type W to south-east, one gets the pattern for cluster NE. A moderate direct 
relationship is calculated between cluster NE and W. This result indicates that when 
one of the three cluster types is observed, the possibility is high to observe one of the 
other two clusters. We have seen earlier that none of these three cluster types include 
favourable conditions for high air pollution values to build up. Since high frequencies 
are observed in July 2000 for all three of these clusters, the observed low amount of 
air pollution during this month is not surprising. Worth to mention is that HSE is the 
most persistent cluster type while W and HNW, not of interest here, is the least 
persistent patterns. [Kidson, 1999]  
 
By calculating the correlation between the monthly average, including only the winter 
months, of cluster frequencies and the monthly average of the local weather 
parameter, such as temperature at 1 and 10 meters, wind speed and PM10 
concentration, we can see which of the cluster types that have the strongest affect on 
each of the local parameters. The result is shown in table 5.6. 
 
Table 5.6 Correlation between the highest frequent clusters, June 1999 and July 2000, and the local-
scale weather parameters. 
 

 
 
We know that cluster type T, H and HW are of most importance, highest frequency, 
for June 1999. The results show that there is a weak inversed correlation between the 
two temperatures and cluster type T and HW. That is, the temperature decreases when 
the frequency of those clusters increases. When observing the patterns for those 
clusters, we see that they mostly represent a wind direction from the south region, and 
thereby the result is not surprising. The cluster that has the highest affect on the wind 
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speed is type H, were a weak correlation of -0.23 is found. An increase of this cluster 
frequency leads to a decrease of the wind speed. This is also in agreement with the 
pattern for the cluster, which shows a small pressure gradient associated with this 
cluster type. Highest affect on the dispersion of air pollution has cluster type HW, 
correlation equal to 0.45, and H, correlation equal to 0.34. Those two clusters are both 
associated with a high pressure centre close to New Zealand which we know indicate 
favourable conditions for high PM10 values to build up. 
 
W, NE and HSE are the three clusters with highest observed frequencies for July 
2000. Cluster type W has the highest affect on the temperature, showing a moderate 
correlation. A high frequency of this cluster, indicating westerly winds, leads to an 
increase of the temperature due to the Foehn effect. W also is the cluster type that 
shows the highest correlation with the wind speed, although the correlation is weak, 
equals to -0.17. Highest correlation with the PM10 concentration is calculated for 
cluster type NE, with a correlation equals to -0.25. 
 
What is interesting to notice is that the clusters representing June 1999 in general 
show, although some of the correlations are small, an indirect correlation with the 
temperature and wind speed, and a direct correlation with the PM10 concentration. The 
clusters representing July 2000 on the other hand, show in general a direct correlation 
with the temperature at 1 meter and the wind speed, while an indirect correlation is 
calculated with the temperature at 10 meters and the PM10 concentration. An increase 
in ground temperature together with a decrease of the 10 meter temperature would 
prevent an inversion to form. Thereby, the results shown in table 5.6 seem to be in 
agreement with the amount of air pollution observed for the two months. 
 
We see that cluster type T, which we did not know for sure included favourable 
conditions for high air pollution values to build up, does not seem to affect the PM10 
concentration. The correlation coefficient is calculated to equal 0.00. That is, cluster T 
does not include many favourable conditions in June 1999. Thereby the wind 
direction associated with this cluster seems to be westerly, leading to a Foehn effect, 
and not south-westerly. 
 
 

5.3.6 Comparison with the Southern Oscillation Index 
 
The nest question to seek an answer to is, ’Why does the cluster frequency differ so 
much between the two months analysed?’ To answer this question we observe the 
Southern Oscillation Index for the two years, which we know, influences the weather 
conditions on a synoptic scale. 
 
In June 1999 the SOI was equal to 0.00, and in July 2000 the SOI was equal to -0.34, 
see figure 5.20. The small negative SOI observed in July 2000, corresponds to a weak 
El Niño event. During an El Niño event, as mentioned earlier, the pressure over 
Darwin is higher than the pressure over Tahiti, leading to a more frequent southerly 
flow over New Zealand during winter time. The wind speed is usually higher than 
normal, the winter anti-cyclone over the country is intensified and colder water off the 
coast is usually observed. 
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As noted before, see table 5.4, the highest cluster frequency during July 2000 is found 
for the HSE and the NE clusters. A high pressure centre placed east of New Zealand, 
as seen in the pattern for cluster HSE in figure 5.10, would probably lead to a low 
pressure system centre placed somewhere over the Tahiti area. A low pressure centre 
placed between Australia and New Zealand, as seen in the pattern for cluster type NE 
in figure 5.10, would probably lead to a high pressure system centred over Australia 
and Darwin. Both observations are in agreement with an El Niño event. 
 
Cluster HSE, which in July 2000 showed the highest observed frequency, can be 
associated with the intensified winter anti-cyclone a waited during an El Niño event. 
Apart from clusters HSE and NE, most of the observed cluster types during this 
month indicate a south to south-westerly flow over New Zealand, making the 
temperature decrease, also that in agreement with an El Niño event. 
 
 

 
 
Figure 5.20 Monthly average of SOI for the months May to August, between the years of 1999 and 
2004. 
 
Associated with El Niño events is, as mentioned before, also cold water off the coast. 
Cold water off the coast of Christchurch would probably lead to an increased amount 
of land and sea breeze circulation observed over the city. This would in turn lead to 
more re-circulation episodes and thereby also more situations with air trapped in a re- 
circulation over the city. However, no data is available for the sea surface temperature 
and if there is cold water off the coast, it still may not affect the air pollution during 
the winter months, since the temperature gradient between land and sea is usually 
small during the winter. 
 
Summarising the discussions above for July 2000, we see that the only condition 
usually associated with an El Niño event not observed for this month, is the low 
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ground temperature, see figure 5.19. Apart from the missing sea surface temperature 
data, it seems likely that the weather conditions this month were influenced by the 
observed weak negative SIO. 
 
For June 1999, the SOI was equal to 0.00 and thereby neither an El Niño nor a La 
Niña event is expected. Instead we expect a continuous westerly flow over the country 
without any intensified winter anti-cyclone. As seen in table 5.4, the frequency of 
cluster type HSE, associated with an anti-cyclone, is now much lower than for the 
winter in 2000. The correlation coefficients shown in table 5.5 show an indirect 
relationship between two out of three clusters and it seems like, as discussed earlier, 
that the flow over New Zealand is not affected by anything, such as an El Niño or a 
La Niña event, and thereby varies a lot.   
 
 
5.3.7 Local-scale linked to synoptic scale through clusters 
 
By calculating the correlation between the SOI and the six most important cluster 
types, we can investigate if the SOI has any indirect affect on the local-scale weather 
parameters, see results in table 5.7. No strong relationship is found between the SOI 
and the frequency of the individual synoptic patterns. This was also the result found 
by J. W. Kidson. [Kidson, 1999] However, the highest correlation found with cluster 
types are T and H. When relating these results to the results shown in table 5.6, we 
can see how the SOI indirect affects the dispersion of air pollution within 
Christchurch. The results are shown in table 5.8. 
 
An inverse relationship is observed between the SOI and cluster T. Earlier, in table 
5.6, we saw that there does not exist any relationship between cluster T and the PM10 
concentration, correlation coefficient equal to 0.00, and thereby we are not interested 
in any further analysis of this cluster type. Cluster type H, on the other hand, shows an 
existing direct relationship with the PM10 concentration and an inverse relation with 
the wind speed. Thereby, an increase of the SOI affects the local-scale weather 
parameters with a decreased wind speed and most interesting of all, an increase of the 
PM10 concentration.  
 
 
Table 5.7 Correlation coefficients between SOI and six highest frequent clusters in June 1999 and July 
2000. 
 

 
 
Table 5.8 Shows how changes in the SOI affect cluster H, which in turn affects the local-scale 
parameters. 
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The cluster type that has the strongest effect on the PM10 concentration is cluster HW, 
showing a moderate correlation equals to 0.45, table 5.6. We compare this with 
cluster H that showed a correlation equal to 0.34 with the PM10 concentration. If the 
SOI had showed an existing relationship with cluster HW, this would have indicated 
that the SOI had a moderate influence on the dispersion of air pollution within 
Christchurch. However, this is not the case, a correlation equal only to 0.08 is 
observed between cluster HW and the SOI, resulting in no existing relationship. 
Cluster type H, on the other hand, shows a correlation equal to 0.36 with the SOI. 
Thereby, changes in the SOI effect the PM10 concentration through cluster H, 
although the effect is not that strong. 
 
 

5.3.8 Comparison with circulation indices 
 
In chapter 5.3.4, June 1999, with high air pollution values observed, were compared 
with July 2000, with low air pollution values observed. We can now, by using the four 
circulation indices, Z2, M1, M2 and MZ3, continue this comparison. Table 5.9 shows 
the values of the different indices for the two months. 
 
In general we see that the values of the indices are higher for July 2000 than for June 
1999. As mentioned earlier, the values indicate the strength of the wind. Thereby the 
observations indicate low wind speeds, favourable for trapping air pollution within an 
inversion, in June 1999, the year with high air pollution values observed. The high 
absolute values observed for July 2000 indicate a strong pressure gradient. This is in 
agreement with the results shown in figure 5.18, with higher wind speed in July 2000 
than in June 1999. 
 
We look further into the Z2 index. Positive Z2 values were recorded for both June 
1999 and July 2000. This indicates westerly winds over southern New Zealand, 
stronger in June 1999 than in July 2000. 
 
 
Table 5.9 Strength of the four circulation indices for June 1999 and July 2000. 
 

 
There is a huge difference in the M1 value between the two months. June 1999 
indicates strong southerly flow all over New Zealand, leading to a decreased 
temperature and thereby increased home heating. In July 2000, there were instead 
very strong northerly winds over the country, leading to increased temperature, 
decreased home heating and break down of the inversion, due to the high wind speed. 
In other words, this indicates favourable conditions for high air pollution values to 
build up in June 1999 but not in July 2000 which is in agreement with earlier analysis. 
 
The wind field associated with the M2 index is similar to what is associated with M1, 
but focuses on the east coast, where Christchurch is sited. This index is therefore of 
more importance for this work. The trend in M2 is the same as in M1, showing a 
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positive value for June 1999 and a negative value for July 2000, although the 
difference between the two months is not as big as for M1. Also this index indicates 
an inversion build up and high air pollution emission in June 1999 but not in July 
2000. 
 
A big difference for the two years is also seen for the MZ3 index. A positive value for 
June 1999 indicates a cold south-westerly flow over New Zealand. For July 2000, a 
negative value is observed which indicates a warmer north-easterly flow over the 
country. As well as index M1 and M2, also MZ3 points on low temperatures, leading 
to increased home heating for June 1999 and the opposite conditions for July 2000. 
 
Summarising the results, we see that in June 1999, the circulation anomalies were 
mostly southerly, westerly and south-westerly, while for July 2000 the circulation 
anomalies were mostly north and north-westerly. As seen before in figure 5.19, this 
circulation anomalies results in a lower temperature for June 1999 than for July 2000. 
 
 

5.3.9 Local-scale linked to synoptic scale through circulation indices 
 
We have earlier analysed the relationship on a winter monthly basic between the 
synoptic weather, indicated by the SOI, and the local-scale parameters such as the 
temperature (1 and 10 meters), wind speed and PM10 concentration, all local-scale 
parameters measured within the city of Christchurch. We know that the SOI affects 
the pressure field over New Zealand but what we do not know, is how the different 
circulation indices are affected by changes in the SOI and how the different 
circulation indices in turn affect the local-scale weather parameters. 
 
We start to seek an answer for the second question, ’Does any relationship exist 
between the different circulation indices and the local-scale weather conditions?’ 
 
Table 5.10 shows the correlation coefficients calculated between the different 
circulation indices and the local-scale weather conditions. The calculation is done 
with monthly averages between the years of 1999 and 2004, including only the winter 
months, May to August. As seen in the table, the index that is of most importance 
when observing the local temperature, both on 1 and 10 meters, is M2, which as 
mentioned earlier focus on the east coast of New Zealand. The correlation with the 
temperature at 1 meter equals to -0.5 and at 10 meters to -0.42, indicating moderate 
inversed relationships. An inverse relationship is expected, since a positive M2 value 
indicates southerly winds over the eastern New Zealand, resulting in decreasing 
temperature in Christchurch. A negative M2 value on the other hand, indicates 
northerly winds over the eastern New Zealand, resulting in increasing temperature in 
Christchurch.  Since M2 both affects the 1 meter and the 10 meters temperature, it 
affects the number of possible inversions that can build up. However, we know that 
also the wind speed plays a big role when build up of an inversion, see table 5.1, and 
since the correlation with wind speed is almost zero, the resulting correlation with 
PM10 concentration becomes only weak, equal to 0.30. 
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The correlation between M1 and the local weather conditions is weak which the 
correlation between MZ3 and the local parameters is also. The index that is of most 
importance when observing the wind speed and PM10 concentration is the Z2 index. A 
strong inverse relationship is observed with the wind speed, equal to -0.65, while a 
strong direct relationship is observed with the PM10 concentration, equal to 0.59. 
 
Summarising the results, we have seen that the M2 index has a moderate affect on the 
temperature within Christchurch while the Z2 index has a strong affect on the wind 
speed and PM10 concentration within the city. The strong inversed relationship 
observed between Z2 and wind speed is however unexpected. One would expect that 
an increasing value of Z2, referring to a strengthen circulation, would result in an 
increasing wind speed, in other word, one would expect a strong direct relationship 
between the two parameters. The explanation for this is not clear although it might be 
due to the presence of a local wind circulation system during the analysed time. We 
know that if the prevailing synoptic wind strengthens, the local wind systems break 
down. What happened in this case might have been that the local wind circulations, 
and thereby the wind speed within the city keeps decreasing while the synoptic wind 
increases until it breaks down totally. 
 
Thereby, the most important flow affecting the temperature is the northerly and 
southerly flow between Hokitika and Chatman Island while the westerly and easterly 
flow over the south of New Zealand, between Christchurch and Champell Island, is of 
most importance for the wind speed and PM10 concentration. 
 
 
Table 5.10 Correlation coefficients between circulation indices and local-scale parameters 
 

 
We continue by seeking an answer for the other question; ’Does any relationship exist 
between the SOI and the four different circulation indices?’ 
 
The correlation is calculated between the monthly average of the SOI and the monthly 
average of the different circulation indices, calculations include only winter months 
for the years 1999 to 2004. The results are shown in table 5.11 and indicate no, or, a 
weak relationship with the indices. The highest correlation is calculated with the 
indices M2 and MZ3, both indicating inversed relationships. Figure 5.21 shows the 
SOI, plotted against the different circulation indices. 
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Table 5.11 Correlation coefficients between the SOI and the circulation indices. 
 

 
 
 

 
 
Figure 5.21 SOI plotted against the circulation indices. Z2 (A), M1 (B), M2 (C) and MZ3 (D). 
 
 
By connecting the results from table 5.10 with the results from table 5.11, we get an 
idea of the indirect effect a change of the SOI has on the local weather conditions, 
including air pollution dispersion within Christchurch. The results are seen in table 
5.12. An increase in the SOI leads to a decrease in both the M2 and MZ3 indices. This 
in turn, results in an increasing temperature, both 1 and 10 meters, and a decrease of 
the PM10 concentration. Although this result is interesting, it also shows that the SOI 
does not have a strong influence on the local-scale PM10 concentration through the 
circulation indices. In table 5.10, a strong correlation was calculated between 
circulation index Z2 and the PM10 concentration but Z2 only shows a correlation 
equal to -0.06 with the SOI. This indicates that changes in the SOI do not have a big 
influence on the most important circulation index affecting the dispersion of air 
pollution. 
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Table 5.12 Shows how changes in the SOI affects the circulation indices, which in turn affects the 
local-scale parameters. 
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6. Discussion and conclusion 
 
The diurnal variation in temperature, wind speed, and PM10 concentration has been 
analysed. Observed is that low wind speed coincides with PM10, peak and conversely 
high wind speed coincides with low PM10 concentration. The explanation for this is 
that low wind speed is a favourable condition for an inversion to build up. Within an 
inversion, the turbulent mixing of air is limited, thereby leading to poor ventilation 
conditions and the polluted air is trapped within the inversion. The inversion usually 
covers the first 10 meters above the ground. If an inversion is present at the same time 
as the ground temperature is low (typically below or equal to 2 deg C), and thereby 
the emission of air pollution due to home heating is high, high PM10 concentrations 
are observed close to the ground. 
 
By calculating the correlation coefficients between temperature, wind speed and PM10 
concentration, two existing relationships have been found. A strong direct correlation 
is calculated between the night average PM10 concentration and the number of night 
hours (7 p.m.-7 a.m.) with an inversion present while a strong indirect correlation is 
calculated between the night average wind speed and the number of night hours (7 
p.m.-7 a.m.) with an inversion present. 
 
Two different data sets have been used in order to seek relationships between the 
changes in the SOI, and the local dispersion of air pollution within Christchurch. One 
of the data sets includes twelve different cluster frequencies and the other one 
includes eleven different circulation indices. Six high frequent cluster types and four 
different circulation indices have been included in the analysis. 
 
The correlations between the circulation indices and the PM10 concentration indicate 
westerly, southerly and south-westerly winds as favourable wind directions for build 
up of high PM10 concentrations. When analysed cluster frequencies, we found that 
cluster types T, H and HW were favourable for high concentrations of air pollution. 
All three of these clusters indicate westerly, southerly or south-westerly winds, and 
thereby the results from the two different analyses agree. 
 
However, there is a disagreement between the two analyses when seeking the answer 
for what effect changes in the SOI (ENSO), have on the local PM10 concentration in 
Christchurch. Highest correlations with the PM10 concentration were calculated for 
cluster type HW and circulation index Z2, while the highest correlations with the SOI 
were calculated for cluster type H and circulation index MZ3. Thereby, the SOI does 
not affect the weather patterns that are of most importance when observing the effect 
on the PM10 concentration. This results in no strong relationship between changes in 
the SOI and the dispersion of air pollution. However, a relationship is still found, 
although it is not a strong relationship. The cluster analysis indicates a direct 
relationship between the SOI and the PM10 concentration, while the circulation 
indices analyse indicates an inverse relationship between the two parameters. 
 
Summarising the results from the two analyses, it has been shown that the relationship 
between the SOI and the PM10 concentration in Christchurch for the winter period in 
year 1999 and 2000 diverge between the two analyses, and the real relationship, if 
there exist one, is still not clear. More analysis between different months in different 
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years needs to be done before one could tell for sure whether there exists or does not 
exist a link between ENSO and particulate matter pollution for the city of 
Christchurch. 
 
Although the results in this report show that the SOI only has a weak affect on the 
weather circulations over New Zealand through cluster frequencies and circulation 
indices, it might exist a strong relationship for other months/years than for the two 
months compared in this study. It would be interesting to perform the same kind of 
analysis as done in this report, but instead compare two different months with a strong 
El Niño/La Niña event. Then the results might show stronger and clearer relation 
between changes in the SOI and the dispersion of air pollution within Christchurch 
might be found. 
 
To be able to answer the question written in the introduction; “Will these climate 
changes lead to an enhanced air pollution problem or will it lead to a decreased 
problem?”, much more research has to be done within this area. 
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Appendix 
 

 
 
Figure A1 Strength variation of Z2 for the winter months, May to August, for each year between 
1999 and 2004 
 
 

 
 
Figure A2 Strength variation of M1 for the winter months, May to August, for each year between 
1999 and 2004 
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Figure A3 Strength variation of M2 for the winter months, May to August, for each year between 
1999 and 2004 
 
 

 
 
Figure A4 Strength variation of MZ3 for the winter months, May to August, for each year 
between 1999 and 2004 
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