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Executive summary 

In Masterton, the number of high air pollution days per winter has fluctuated from year 
to year since monitoring began in 2003, with a dramatic reduction observed in 2015. 
This study examines the relationships between large-scale climate factors, local wind 
conditions and air pollution levels.  

Although it is estimated that emissions from domestic heating in Masterton have 
reduced by 14% (between 2006 and 2013), this is not reflected as a steady decline in 
PM10 levels measured. The levels of winter PM10 fluctuate from year-to-year depending 
on local wind speeds and average minimum temperature. Local wind speeds are 
influenced by the pattern of large-scale winds that affect New Zealand. However, local 
wind speed and average minimum temperatures only explain some of the year-to-year 
variation in air pollution levels.  

The intensity of extra-tropical cyclone activity in the Southern Ocean appears to exert a 
strong influence on year-to-year variability in PM10 levels. More intense extra-tropical 
cyclone activity is likely to be associated with an increased number of cold fronts 
passing over the country. This increased frontal activity may cause greater atmospheric 
instability which favours local dispersion of air pollution. 

One of the driving factors behind the intensity of extra-tropical cyclone activity in a 
given winter is the phase and strength of the El Niño Southern Oscillation (ENSO). 
Between 2003 and 2015 there was one strong El Niño winter (2015). El Niño events are 
associated with much greater frequency of large-scale westerly winds. This study 
showed that the intense El Niño in 2015 coincided with much higher than average local 
wind speeds and very intense cyclone activity south of New Zealand. Therefore, despite 
colder than average temperatures in Masterton during winter 2015, the strong El Niño 
conditions most likely led to lower than expected number of PM10 exceedances of the 
National Environmental Standard for Air Quality (NES-AQ). It is expected that winter 
winds will return to more normal levels as the El Niño dissipates in mid-2016. 
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1. Introduction 
The township of Masterton, located on the Wairarapa plains, is prone to air 
pollution in winter arising from the use of solid fuels for home heating, 
particularly during periods of cold temperatures and calm wind conditions. The 
Masterton urban area is designated as a “polluted airshed” under the National 
Environmental Standard for Air Quality (NES-AQ) because there are multiple 
days per year when the PM10 24-hour average of 50 µg/m3 is exceeded. The 
NES-AQ requires the number of PM10 exceedances to be reduced to three per 
year by 1 September 2016 and then to one per year by 1 September 2020.  

The number of PM10 exceedances measured in Masterton fluctuates from year 
to year. Air quality has been measured in west Masterton (Masterton West 
monitoring site) since 2003, with the number of exceedances ranging from zero 
to five per year. In 2012 a second monitoring station was installed on the east 
side of Masterton (Masterton East site). This area experiences poorer air 
quality with more than 10 exceedances per year recorded between 2012 and 
2014. However, in 2015 the number of exceedances recorded at Masterton East 
dropped to four. This is a significant reduction and it is not known whether this 
is due to a reduction in home heating emissions, climatic effects or some 
combination of the two.  

The core purpose of this report is to test whether the annual variation in 
frequency of high air pollution days can be explained by seasonal climatic 
patterns, in particular the dramatic reduction in levels of air pollution observed 
in 2015 at the Masterton East site.  

The results of this study will further our understanding of the influence of 
climate on air pollution trends and the likelihood of attaining the NES-AQ in 
Masterton. 
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2. Background 
Masterton is an urban area in the Wairarapa with a population of 18,135 
comprising 7,521 private dwellings (Statistics New Zealand, 2013). Masterton 
is situated 85 km north-east of Wellington City and 70 km south of Palmerston 
North. Around two-thirds (67%) of Masterton’s households report using solid 
fuels for heating during winter (Statistics New Zealand, 2013). The use of solid 
fuels for home heating leads to elevated levels of PM10 and PM2.5 in outdoor air 
during the months of May, June, July and August (Davy, 2007). 

2.1 Masterton’s climate and topography 
Masterton is surrounded by a flat river plan with the Tararua Ranges to the 
west and the Aorangi Ranges to the south-east (Figure 2.1). Masterton has 
warm summers and cold winters with frequent frosts. The township 
experiences relatively high temperature variations compared to other areas in 
New Zealand (except central Otago), partially due to its distance from the coast 
and the sheltering effect of the Tararua Ranges to the west. The annual average 
rainfall is about 900 mm, with about 41% of the total annual rainfall falling 
from May to August. Although the prevailing winds over New Zealand are 
westerly, the local winds are highly influenced by the sheltering effects of the 
ranges to the west. This results in a high frequency of calm or very light winds 
in the inland northern plains area surrounding Masterton; this effect is usually 
more pronounced at night time (Chappell, 2014). Masterton’s annual average 
wind speed of about 3m/s is less than half of that measured at Wellington 
Airport and about a third of the average for Castlepoint.  

 

Figure 2.1: Map showing topographical relief of the Upper Wairarapa Plain 
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2.2 Climate drivers  
A large-scale influence on the New Zealand climate is the El Niño Southern 
Oscillation (ENSO). ENSO is a naturally occurring phenomenon that involves 
fluctuating ocean temperatures in the equatorial Pacific. ENSO has three 
phases: El Niño (warm phase), La Niña (cold phase) and a neutral phase. El 
Niño and La Niña occur irregularly, typically every two to seven years, and 
their relative strength can vary from phase to phase.  

ENSO affects regional climate variation, in particular wind strength and 
amount of rain. When ENSO is in its warm phase (El Niño), westerly winds 
tend to increase over New Zealand (Gordon, 1986), with less likelihood of 
anticyclones becoming too persistent or stationary. Although ENSO has a 
periodicity of about two to seven years, it can be predicted by climate models 
six months to a year in advance. The strength of El Niño and La Niña events 
can be measured by the Southern Oscillation Index (SOI)1.  

The Southern Annular Mode (SAM) is another important climate influencer for 
New Zealand. SAM describes the north-south movement of the westerly wind 
belt that circles Antarctica, dominating the middle to higher latitudes of the 
southern hemisphere. SAM has a week-to-week cycle causing either windier or 
calmer weather across New Zealand. The negative phase of SAM is associated 
with more frequent westerly winds, unsettled conditions and storm activity.  

Trenberth (1976) defined a number of circulation indices for New Zealand to 
describe the strength of zonal (west/east) and meridional (north/south) wind 
flow over the country. The Z1 index is defined as the pressure difference 
between Auckland and Christchurch, relative to the long term average. In this 
study Trenberth Z1 indices produced by NIWA (Salinger et al. 1999) are used 
to represent large-scale wind behaviour (across the west/east gradient) through 
pressure measurements. 

Another relevant climate indicator is the total extra-tropical cyclone counts 
representing the extension of the circumpolar trough between 60 and 40 
degrees of latitude (Simmonds & Keay, 2000; Pezza & Ambrizzi, 2003). The 
extra-tropical cyclone counts are an indicator of how the atmosphere responds 
to the global climate drivers at the synoptic2 and seasonal scale. Drivers such 
ENSO change the way that mass (pressure) and temperature is distributed 
between the equator and the poles, and this distribution determines the intensity 
of extra-tropical cyclones and fronts. Those, in turn, influence seasonal winds 
as well as the daily weather patterns that can ultimately influence pollution 
dispersion at the microclimate scale.  

  

                                                 
1 Sustained positive SOI values above +8 indicate a La Niña event while sustained negative values below about -8 indicate an El Niño. 
2 The synoptic scale covers a horizontal distance of about 1000 km, for example, most high and low pressure areas seen on weather maps. 
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3. Objectives of this study 
i) Determine how much of the year-to-year difference in the number of 

high pollution days and in the average winter PM10 recorded for 
Masterton can be explained by climatic factors. 

ii) Investigate the influence of global climate drivers, ENSO and SAM, on 
climatic factors that affect air pollution levels in Masterton. 

iii) Investigate possible climatic factors that might be responsible for the 
very low number of PM10 exceedances recorded in 2015 in Masterton. 
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4. Methodology 

4.1 Air quality and meteorological datasets 
Air quality monitoring data for PM10 were obtained from Greater Wellington 
Regional Council’s (GWRC) Masterton West and Masterton East monitoring 
stations (Figure 4.1). These two sites are approximately 0.9 km apart. 
Measurement methods for PM10 are described in Mitchell (2015). PM10 
measurements at Masterton West were obtained using a Tapered Element 
Oscillating Membrane (TEOM) instrument from 2003 to 2010 and by Beta 
Attenuation Method (FH62 C14) from mid-2007 to 2015. At Masterton East 
PM10 is also measured by Beta Attenuation Method using a different 
instrument type (5014i). Both the FH62 and 5014i instruments use a different 
measurement principle than the TEOM, making them less susceptible to the 
loss of the semi-volatile component of ambient particulate matter. 
Consequently the FH62 and 5014i instruments records slightly higher PM10 
concentrations relative to the TEOM instrument in the presence of wood 
smoke. The impact of the change in instrumentation on PM10 measurements 
has not been accounted for in the analysis. Meteorological data were obtained 
from the Masterton West station. 

 

Figure 4.1: Aerial photo (insert) showing the location of Masterton West and 
Masterton East air quality monitoring sites  

4.2 Definition of a high air pollution day 
In this study two metrics are used to define a high pollution day. The first 
metric is number of exceedance days per year, ie, PM10 concentrations greater 
than 50 µg/m3 (24-hour average measured from midnight to midnight). This 
metric is used to determine regulatory compliance with the NES-AQ. 

The second metric is the number of days per year when PM10 falls into the 
Alert category, ie, corresponding to PM10 concentrations greater than 33 µg/m3 
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but less than 50 µg/m3 (24-hour average measured from midnight to midnight). 
This metric is derived from air quality reporting categories described by 
Ministry for the Environment (1997) with the categories shown in Table 4.1. 
There is a now an objective in the Proposed Natural Resources Plan for the 
Wellington Region (2016) for air quality in the Wellington Region to be 
maintained or improved to the Acceptable or better category, ie, below the 
Alert level.  

Masterton East typically records higher PM10 concentrations than Masterton 
West and therefore Masterton East data are used for compliance reporting of 
NES-AQ exceedances. Although Masterton West records lower levels of PM10, 
it has a longer data record and therefore is better suited for time trends analysis. 
For these reasons this study investigates the influence of climate on trends in 
number of days in the Alert and above category and trends in the winter mean 
based on the Masterton West PM10 data. The trends in exceedances are based 
on the Masterton East data, which has more exceedance days but a shorter 
monitoring record.  

Table 4.1: Air quality reporting categories 

Category Measured values Comment 

Action Exceed guideline/standard Completely unacceptable by national and 
international standards. 

Alert Between 66% and 100% of the 
guideline/standard 

A warning level which can lead to guidelines 
being exceeded if trends are not curbed. 

Acceptable Between 33% and 66% of the 
guideline/standard 

A broad category, where maximum values 
might be of concern in some sensitive 
locations, but are generally at a level that does 
not warrant dramatic action. 

Good Between 10% and 33% of the 
guideline/standard 

Peak measurements in this range are unlikely 
to affect air quality. 

Excellent Less than 10% of the 
guideline/standard 

Of little concern.  

 

4.3 Analysis of climate drivers 

4.3.1 Extra-tropical cyclone count 
The extra-tropical cyclone/frontal counts (south of 40oS) were produced using 
the Melbourne University automatic tracking algorithm (Simmonds & Keay, 
2000). The cyclones to the north of 40oS are not included in the analysis 
because they are not drivers of frontal activity. The cyclones located close 
enough to the South Island coastline to be affected by typography were 
excluded from the cyclone count because if these cyclones are included they 
result in spurious lows within the tracking scheme (Simmonds & Keay, 2000). 

4.3.2 Global climate drivers 
The classification of ENSO years can be somewhat subjective, so we have used 
the ENSO tracker from the Australian Bureau of Meteorology 
(http://www.bom.gov.au/climate/enso/tracker/). Monthly data for the Antarctic 
Oscillation Index from the US National Oceanic and Atmospheric 
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Administration (NOAA) (representing the strength SAM) and the Trenberth Z1 
index (representing the strength of the westerly wind) produced by NIWA were 
also used. The Trenberth index was normalised over the 1981-2010 reference 
period. 

4.4 Statistical analysis 
Simple and multiple linear regressions were performed using R version 3.1.3 
(R Core Team, 2015). Data aggregation, time series, scatterplots, correlation 
plots were produced using the R package Openair (Carslaw & Ropkins, 2012). 

Pearson’s correlation coefficients are used to test for presence of linear 
relationships between variables noting that correlation does not imply 
causation. The small sample size (n = 13) due to only 13 years of data being 
available for analysis at the seasonal level means the confidence intervals for 
the correlation coefficients will be quite wide. Correlation coefficients between 
+/- 0.5 and +/- 0.8 are described as moderate strength, and above +/- 0.8 as 
strong (Devore & Farnum, 2005). All correlation coefficients were tested to 
ensure that they were significantly different from zero at the 95% confidence 
level, ie, p ≤ 0.05. 
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5. Results and discussion 
This section examines and discusses: 

 Trends in the number of high air pollution days, average winter PM10 and 
emissions between 2003 and 2015 (Section 5.1)  

 Influence of local wind speed and minimum temperature on inter-annual 
variation in average winter PM10 (Section 5.2) 

 Influence of large-scale seasonal wind anomalies on local wind speed and 
PM10 levels (Section 5.3)  

 Correlations between PM10 metrics and a New Zealand circulation index 
(Section 5.4) and extra-tropical cyclone intensity (Section 5.5) 

 The impact of global climate drivers (ENSO and SAM) on large-scale 
winds and extra-tropical cyclone intensity and the potential influence on 
local air pollution (Section 5.6).  

5.1 Trends in air pollution and wood burner emissions 

5.1.1 Trends in PM10 
Daily PM10 observed at Masterton West and Masterton East (Figure 5.1) 
showed strong seasonality due to the influence of emissions from home heating 
during the winter period. There appears to be a downward trend in annual 
average PM10 measured at Masterton West (Figure 5.2). A trend in average 
winter PM10 (Figure 5.2) is less clear due to inter-annual variability, 
particularly the influence of 2012 which was the highest air pollution year 
measured to date. There is also no evidence of long-term trends in the number 
of high air pollution days per year at Masterton West (Figure 5.3), although 
they have decreased at both the East and the West sites since 2012, particularly 
between 2014 and 2015 at Masterton East (Figure 5.4). 
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Figure 5.1: Time series of 24-hour average PM10 at Masterton West and Masterton 
East with NES-AQ threshold shown as solid red line and Alert threshold shown 
as dashed red line 

 

Figure 5.2: PM10 annual average and winter average from 2003 to 2015 at 
Masterton West 
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Figure 5.3: Number of high PM10 days per year from 2003 to 2015 at Masterton 
West  

 
Figure 5.4: Number of high PM10 days per year from 2012 to 2015 at Masterton 
East (NES-AQ exceedances) and Masterton West (days above the Alert category) 

5.1.2 Trends in emissions from wood burning 
The proportion of Masterton households using solid fuels for heating declined 
from 73% to 67% between 2001 and 2013 (Statistics New Zealand, 2013). Any 
changes in numbers or proportions of households using solid fuels for heating 
does not take into account reductions in emissions as a result of the 
replacement of old burners with newer ones that are designed to emit less 
particulate matter per gram of wood burnt. A national study designed to 
benchmark emissions from domestic heating estimates that, on average, daily 
winter emissions from domestic heating in Masterton reduced by 14%, from 
1,140 kg/day (2006) to 979 kg/day (2013) (Wilton et al. 2015). This estimated 
reduction is not reflected as a downward linear trend in the observed winter 
PM10 concentrations over the same period. That is not to say that emissions 
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have not reduced, but rather the relationship between emissions and PM10 
concentrations is not straightforward and is confounded by meteorological 
influences.  

There are many possible reasons for a downward trend in emissions not 
coinciding with a downward trend in number of high PM10 air pollution days, 
such as: 

 There is a non-linear relationship between emissions and concentrations. 

 PM10 observations at a single location (monitoring site) may not be 
directly related to emissions estimates averaged over the much wider 
Masterton urban airshed.  

 The emissions factors used in the emissions inventory to calculate emitted 
PM10 may not adequately reflect real-life emissions. In-home wood burner 
testing has shown that emissions also depend on factors other than wood 
burner age or design, such as moisture content of wood, size of wood and 
how the burner is operated (Coulson et al. 2015).  

 Statistical issues with attempting to correlate a ‘daily winter average’ that 
applies to the whole season against frequency of relatively rare events 
(winter high air pollution days) that lie in the upper tail of the probability 
distribution of 24-hour PM10 concentrations.  

5.2 Influence of local wind and temperature on PM10 

5.2.1 Long term seasonal trends between 2003 and 2015 
Annual figures for average winter PM10, number of days in the Alert and above 
category, average winter wind speed and average minimum daily (1-hour) 
temperature measured at Masterton West between 2003 and 2015 are presented 
in Table A.1 (Appendix 1).  

Average winter PM10 is strongly related to average wind speed and average 
minimum daily temperature. Multiple linear regression of PM10 on these two 
variables shows that jointly they explain 76% (p ≤ 0.001) of the variation in 
inter-annual PM10 (between 2003 and 2015) (Equation 1).  

Equation 1: Average winter PM10 = -6.1(wind speed) + -1.7(min temp) + 41.9 

As expected these results indicate that much of the observed variation from 
year to year in average winter PM10 concentration arises from a combination of 
winters being colder/warmer or windier/calmer than average (as parameterised 
in Equation 1).  

However, average winter wind speed only explains about 33% of the annual 
variation in the number of Alert and above days and minimum average daily 
temperature is not a significant predictor variable for this PM10 metric. There is 
a relatively strong linear relationship between average winter PM10 and the 
number of days where PM10 is in the Alert and above category (R2 = 0.73). 
Therefore, average winter PM10 is a reasonable predictor of the number of days 
above the Alert threshold. This is because the number of days where PM10 is 
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above 33 µg/m3 is related to the average, ie, a greater number of days above 33 
µg/m3 shifts the distribution to the right. 

Figure 5.5 shows average winter PM10 once the impact of wind speed and 
minimum temperature has been taken into account (ie, according to the fitted 
linear model in Equation 1) together with observed PM10. The difference 
between observed PM10 and modelled PM10 (meteorologically normalised) are 
the model residuals representing the remaining inter-annual variation not 
explained by wind speed and minimum temperature.  

 

Figure 5.5: Trends in observed average winter PM10 (in blue) at and modelled (in 
red) average winter PM10 at Masterton West  

Following the peak in average winter PM10 concentrations in 2012, there has 
been a steady decline in both average winter PM10 and the number of days per 
year above the Alert threshold between 2013 and 2015. The combination of 
local wind speeds and minimum temperatures largely explain this trend, apart 
from 2015, in which PM10 concentrations were markedly lower than expected. 
Figure 5.6 shows the tendency for higher wind speeds during 2014 and 2015, 
particularly during the middle of the day, but also crucially during the evening 
(from 5pm onwards) and the morning (around 9am) periods that coincide with 
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Figure 5.6: Diurnal variation in 1-hour mean wind speed at Masterton West for the 
winter periods by month from 2012 to 2015 

5.3 Influence of large-scale seasonal wind speed anomalies on PM10 
This section examines the relationship between large-scale seasonal wind 
anomalies, local wind speed and levels of PM10 from 2003 to 2015. Large-scale 
seasonal winds can be predicted in advance (depending on the predictability of 
the climate drivers) and therefore may be a useful tool for forecasting seasonal 
air pollution potential if a statistical relationship is found between large-scale 
wind anomalies and inter-annual variation in air pollution levels. 

Synoptic maps, comparing winter wind speeds from 2003 to 2015 to the long–
term climatology for the period 1981 to 2010, are presented in Figure A.2, 
Appendix 2. The relative strength of the anomaly in each year (represented on 
a scale of -1 to 1 m/s) was estimated based on the scale bar for each composite 
map and is included in Table 5.1. Positive anomalies represent wind speeds 
above the long-term average and negative anomalies represent winds below the 
long-term average. 

There is a moderately strong positive correlation between the strength of the 
large-scale seasonal wind speed anomaly and the average wind speed measured 
at Masterton West between 2003 and 2015 (r = 0.75, p = 0.003). Linear 
regression shows that 52% of the variation in average wind speed measured at 
Masterton West can be explained by the strength of the large-scale seasonal 
wind speed anomaly (SWSA). Average winter PM10 is moderately negatively 
correlated with SWSA (r = -0.62, p = 0.02). 

Due to the positive correlation between large-scale and local winds and in the 
absence of a strong underlying emissions trend, a priori, we expect that winters 
experiencing wind speeds above the long term average might be associated 
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with lower concentrations of PM10 due to increased dispersive capacity of the 
atmosphere.  

In order to explore support for this idea, the sign of the large-scale wind 
anomalies (positive or negative) for each winter from 2003 to 2015 is 
compared to the anomalies for observed PM10 concentrations, ie, whether they 
are above or below the 13-year average (Table 5.1). Three metrics for observed 
PM10 concentrations are used; number of days in the Alert and above category, 
average winter PM10, and average PM10 concentration for all days above 33 
µg/m3 (Alert threshold) for each year. A high or above average air pollution 
year occurred when at least two of the three PM10 metrics are above the 13-year 
average and a low pollution year is the opposite, ie, at least two of the PM10 

metrics are below the long term average.  

Table 5.1: Comparison of large-scale seasonal wind speed and PM10 metrics at 
Masterton West. PM10 values above the long term average are highlighted pink 
and those below in blue. Agreement between the wind anomalies and the 
expected influence on PM10 are highlighted green (ie, above average winds and 
lower than average PM10 for at least two metrics, or below average winds and 
above average PM10 for at least two metrics). Disagreement between the wind 
anomalies and expected influence on PM10 are highlighted in red. 

 Large-scale 
Seasonal wind 
speed anomaly (m/s) 

PM10 > 33 (No. in 
Alert and above 
category) 

PM10 winter 
mean 
(µg/m3) 

PM10 
mean > 
33 

Agreement 

2003 - 0.4 24 22.2 40.9 Yes 

2004 +0.5 11 19.2 43.6 Yes 

2005 -0.2 14 21.2 42.7 Yes 

2006 -0.4 18 21.1 41.7 Yes 

2007 +0.6 16 18.9 38.0 Yes 

2008 +0.6 26 22.3 42.4 No 

2009 +0.4 15 20.2 39.5 Yes 

2010 -0.5 21 20.5 42.9 Yes 

2011 +0.2 18 19.5 39.1 Yes 

2012 +0.2 25 23.1 43.4 No 

 2013 0 Neutral 16 19.6 41.0 Yes 

2014 +0.9 13 18.4 40.4 Yes 

2015 +1.2 8 16.7 38.8 Yes 

13-year 
mean 

 
17 20.2 41.1 

 

 
The qualitative comparison of large-scale seasonal wind anomalies and PM10 
metrics shown in Table 5.1 generally supports windier than average winter 
seasons being associated with lower than average air pollution. The higher than 
average pollution years (2003, 2005, 2006, 2008, 2010 and 2012) coincided 
with years exhibiting below average large-scale wind speed apart from 2008 
and 2012 which, unexpectedly (as these were the two highest pollution years 
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on record) are associated with above average large-scale wind speed. All of the 
years classified as having lower than average PM10 concentrations (2004, 2007, 
2009, 2014, 2015) are associated with higher than average large-scale wind 
speed, except 2013 which had neutral conditions but with an area of enhanced 
winds just south of Masterton. 

Possible reasons for 2008 and 2012 experiencing higher than average pollution, 
despite positive anomalies for large-scale winds, will be explored in Section 
5.6. 

5.4 New Zealand circulation indices 
Table 5.2 shows the monthly Trenberth Z1 index values for the winter periods 
from 2003 to 2015. When the index is large and positive, stronger and/or more 
frequent westerly winds occur across central New Zealand. When the index is 
negative, the westerly winds are weaker than normal or even easterly.  

Table 5.2: Monthly Z1 indices for the winter months from 2003 to 2015 and the 
winter average (0.1hPa). Positive numbers imply enhanced westerly winds and 
negative numbers imply enhanced easterly flow. Source NIWA. 

Year May June July August Winter 
average 

2003 10 38 5 -50 0.8 

2004 -4 42 -5 0 8.3 

2005 -9 -17 17 5 -1 

2006 -27 -26 -4 6 -12.8 

2007 35 -3 -31 13 3.5 

2008 -51 14 9 1 -6.8 

2009 -20 -40 3 32 -6.3 

2010 -35 -22 -32 -6 -23.8 

2011 22 -18 33 -11 6.5 

2012 -11 17 -27 -28 -12.3 

2013 -20 -30 30 -16 -9 

2014 33 -5 -11 -11 1.5 

2015 30 38 19 7 23.5 

 
Figure A.3 (Appendix 3) shows the winter average for the Z1 index is 
moderately negatively correlated with mean PM10 (r = -0.65, p = 0.015), the 
number of days where PM10 above the Alert threshold (r=-0.64, p=0.02) and 
local wind speed (r = 0.62, p = 0.023). The correlations between these 
variables at monthly resolution were much weaker. Enhanced westerly winds 
across the country were generally associated with higher wind speeds measured 
in Masterton and lower PM10 during the winter period. However, the 
relationship between large-scale westerly winds (as represented by the Z1 
index) and local winds in Masterton is not straightforward due to the sheltering 
effect of the Tararua Ranges to the west of the town. 
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5.5 Influence of seasonal extra-tropical cyclone intensity on PM10 
This section uses the cyclone counts generated by the Melbourne University 
automatic cyclone-tracking scheme (Simmonds & Keay, 2000). Figure A.4 
(Appendix 4) shows cyclone activity for each winter season compared to the 
long-term average with areas of enhanced cyclone activity in red or suppressed 
activity in blue. A seasonal extra-tropical cyclone index was generated for each 
year by counting the number of areas of enhanced cyclonic activity and this is 
represented by the number of “+” superimposed on the density plots. The index 
values are presented in Table A.1 (Appendix 1). 

The extra-tropical cyclone index is: 

 Strongly negatively correlated with average winter PM10 (r = -0.84, R2 = 
0.71, p ≤ 0.001) and the number days of PM10 was above the Alert 
threshold (r = -0.91, R2 = 0.83, p ≤ 0.001). The correlation is strong 
because four years with the highest number of Alert days and above, 2003, 
2008, 2010 and 2012 all had the lowest cyclone indices and the year with 
the lowest number of Alert and above days had the highest cyclone index. 

 Strongly positively correlated with the Z1 index (r = 0.84, p ≤ 0.001), an 
indicator of westerly winds. 

 Moderately positively correlated with local wind speeds (r = 0.62, p = 
0.02), and seasonal wind speed anomalies (SWSA) (r = 0.61, p = 0.03).  

Multiple linear regression results found that 92% of the inter-annual variation 
in average winter PM10 was explained by local average wind speed, local 
average daily temperature minima and extra-tropical cyclone intensity. 
However, inter-annual variation in the number of days where PM10 was above 
the Alert threshold was best explained by cyclone intensity alone (82%). 

Based on the above correlations and linear regressions it appears that annual 
variation in extra-tropical cyclone frequency/intensity is associated in some 
way with the air pollution dispersal potential during winter time. Correlation 
does not necessarily imply causation and it is not known exactly how the 
cyclone frequency over the Southern Ocean affects the specific evolution of 
synoptic conditions (eg, their sequencing and persistence) in order to create 
local condition conducive to the dispersion of air pollution. Seasons with 
increased extra-tropical cyclone activity would be associated with a greater 
number of cold fronts passing. Such increased frontal activity is likely to result 
in longer and/or more frequent periods of atmospheric instability, with less 
blocking and therefore less favourable conditions for air pollution to 
accumulate. 

5.6 Influence of global climate drivers on PM10  
This section explores the relationship between ENSO (as measured by the 
Southern Oscillation Index), SAM, extra-tropical cyclone intensity, local wind 
speeds and PM10 levels. It is postulated that these drivers may influence air 
pollution dispersion potential at the local scale through their influence on the 
westerly wind belt across New Zealand. 
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The zonal wind describes the large-scale westerly wind component that is 
neither cyclonic nor anticyclonic measured at 1000 hPa which corresponds to 
near sea-level elevation. Zonal winds represent both the frequency and strength 
of the west-east component of the wind. A positive anomaly indicates an 
increase in the frequency and/or strength of the westerlies relative to the long 
term average. Figure 5.7 shows the inter-annual variation in winter zonal wind 
anomalies for the period 2002 to 20153 compared to long-term climatology 
(1979-2014). The extremes in zonal wind anomalies can be related to the 
strength of the ENSO phase, for example, the much lower than average 
westerly wind component for New Zealand in 2010 coincided with a strong La 
Niña (winter SOI of 12.8) and the much higher than average westerly 
component observed in 2015 coincided with the strong El Niño (winter SOI of 
-15.1).  

Over the period 2003 to 2015 the correlation between the winter SOI and the 
zonal wind speed anomaly was not statistically different from zero. This is 
because most of the winters were neutral (ie, SOI values ranging between -8 
and +8) and therefore exhibited a mixed climate signal. The winter zonal wind 
anomalies were also not correlated with local wind speeds or winter average 
PM10 at the 95% confidence level (ie, p > 0.05). 

Local-scale wind speeds measured in Masterton were strongly correlated with 
PM10 levels. Local wind speeds were most highly correlated with the large-
scale seasonal wind speed anomalies (r = 0.75, p = 003) followed by cyclone 
intensity (r = 0.64, p = 0.019) and Z1 (r = -0.62, p = 0.02). Local wind speed 
was not correlated with the zonal wind speed anomalies. SAM was not 
correlated with any of these variables and is not a useful predictor at the 
seasonal scale.  

Over the period 2003 to 2015, 2015 stands out as an unusual climate year with 
the highest winter average wind speed (2.4 m/s), the most positive winter wind 
speed anomaly (1.2 m/s), the highest cyclone intensity (11) and the most 
negative SOI (-15.1). Therefore it is likely that the strong El Niño during 
winter 2015 was a major factor leading to the much lower than average PM10 
levels and fewest number of high pollution days recorded since measurements 
began in 2003. Conversely, 2012 was the highest pollution year on record but 
is unremarkable in terms of large-scale winds and SOI, although recorded the 
lowest winter wind speed (1.8 m/s) and lowest equal average daily temperature 
minima (4.8 oC) over the period. The very strong La Niña winter of 2010 did 
not result in above average levels of air pollution nor particularly low local 
wind speeds. An unusual feature in 2010 was the very high negative Z1 index 
(ie, easterly wind component). 

                                                 
3 Figure 5.7 provided by Sonya Fiddes (University of Melbourne) was produced for another research study. No air pollution data is available for 
winter 2002 for Masterton West so the analysis in this report is restricted to 2003 to 2015.  
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     Climate data from ERA-interim reanalysis 

Figure 5.7: Winter zonal wind speed anomaly (m/s) for 2002-2015 compared to the 
long-term climatology for the period 1979-2014  
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6. Conclusion 
This study finds that there are important climatic influences on the air pollution 
levels in Masterton on different temporal and spatial scales. Not unexpectedly, 
the strength of the large-scale wind speed anomaly influences the average PM10 

levels observed during winter. This is because the large-scale wind anomalies 
are correlated with local wind speeds. Although this relationship does not hold 
for 2008 and 2012, the results show that winters with stronger winds are more 
likely to have below average PM10 levels, while winters with weaker winds are 
more likely to have above average PM10 levels. Of the two years that had 
higher than expected air pollution (2008 and 2012), based on the large-scale 
seasonal wind regime, only 2012 could be explained by the joint influence of 
local wind speeds and temperature (Figure 5.6).  

The extra-tropical cyclone index helps explain the inter-annual variation in 
PM10 as this is an indicator of the level of frontal activity. Years with the 
greatest number of days where PM10 was above the Alert threshold (2003, 
2008, 2010 and 2012) had the lowest cyclone intensity, and the year with the 
lowest number of days above the Alert threshold (2015) had the highest level 
of cyclone intensity. 

The low number of high PM10 air pollution days observed in Masterton in 2015 
is related to climatic factors, particularly the El Niño. The onset of a strong El 
Niño in 2015 led to windier days and colder temperatures, with lower than 
normal pressures to the south-east of New Zealand and higher pressures to the 
west. These are the typical ‘climate signatures’ of El Niño years. Over the 
period of this study there was only one strong El Niño (2015) and one La Niña-
like winter (2010). In contrast to the El Niño, the effect of the La Niña on air 
pollution levels was not evident, possibly because the La Niña is accompanied 
by warmer than average temperatures. At the local scale it appears that the 
strong El Niño has an impact on reducing air pollution potential, however a 
much longer time frame of air pollution measurements is required for this 
relationship to be explored robustly. 

There is also likely to be a declining trend in wood burner emissions (due to 
the wood burners that have reached the end of their working life being replaced 
by new lower emitting models), but this alone is unlikely to be the reason for 
dramatic difference in air quality between 2014 and 2015. Climate conditions 
in winter 2015 were unusual having the largest values for: positive large-scale 
wind speed anomalies, negative SOI, extra-tropical intensity index and positive 
Trenberth Z1 index, compared to the other winters from 2003 to 2014.  

It is possible that the recent climatic conditions favouring low PM10 levels will 
not continue into the next few years, particularly as the El Niño phenomenon 
peaked in December 2015, is now declining, and is predicted to return to 
neutral conditions by mid-2016. Therefore the current surge of stronger than 
normal winds over New Zealand is expected to slowly subside back to normal 
over the next two winters.  

This study shows there is potential for using large-scale wind analysis in 
conjunction with climate drivers and the extra-tropical cyclone index to 
develop a method for predicting future air pollution ‘potential’ at a seasonal 
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scale. Finer scale prediction of high air pollution days will likely require air 
dispersion modelling (using a 3-D model) or statistical modeling of pollution 
potential based on local meteorological variables at a daily or hourly scale. 
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Appendix 1: Winter PM10 metrics and climate variables 

Table A.1: Winter PM10 and values for climate variables and indices  

Year PM10 
average 
winter 
(µg/m3) 

PM10  
No. days 
at and 
above 
Alert 
category 

Temp 
min 
(oC) 

Wind 
speed 
(m/s) 

SWSA 
(m/s) 

cyclone 
activity 
index 

Z1 
(0.1hPa) 

SAM SOI 

2003 22.2 24 5.2 1.9 -0.4 5 0.8 0.3 -4.6 

2004 19.2 11 5.5 2.2 0.5 8 8.3 0.8 -4.2 

2005 21.2 14 5.4 1.8 -0.2 7 -1 -0.4 -4.5 

2006 21.1 18 5 1.9 -0.4 6 -12.8 0.3 -9.9 

2007 18.9 16 5.9 2 0.6 7 3.5 -1.1 0.0 

2008 22.3 26 5 2 0.6 4 -6.8 0.3 3.0 

2009 20.2 15 4.8 2.2 0.4 6 -6.3 -0.8 -3.3 

2010 20.5 21 6 2 -0.5 4 -23.8 1.8 12.8 

2011 19.5 18 6.3 2.1 0.2 6 6.5 -0.4 3.8 

2012 23.1 25 4.8 1.8 0.2 4 -12.3 0.4 -5.0 

2013 19.6 16 6.1 1.8 0 6 -9 -0.1 7.5 

2014 18.4 13 5.8 2.3 0.9 7 1.5 0.1 -2.9 

2015 16.7 8 5.6 2.4 1.2 11 23.5 1.0 -15.1 
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Appendix 2: Large-scale wind speed anomalies 

 

Figure A.2: Large-scale wind speed anomalies (m/s) for winter (2003 to 2015). Above 
average wind in the Wellington Region is shown as +, below average as –, and neutral 
winters as N.  
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Appendix 3: Correlation matrix of all variables 

 

Figure A.3: Correlation matrix of all variables 
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Appendix 4: Extra-tropical cyclone density 

 
Figure A.4: Winter extra-tropical cyclone density (2003 to 2015) with enhanced activity 
shown as +. Units in cyclones x10-3 per degree of latitude squared counted on a daily 
(synoptic) basis. 



Influence of climate on air pollution in Masterton 

PAGE 26 OF 27  
  

References 

Carslaw DC and Ropkins K. 2012. Openair — an R package for air quality 
data analysis. Environmental Modelling & Software. Volume 27-28, pp. 
52–61.  

Chappell PR. 2014. National Institute of Water and Atmospheric Research. The climate 
and weather of Wellington 2nd Edition. NIWA Science and Technology Series Number 
65. 

Coulson G, Bian R, Somervell, E. 2015. An investigation of the variability of 
particulate emissions from woodstoves in New Zealand. Aerosol and Air Quality 
Research, 15: 2346-2356. 

Davy PK. 2007. Composition and Sources of aerosol in the Wellington Region of New 
Zealand. PhD thesis, Victoria University of Wellington. 

Devore J and Farnum N. 2005. Applied statistics for engineers and scientists. 2nd ed. 
Brools/Cole Thomson Learning, CA. 

Gordon N. 1986. The Southern Oscillation and New Zealand Weather. Monthly 
Weather Review, 14, 371-387. 

Ministry for the Environment. 1997. Environmental performance indicators: Proposals 
for air, fresh water, and land. Ministry for the Environment, Wellington. 

Mitchell T. 2015. Air quality State of the Environment monitoring programme. Annual 
data report, 2014. Greater Wellington Regional Council. GW/ESCI-T-15/1. 

Pezza AB and Ambrizzi T. 2003: Variability of Southern Hemisphere Cyclone and 
Anticyclone Behavior: Further Analysis. Journal of Climate, 16, 1075-1083.  

R Core Team. 2015. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria.  URL http://www.R-
project.org/. 

Salinger MJ and Mullan AB. 1999. New Zealand climate: temperature and precipitation 
variations and their links with atmospheric circulation 1930-1994. Int. J. Climatol., 19, 
1049-1071. 
 
Simmonds I and Keay K. 2000: Mean Southern Hemisphere extratropical cyclone 
behavior in the 40-year NCEP-NCAR reanalysis. Journal of Climate, 13, 873-885. 
 
Statistics New Zealand. 2013. 2013 census meshblock dataset: Wellington region. 
http://www.stats.govt.nz/Census/2013-census/data-tables/meshblock-
dataset.aspx#variables 
 
Trenberth KE. 1976. Fluctuations and trends in indices of the southern hemisphere 
circulation. Quarterly Journal of the Royal Meteorological Society, 102: 639–653. 



Influene of climate on air pollution in Masterton  

 PAGE 27 OF 27 
 

Wilton E, Bluett J and Chilton R. 2015. Home heating emission inventory and other 
sources evaluation. Prepared for the Ministry for the Environment and Statistics New 
Zealand. January 2015. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 90
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 90
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


