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Abstract: Eleven years of hospital admissions data for Auckland, New Zealand for respiratory
conditions are analyzed using a Poisson regression modelling approach, incorporating a spline
function to represent time, based on a detailed record of haze events and surface air pollution levels
over an eleven-year period, taking into account the daily average temperature and humidity, the day
of the week, holidays and trends over time. NO2 was the only pollutant to show a statistically
significant increase (p = 0.009) on the day of the haze event for the general population. Ambient
concentrations of CO, NO and NO2 were significantly associated with admissions with an 11-day lag
period for the 0–14 year age group and a 5–7 day lag period for the 65+ year age group. A 3-day lag
period was found for the 15–64 year age group for CO, NO and PM10. Finally, the incidence of brown
haze was linked to significant increases in hospital admissions. A lag period of 5 days was recorded
between haze and subsequent increases in admissions for the 0–14 year age group and the 65+ group
and an 11-day lag for the 15–64 year age group. The results provide the first statistical link between
Auckland brown haze events, surface air pollution and respiratory health. Medical institutions and
practitioners could benefit from improved capacity to predict Auckland’s brown haze events in order
prepare for the likely increases in respiratory admissions over the days ahead.
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1. Introduction

Research has linked poor air quality with numerous adverse health outcomes, including but
not limited to, cardiovascular disease [1–3], myocardial infarction and cerebrovascular disease [4,5],
respiratory conditions requiring hospital admission [6,7] and lung cancer [8,9]. Poor air quality and
adverse health outcomes are not geographically isolated events, with major studies carried out in North
America [10,11], South America [12], Europe [13], Eastern Asia [14] and India [15], all reporting positive
associations. The type of air pollutant studied varies according to the study scope but typically focuses
on particulate matter 2.5 microns and smaller (PM2.5) [6,16] and 10 microns and smaller (PM10) [17],
as well as gases, including ozone (O3) and oxides of nitrogen (NO, NO2) [17,18]. Some studies consider
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the population as a whole [1,19] while others target specific subgroups such as men [8], women [20],
or children [21,22].

Despite the diversity of pollutants studied, target groups researched and geographical locations
explored, no study has reported a maximum safe level of air pollution exposure and uniform
threshold effects have yet to be identified [11,23]. The inconsistent extent of the observed effects
of air pollution exposure on health can be related to the different air pollutants that prevail at different
locations worldwide [24]. The distribution of pollutants over a city is associated with many factors,
including geographical location, socio-economic status of the population and population size [25].

Although it is a geographically-isolated island state with a relatively small population,
New Zealand is affected by poor air quality at times. It has been estimated that PM10 exposure
is responsible for 1175 premature deaths and 607 extra hospital admissions for respiratory and cardiac
illnesses yearly, based on a population of 4.1 million inhabitants [23,24].

In New Zealand, there has been little work investigating the associations between air pollution and
mortality and morbidity. Two studies have investigated the relationship between PM10 and hospital
admissions in regional studies in Christchurch, New Zealand [25,26], reporting a significant association
between PM10 levels and cardio-respiratory admissions, with a 3.4% increase in respiratory admissions
for each interquartile increase in PM10 (with an interquartile value 14.8 µg/m3). An Australasian study,
which included Auckland amongst the cities considered, investigated three years of data and NO2

concentrations in isolation and suggested that there is an association between respiratory admissions
and NO2 in young people, with the largest being a 6.0% increase in asthma admissions (5–14 years)
in relation to a 5.1 ppb increase in 24-h NO2 concentrations [27]. The only study to focus specifically
on Auckland’s air quality and mortality employed airshed modelling and NO2 as the pollutant and
found NO2 concentrations to be associated with mortality [28]. Note that this study was carried out
12 years ago and used a relatively short time series of four years for the analysis. Until now, no studies
have investigated the relationship between Auckland’s air quality and its morbidity, nor has any study
used multiple pollutants in its assessment.

In addition, all New Zealand studies to date have relied solely on data from a limited number
of surface-level fixed air pollution monitoring sites [25,26,28]. Given the high spatial variability in
concentrations due to the prevalence of vehicle exhaust emissions, it is not clear the extent to which
measurements from such sites are representative of the average exposure of the city’s residents [29].
Moreover, air quality data from fixed sites are only accessible for research use some months after
calibration and other quality assurance procedures have been conducted. Thus, the data are limited in
terms of their usefulness in forecasting short-term health impacts for hospital planning. Brown haze,
a visual indicator of air pollution that sometimes appears over Auckland’s skyline, is not restricted in
these ways. Auckland’s haze is here-in described as brown haze due to the distinct brown discoloration
when viewed from a distance (Figure 1). The brown moniker was felt necessary to create a distinction
from mist haze. Mist haze is white when observed and is not related to high air pollution events.

Recent research carried out in Auckland investigating meteorological conditions contributing
to brown haze events, based on a long-term photographic record, found that cool temperatures and
low wind speeds are linked to high-intensity haze events [30]. Another investigation, incorporating
back-trajectory meteorological modelling, further identified the importance of long-term stable air
masses and local pollution sources in its formation [31]. Studies have shown that much of the variance
in Auckland’s NO2 levels during the morning rush hour commute can be explained by meteorological
conditions, including high atmospheric pressure, cool temperatures and calm winds, conditions also
conducive to brown haze formation and observed predominantly during the winter months [32].
A further study supported these findings by linking increased concentrations of ground-based NO and
NO2 to days when a brown haze is visible [33]. Moreover, a short-term study used filter analysis to
establish a link between increased PM levels and diesel emissions to the occurrence of brown haze [34].

With links between air pollution and health and air pollution and brown haze established,
it is reasonable to postulate an association between brown haze formation and adverse health
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outcomes. In this paper, we investigate these links using datasets extending back 11 years,
including a comprehensive brown haze photographic record, hospital admissions records,
surface air pollution for four commonly measured air pollutants (rather than just one), as well as
meteorological data.

2. Methods

2.1. Study Population

The population of the Auckland District Health Board, the catchment area for the hospital
admissions data, is 457,000 people. The area covers approximately 150 km2 [35] (Figure SI.1) and is
bordered by the Waitemata Harbor to the north and the Manukau Harbor to the south. Traffic in the
central Auckland area can become congested, degrading the air quality [29,36].

2.2. Brown Haze Data

Brown hazes appear over Auckland at times during the cool season from May through to August.
From 2001 to 2011, a photographic record of brown haze events was created by the former Auckland
Regional Council. For this period, every day during the cool season (May through to August) was
classified as either a brown haze day or a non-brown haze day based on the intensity and duration
of discoloration in the sky [30,31]. Figure 1 provides examples of clear and brown haze days over
Auckland. The classification system has been used in previous research [30,31,33]. Figure 1 provides
examples of clear and brown haze days over Auckland. On average, there were eight brown haze days
in each of the cool seasons from 2001 to 2011. However, there is a large amount of variation in the
number of days from year to year (ranging from one day (2005) to 13 days (2009)).
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Figure 1. Examples of Auckland CBD on (a) a clear morning and (b) on a brown haze morning.
Courtesy Auckland Council.

2.3. Air Pollution and Climate Data

The (former) Auckland Regional Council provided daily mean values of four pollutants: NO,
NO2, CO and PM10. Measurements were collected from a monitoring site located on Lincoln Road in
West Auckland. Although not central, the Lincoln Road site provides a dataset covering the whole of
the 2001 to 2011 required time period (for some of the pollutants) and is located within the Auckland
urban airshed. All air pollution data used in this study were obtained using regulatory standard
instrumentation, including a Beta Attenuation Monitor for the PM data and chemiluminescence
analyzers for the NO/NO2/NOx measurements. The data from this site were calibrated and quality
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assured as part of the procedures associated with Auckland Council’s on-going air quality monitoring
network ensuring compliance methods to regulatory standards.

The Lincoln Road site is set back from a busy arterial road. However, prior research has suggested
that measurements at the site are closely correlated with measurements from other Auckland urban
monitoring sites [33]. Therefore, the Lincoln Road site is assumed to be representative of Auckland’s
ground-based air pollution levels.

The surface meteorological measurements (temperature (in ◦C) and relative humidity (in %)),
were obtained from the Auckland Airport weather station through CliFlo, New Zealand’s National
Climate Database [37].

2.4. Hospital Admissions

Hospital admissions data (obtained through an application process from the New Zealand
Ministry of Health) were non-identifiable (encrypted with respect to the NHI number) data from the
national minimum dataset. They consisted of hospital discharge data within the Auckland District
Health Board catchment with a primary diagnosis based on the International Classification of Diseases
10th Re-vision (ICD10) diseases of the respiratory system (J00-99) over the period of 2001–2011 inclusive.
Daily counts of acute respiratory admissions were computed for the general population and three
separate age groups (0–14 years, 15–64 years and 65+ years).

2.5. Statistical Methods

Time series analysis using generalized additive modelling (GAM) was used to determine whether
hospital admissions were associated with brown haze events and air pollution. The Statistical software
package SAS Version 9.3, with the GAM procedure for generalized additive modelling, was used for
all analyses.

Since Auckland studies have linked temperature and humidity to respiratory and cardiovascular
disease [38], the daily average temperature and humidity were investigated as confounding factors.
The effects of temperature can be non-linear, with increases in admissions occurring at both high
and low temperatures [39], with non-linear temperature effects requiring additional non-parametric
smoothing parameters to appropriately adjust for the effect of temperature. However, based on the
current dataset, it was found that nonlinear representation was not necessary, so a linear temperature
effect was assumed. The data indicate that hospital admissions vary by day of the week. Therefore,
dummy variables indicating the day of the week were inserted into the model. An indicator variable
for public holidays was also included as such days may be confounders.

In the model, it was assumed that unmeasured confounders, such as seasonal variations and
changes in population, vary smoothly with time [39]. A smooth function of time with at least two
degrees of freedom was therefore included in the model. A cubic smoothing spline was chosen for
the purpose and the degrees of freedom selected for each model using a generalized cross validation
function (GCV), as it has been shown to provide unbiased estimates of the log-relative risk for air
pollution [40]. A sensitivity analysis of the number of degrees of freedom in relation to beta was also
carried out.

Influenza epidemics were also considered as a potential confounder. However, recent research
in New Zealand suggests that their inclusion does not significantly alter estimates of air pollution
effects [26]. Therefore, it was assumed that any effects would be adequately accounted for with the
application of the smooth function of time as described above.

The base model therefore takes the form of:

Yt = Poisson(µt)

log(µt) = β0 + β1xt + β2zt + β3rt + β4dt + β5ht + s(t, d f )
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where Yt is the admissions count, xt is the pollutant predictor, zt is the daily average temperature,
rt is the daily average relative humidity, dt represents the day of the week dummy variable, ht is
the holiday variable and s(t,df ) is the smoothed spline function of time with df being the number of
degrees of freedom, kept at the default value of df = 4. The model estimates β1, the pollution effect.
Exponentiating β1 gives the increase in admissions per unit increase in the pollutant. The results are
presented as a percentage change in admissions per µg·m−3 of pollutant as follows:

% Change in admissions per 1 µgm−3 = (exp(β1)− 1)× 100

A previous time series study of respiratory admissions and air pollution carried out in
Christchurch, New Zealand found significant associations between respiratory hospital admissions
and PM10 for lag periods of up 14 days [26]. Based on the results of earlier work in New Zealand lag
period of up to 14 days were investigated. Separate models (single lag models) with different lags of
up to 14 days (2 weeks) for the occurrence of brown haze and the pollutants were constructed and
separate analyses carried out by age group (0–14, 15–65 and 65+ years).

3. Results

The summary statistics for the air quality, hospital admissions and temperature data are presented
in Table 1. Missing data were a small proportion (less than 4%). Approximately two-fifths of the
respiratory admissions were recorded during the four months that make up the cool season in the
Southern Hemisphere (May to August).

Table 1. Summary statistics for daily air quality metrics, hospital admissions and temperature.

Variable
Statistic

n Mean SD Min Q1 Med Q3 Max

Annual respiratory
hospital admissions count

All age groups 72,429 18.0 7.6 1 12 17 22 54
0–14 years 33,490 8.3 4.8 0 5 7 11 28

15–64 years 22,763 5.7 2.9 0 4 5 7 21
65+ years 16,203 4.0 2.5 0 2 4 5 22

Cool season respiratory
hospital admission count

All age groups 31,245 23.1 7.7 6 18 22 28 54
0–14 years 15,368 11.4 5.1 1 8 11 14 28

15–64 years 9275 6.9 3.2 0 5 6 9 21
65+ years 6602 4.9 3 0 3 5 6 15

Annual atmospheric
and pollution data

NO (µg·m−3) 3150 20.8 21.1 0.0 4.5 14.9 29.1 139.0
NO2 (µg·m−3) 3149 14.8 9.3 0.3 7.2 13.5 20.8 53.1
CO (mg·m−3) 3895 0.41 0.38 0.00 0.14 0.30 0.56 2.99

PM10 (µg·m−3) 3248 15.2 6.4 2.0 11.1 14.0 18.0 45.3
Temperature (◦C) 4017 15.3 3.5 4.9 12.7 15.3 18.1 24.4

Cool season atmospheric
and pollution data

NO (µg·m−3) 1094 31.7 27.4 0.0 10.0 24.4 47.7 139.0
NO2 (µg·m−3) 1094 19.9 9.7 0.6 12.7 20.0 26.4 53.1
CO (mg·m−3) 1303 0.64 0.48 0.0 0.28 0.54 0.87 2.99

PM10 (µg·m−3) 1093 17.7 7.4 3.7 12.9 16.6 21.5 44.7
Temperature (◦C) 1353 12.1 2.5 4.9 10.5 12.2 13.7 NA
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The air quality data cover differing periods of time depending on when monitoring commenced
for a particular pollutant. CO was monitored for the entire period of the study (January 2001 to
December 2011). The monitoring of PM10 commenced in January 2003 and the monitoring of NO
and NO2 began in April of 2003. During the cool season, the mean daily average for all pollutants is
elevated compared to the mean value for the full year (Table 1), with PM10 showing the least amount
of seasonal variation while NO shows the greatest.

The estimated percentage changes in hospital admissions with 95% confidence intervals associated
with NO2, NO, PM10 and CO for both the general population and age groups 0–14, 15–64 and 65+ are
shown in Figures 2–5 for the full period. Estimates of the percentage change in hospital admissions were
given for the current day (lag 0 days) and lags of one to fourteen days. NO2 was the only pollutant to show
a statistically significant increase (p = 0.009) on the current day for the general population. Statistically
significant results were observed for a variety of lag periods, however, with apparent trends within the lag
period between differing pollutants. All age groups showed statistically significant percentage changes in
admissions. However, the lag time between the haze events and hospital admissions varied according to
both the pollutant and age group. A number of statistically significant (p < 0.05) negative correlations
between air pollution concentrations and respiratory hospital admissions were observed for the general
population and within the three age groups.
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Estimates of the percentage change in admissions associated with a brown haze day with 95%
confidence intervals are provided in Figure 6. Statistically significant increases associated with a haze
day were seen for the general population and all age groups. In particular, on the fifth lag day,
statistically significant (p < 0.05) increases were seen across the general population, the 0–14 and
65+ years age groups.
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4. Discussion

This is the only study to investigate the association between air pollution concentrations and
respiratory hospital admissions in Auckland. The study considered 11 years of data and found
statistically significant associations between surface level concentrations of the pollutants CO, NO and
NO2 and respiratory hospital admissions in Auckland. Furthermore, this is the first study in New
Zealand linking brown haze formation to respiratory hospital admissions.

The data were examined for a lag period of up to 14 days after the event for all pollutants and
population groups for which statistically significant results were found. To investigate if the results
found for the lag periods were real and not a product of a confounding factor remaining in the model,
lead days out to 14 days were tested. The number of statistically significant results found was more
than would be expected by chance alone, giving us confidence that the effects seen in the models with
air pollution lag time are real associations.

PM10 has previously been reported to have an adverse effect on respiratory hospital admissions
in both New Zealand [26] and in Australia [27]. The results reported in this study indicate that PM10

was the pollutant the least likely to be associated with respiratory hospital admissions in Auckland,
with the group 15–64 years with lags of 0 days and 3 days showing the only significant correlations.

There are a number of possible reasons for this. Auckland is a coastal city; sea salt has been found
to contribute approximately half the mass of coarse particulates (2.5 µm to 10 µm in diameter) in both
summer and winter [36]. It has also been noted that the sea salt portion is likely to be high on windy
days (low pollution) and low on calm days (higher pollution) [34]. The variation in particulate mass
that is not caused by anthropogenic sources may act to obscure the effect that PM10 air pollution is
having on respiratory hospital admissions. This effect appears to be evident in the results obtained.
It should be noted, though, that while statistical significance was not reached for any lag for PM10

concentrations, respiratory admissions in relation all ages for PM10 showed the most consistent
day-to-day increase for all pollutants and age groups, peaking at a lag of four days and then decreasing
again. Significance may have been reached had a different statistical approach been used, such as
clustered distributed lags.

The pollutants NO, NO2 and CO were found to be associated with an increased number of
respiratory admissions in Auckland. For the 0–14 age group, Figure 3 shows a similar trend for hospital
admissions for NO, NO2 and CO. This trend is defined by an initial increase in admissions, followed by
a drop in admissions, evident from a negative correlation between Days 3 and 4. A non-linear increase
in admissions until lag Day 11 was then observed, when all gases reveal statistically significant results.
The explanation for the significant 11-day lag time is unclear. None-the-less, these results support
previous studies which have indicated an increased sensitivity of young people to gaseous pollutants
such as NO and NO2 [21,22].

With the 65+ years age groups, for NO, NO2 and CO, there is an overall trend of a maximum
increase in respiratory hospital admissions for lags of between 4 and 7 days (Figure 5). Specifically,
significant increases in hospital admissions are found after 5 days for NO, 4–6 days for CO and 7 days
for NO2. For all age groups tested, statistically significant positive associations were generally followed
by statistically significant negative correlations several days later. This could indicate a morbidity
displacement effect. The reason for the earlier admissions for the 65+ years age group compared to the
0–14 years age group is not clear. This may be a result of a weak immune system increasing the severity
of the effects of these gaseous pollutants. Another explanation may be related to social factors for the
65+ years age group, such as advice from elderly care-workers, the ability of elderly people to verbalize
their discomfort, along with a willingness or ability to seek medical help. Overall, the magnitude of
the effect seen in Auckland in the general population is consistent with the findings of other studies in
North America, Asia and Europe [10–15]. The impact of lag times on health outcomes after pollution
events is not commonly reported upon [29].

Brown haze is associated with increased concentrations of surface pollutants in Auckland [30,31,33].
The brown haze events are an indicator of elevated levels of all pollutants across Auckland, in particular
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in central Auckland. The brown haze indicates that the mix of pollutants specific to Auckland is
at a high level. On average, the four measured pollutants used in this study have concentration
consistently above the 90th per-centile for each pollutant when brown haze events occur. Therefore,
a brown haze event is a visual indicator of poor air quality with pollutants that are associated with
health outcomes. Moreover, a direct relationship between brown haze events and the percentage
increase in respiratory hospital admissions is revealed (Figure 6). For all age groups, statistically
significant increases in admissions are found at various lag times: for the 0–14 years age group, a lag
time of 1 and 5 days, for the 15–64 years age group, an 11-day lag time and for the 65+ years age group,
a 5-day lag time. The lag periods of 5 and 11 days were also significant for the 0–14 and 65+ years
age groups for CO and NO, whilst NO2 was significant for lag times of 7 and 11 days. These results
reveal a relation between brown haze events over Auckland; and an increase in gaseous pollutants
NO, NO2 and CO is associated with an increase in hospital admissions for respiratory disorders.

These results have the potential to be utilized as a measurement tool—one that is easily assessable
to the general public—to monitor progress in improving air quality in Auckland, especially in the
cooler months. Previous studies have inferred correlations between the pollutant and health effects,
utilizing the results for a single pollutant. This approach fails to take into account the complex mix
of air pollutants to which people are exposed. The four pollutants considered for this research can
affect human health via different pathways, perhaps explaining the lack of uniformity between the
associations for the four pollutants and respiratory hospital admissions. Moreover, a single pollutant
in isolation cannot be considered an indicator of the overall effect on morbidity. Although there are
subtle differences in the results, this study finds significant correlations between NO, NO2 and CO
and respiratory health at different lag times. The finding for PM10 does not support the findings from
the gaseous pollutants, most likely due to the increase in PM10 during high wind speed days due to
the presence of coarse mode sea salt.

Further work should investigate PM2.5 concentrations in relation to health outcomes in Auckland.
Overseas studies have found associations between PM2.5 and hospital admissions. It has been
suggested that PM2.5 acts as a suitable indicator for the pollutant mix. This would largely eliminate
the effect of sea spray on particulate matter concentrations as sea spray is generally considered to fall
in the 2.5 and 10 micron diameter range.

Supplementary Materials: The following are available online at www.mdpi.com/2225-1154/5/4/86/s1,
Figure SI.1: Districts of Auckland that are covered by Auckland district health board. (Insert) Hauraki Gulf islands
and Great Barrier Island.
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