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Indigenous Knowledge of seasons delivers a new way of 
considering annual cycles in atmospheric dispersion of 
pollutants 
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Emma WoodwardH   

ABSTRACT 

Poor air quality is recognised as the most important environmental health issue of our time. 
Meteorological variables like temperature and wind speed can strongly influence air quality and 
these variables often show clear annual cycles. It is therefore common to analyse atmospheric 
pollutants within a seasonal framework. However, the commonly used seasons in Australia do 
not align well with all of the most important annual weather patterns that influence air quality in 
the Sydney Basin. We used Indigenous perspectives on ‘seasons’ as identified by the co-authors 
and combined these with statistical analysis of the local climatology. This enabled us to create a set 
of locally informed ‘quasi-seasons’ that we named IKALC-seasons (Indigenous Knowledge Applied 
to Local Climatology). Engaging with the IKALC-seasons improved our understanding of temporal 
variability of air pollution in western Sydney, mainly due to a better identification of the time of 
year when cold, still weather conditions result in higher levels of fine particulate pollution, carbon 
monoxide and nitrogen oxides. Although the IKALC seasons identified in this study are intrinsi
cally local in nature, the methodology developed has broadscale application. This approach can be 
used to identify the times of year when micrometeorological conditions are most likely to drive 
poor air quality thereby helping to inform effective decision-making about emission controls.  

Keywords: air pollution meteorology, air quality, CO, Indigenous Knowledge, NOX, O3, 
PM2.5, seasonal cycles, seasons, Sydney. 

1. Introduction 

The negative health impacts of poor air quality on urban populations are well established 
(e.g. Dockery et al. 1993; Cohen et al. 2005; Beelen et al. 2014). Lelieveld et al. (2015) 
estimated that worldwide, more than 3 million premature deaths were caused by outdoor 
air pollution, with PM2.5 (particulate matter less than 2.5 µm in diameter) the primary 
culprit (Lelieveld et al. 2015). Long-term exposure to elevated concentrations of ozone is 
also known to be linked with negative health outcomes (Jerrett et al. 2009). 

Despite the fairly good air quality of the city of Sydney, Australia, significant health 
impacts are still evident (Broome et al. 2015). For example, exposure (even at low 
concentrations) to atmospheric pollutants (e.g. PM2.5, ozone, O3, and oxides of nitrogen, 
NOX) has been found to increase hospital admissions for five types of cardiovascular 
disease in elderly people in Sydney (Barnett et al. 2012). A longitudinal cohort study has 
further found evidence of an association between long-term exposure to the low concen
trations of PM2.5 and NO2 in Sydney and detrimental health effects (Hanigan et al. 2019), 
with ~2% of deaths in Sydney being attributed to PM2.5 and O3 pollution (Broome et al. 
2015). These pollutants dominate exceedances of national air quality standards in Sydney 
(NSW Office of Environment and Heritage 2017, 2018) and unsurprisingly have been 
identified as the pollutants of most concern in Sydney (Paton-Walsh et al. 2019). 
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The temperate coastal basin geography of Sydney results 
in heterogeneous air quality, with worse air quality often 
observed in the west of the city. This is due to a combination 
of topography and meso-scale meteorology (Jiang et al. 
2017), including cold air drainage into the Sydney Basin 
that can trap pollution close to the surface during the coldest 
times of the year; and afternoon sea breezes that can push 
polluted air-masses (with high O3 concentrations) into west
ern Sydney during the hottest part of the year (Paton-Walsh 
et al. 2018; Chambers et al. 2019b). 

The PM2.5, O3 and other atmospheric pollutants can 
themselves exhibit strong annual variability, as the source 
strength of precursor pollutants and the meteorological con
ditions that affect chemical processing in the atmosphere 
change with the seasons (Oltmans and Levy 1992; Jaffe et al. 
2005; Kandlikar 2007; McCarthy et al. 2007; Barnaba et al. 
2010; Rastogi et al. 2016; Wang et al. 2016). Photochemical 
production of ozone peaks when temperatures and radiation 
levels are highest (Oltmans and Levy 1992), along with 
emissions of biogenic volatile organic compounds, that are 
precursors to the production of O3 and secondary organic 
aerosols (Guenther et al. 2012; Emmerson et al. 2016). 
Other pollutants peak in colder times of the year when the 
planetary boundary layer is low and atmospheric mixing is 
suppressed (Chambers et al. 2015). 

In Sydney, both PM2.5 and O3 are strongly influenced by 
meteorological conditions and emissions that change through
out the year. Maximum O3 concentrations occur most often on 
hot days early in the year (Utembe et al. 2018), whereas high 
PM2.5 concentrations are most frequent in the coldest parts of 
the year, when domestic wood-heaters are commonly used in 
the city and atmospheric mixing is low (Robinson 2011;  
Desservettaz et al. 2019). Extreme pollution events can also 
occur in warmer months due to wildfires (e.g. Rea et al. 2016;  
Simmons et al. 2022). Owing to heterogeneity in the fre
quency, magnitude and characteristics of poor air quality 
events throughout the year, it is useful to examine atmo
spheric pollutant concentrations through a seasonal lens. 

Recent awareness of the catastrophic impacts of human 
population growth and industrial development has led 
Western science to seek different approaches and models to 
the use and management of natural resources. These new 
approaches align more closely with the Indigenous world
views of sustainability and coexistence. This has supported 
Indigenous Knowledge and Western science becoming more 
compatible partners in research (Green et al. 2010; Bohensky 
et al. 2013). Traditionally, and still today, Indigenous peoples 
hold an alternative way of understanding the world around 
them. Intimate knowledge and understanding of weather and 
seasonal change, and the resultant effect on resource availa
bility has enabled Indigenous peoples to coexist rather than 
dominate the environment for several millennia (Woodward 
et al. 2009, 2012; Green et al. 2010; Nuggett et al. 2011;  
Prober et al. 2011; Giblett 2012; Liedloff et al. 2013). It is 
difficult to translate the complex concepts of Indigenous 

Knowledge for understanding in Eurocentric methods of 
thinking and analysis without oversimplifying and commodi
fying the Indigenous line of thought (Haynes 2010). 

The Western scientific method is complementary to 
Indigenous Knowledge production in that both are based 
on an accumulation of observations over time and genera
tions, and rely on the testing of those observations to create 
‘truths’ (Roös 2015). Many Indigenous people continue to 
live immersed in understandings of the landscape and 
understand that its processes, including weather patterns, 
rarely follow set time periods, nor occur at the same time 
each year (Prober et al. 2011; Clarkson et al. 2017). 
Nevertheless, there is value in recognising typical weather 
patterns at fixed times of year for the purposes of under
standing and regulating air quality. However, the division of 
the year into four set time periods of summer, autumn, 
winter and spring is neither informative nor particularly 
useful in reflecting on weather patterns experienced in 
south-eastern Australia (Giblett 2012; Entwisle 2014). 

The concept of ‘seasons’ has historically varied between 
cultures worldwide and are sometimes arbitrarily identified. 
The Gregorian-based seasonal cycle of summer, autumn, 
winter and spring is very familiar to western nations; how
ever, the actual definitions used for these seasons vary from 
country to country. In the meteorological definition (as used 
in Australia), the seasons start on the first day of those 
months that include the solstices and equinoxes. In some 
other countries, the first day of spring is taken to be the day 
of the astronomical vernal equinox (which varies between 
19 and 21 March) and the summer solstice is considered to 
be the first day of summer. Yet others consider these astro
nomical markers of the year to be mid-spring and mid- 
summer respectively. Thus, although some cultures define 
seasons strictly by astronomical events, in Australia the 
seasons are defined by months of the year:  

• Summer months are December, January and February,  
• Autumn months are March, April and May,  
• Winter months are June, July and August; and  
• Spring months are September, October and November. 

In this paper we refer to these as ‘European’ or ‘Western’ 
seasons since it was Europeans that first brought these 
Western cultural ideas to Australia. The division of the 
year into 12 months (and then further into four seasons) is 
a result of European cultural traditions that date back more 
than 2000 years to Roman times. 

This cultural practice of dividing the year into four sea
sons of almost equal length has persisted to modern times; 
however, these ‘Western’ seasons do not align well with 
synoptic-scale weather patterns that occur in the Sydney 
Basin. Although the fundamental driver of seasonal changes 
throughout the year is the earth’s tilted orbit around the sun 
(and the resultant impacts on the global circulation pat
terns), how this translates to synoptic scale weather patterns 
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varies across the globe. In south-east Australia, the oceanic 
east-Australian current can also be an important driver of 
synoptic-scale weather (Hopkins and Holland 1997). 
Additionally, meso-scale processes can be an important 
driver for meteorological conditions likely to affect air qual
ity in the Sydney Basin (Jiang et al. 2017; Chambers et al. 
2019b). It is therefore useful to have an understanding of 
local ‘seasonality’ (meaning how different weather parame
ters change during the year), in order to understand annual 
variation of air quality within a specific region of interest. 
For this reason we were motivated to explore whether 
Indigenous perspectives of climate could provide insight 
into creating more meaningful set of local ‘seasons’ for west
ern Sydney, that might inform our understanding of annual 
cycles in atmospheric pollutant concentrations in the region. 

Indigenous perspectives of seasonality provided inspira
tion for our aim of finding a more-appropriate and useful 
way of describing Australian annual weather patterns, for 
application in air quality research in the Sydney Basin. The 
aim was to work collaboratively with Indigenous partners to 
ensure our interpretations of Indigenous ideas of seasonality 
was consistent with Indigenous observations of seasonal 
change (Prober et al. 2011; Law 2012; Bohensky et al. 
2013; Leonard et al. 2013), and then apply this to better 
understand air quality patterns in the region. 

Australia’s Indigenous peoples have been custodians of 
the land for over 60 000 years (Rose 1996, 2000; Clarkson 
et al. 2017), and their connection to the land and sea is 
intrinsic to their existence (Rose 1996, 2000; Woodward 
et al. 2020). The interconnected relationship between local 
Indigenous people and the landscape, including animals, 
plants and weather, is interwoven with their detailed knowl
edge of seasonal cycles and associated resource availability 
that has been passed down through generations over thou
sands of years (Woodward et al. 2009; Green et al. 2010;  
Woodward 2010; Prober et al. 2011). Drawing on their unique 
and complex knowledge systems, Indigenous Australians have 
been able to adapt to, and thrive, within the changing 
landscape. 

The Indigenous spiritual connection to the landscape has 
created a deep knowledge of the workings of the environ
ment, which has been passed on through generations, includ
ing an intricate understanding of weather cycles and the 
corresponding indicators of past and future weather events. 
This all revolves around the availability of food throughout 
changes in weather often indicated by phenological events 
(O’Connor and Prober 2010). This is supported by archaeo
logical examination of campsite residue, ‘middens’, as proof 
of seasonal variation in pollens, seeds, and animal, fish and 
shellfish types and species, identifying the movement pat
terns of communities related to knowledge of seasonal avail
ability (Bursill 1993; Roös 2015). Many Indigenous seasonal 
calendars have recently been developed in Australia; how
ever, to date these have not been investigated in terms of air 
quality data (see the Bureau of Meteorology's Indigenous 

Weather Knowledge website, http://www.bom.gov.au/iwk/ 
index.shtml). 

In more recent times, the western scientific community 
has taken an increasing interest in Indigenous Knowledge and 
perspectives as opportunities for enhanced, collaborative 
approaches to management of the environment (Bohensky 
et al. 2013). Engaging across knowledge and value systems 
requires a rethinking of how people come together to collab
orate. This has inspired the development of research methods 
and approaches that are more sympathetic to engagement of 
multiple views, perspectives and knowledge systems, includ
ing a move toward co-designed and Indigenous-led research 
that seeks to weave across knowledge systems (Bohensky 
et al. 2013; Johnson et al. 2016; Tengö et al. 2017). This 
contrasts with previous scientific research that drew exclu
sively on Western views and methods of viewing the world, 
based on predicting the way the natural world functions, 
excluding and marginalising non-Western knowledge systems 
(Green et al. 2010; Bohensky et al. 2013). 

The landscape has changed significantly in the last 
200 years due to the continued impacts of colonisation. In 
the Sydney region especially, there is very little land left 
untouched by colonisation. Even locations that have been 
preserved, such as national parks, have changed since the 
Indigenous peoples have been unable to continually and 
actively care for and manage the land and pass on related 
knowledge to future generations. As a result, the traditional 
seasonal indicators either no longer exist or have become 
hidden. This dramatic change in landscape has made it 
difficult for Indigenous Knowledge to be applied because 
the introduction of built environments has resulted in a loss 
in vegetation and driven animals away. 

However, Indigenous Knowledge is a process, where the 
people continuously learn new knowledge and pass it on 
through generations. Oral tradition allows for flexibility of 
knowledge – nothing is static (Goodall 2008). This project 
focuses on the adaptability of Indigenous culture to the 
changes in landscape, where Indigenous concepts are 
adapted to understand the workings of the current land
scape and by extension, increase our understanding of 
weather patterns (Roös 2015). 

This project aimed to avoid superficial engagement with 
Indigenous Knowledge, as we recognised that Indigenous 
Knowledge is dynamic and changes with the landscape 
(Haynes 2010). Indigenous culture is contextually adaptive 
with the goals to survive by reciprocal relationships and 
custodianship of the sacred landscape. Australian Indigenous 
peoples recognise with respect, that every aspect of life is 
interconnected, including humans. Western belief systems 
often consider human life separately from the rest of nature 
and so Western culture is separate from nature. This has led to 
assumptions that Indigenous Knowledge is a set of unchanging 
rules and beliefs that have been passed on over the thousands 
of years that Indigenous peoples have inhabited the Australian 
landscape; however, this is not the case (Muir et al. 2010). 
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In this paper, we describe our efforts to determine whether 
Indigenous perspectives can define a more-meaningful set of 
seasons (or natural weather cycles) for the western Sydney 
region. We describe our findings of applying an Indigenous 
framework of understanding weather patterns and how we 
used this understanding together with decadal-scale weather 
records from western Sydney and a statistical clustering tech
nique to create a set of IKALC-seasons (Indigenous Knowledge 
Applied to Local Climatology). Finally, we compare the 
IKALC-seasons to other Australian seasonal calendars and 
compare how the different sets of seasons help elucidate 
patterns in air quality in the Sydney Basin. 

2. Methods 

2.1. Partnership with Indigenous Knowledge 
holders 

This project partnered with Indigenous Knowledge holders of 
the Sydney area to reveal Indigenous understanding of sea
sonal weather patterns and explored how different knowl
edges tell varied stories of seasonality within Sydney. The 
Indigenous language group located in the Western Sydney 
area is the Darug people (Bursill et al. 2007). Owing to the 
proximity of the Darug people to the Dharawal people to 
their south, elders and knowledge holders from both (lan
guage and cultural) groups were invited to contribute their 
understanding of weather patterns through co-authorship 
of a paper. Indigenous contributors to this study were 
partners in all stages of the research and are co-authors 
of this paper. Through engaging with different knowledges 
about seasonality of Sydney, the co-authors were mindful 
of obtaining permissions if any Indigenous cultural and 
intellectual property was to be included in the research. 
The authors acknowledge that certain people within the 
Indigenous community have the authority to share this 
knowledge as well as hear the depth of this knowledge. 
It is also understood that each family or clan may have 
different views on this topic, and we know that the 
views presented in this paper may not represent the under
standing of all Indigenous Knowledge holders within the 
Sydney area. 

The objective of bringing together different knowledges 
was to find the following:  

• General weather patterns annually and over extended 
periods in the Sydney area (Indigenous perspectives and 
observations of the current landscape).  

• Seasonal indicators within the biophysical landscape, both 
traditional and new. This consists of flora or fauna species, 
and changes in their behaviour that reflect changes of 
weather within the local ecosystem of western Sydney. 
A focus was expected to be on sources of food such as 
animals, flowers, roots, seeds and fruits.  

• Biogeographical and Indigenous knowledge differences in 
relation to geography, including any differences between 
eastern and western Sydney. 

The authors engaged in conversations about different under
standings of seasonal perspectives in Sydney, their traditional 
lands, also referred to as ‘Country’. Specific questions were 
asked of Indigenous co-authors including ‘from any teachings 
or observations you have made throughout your life, tell me 
about the weather in your Country. How do you tell the time 
of year?’. The IKALC conceptual model was reviewed by all 
authors and found to be a good boundary object for discussing 
observations of seasonal change. Indigenous contributors saw 
value in being part of the process to build their own under
standing of local scale atmospheric change to build on their 
own understanding of their Country. 

2.2. Atmospheric data sources and selection 

Following these discussions between co-authors, we decided 
to apply this framework of seasonal understanding to inform a 
statistical analysis of historical meteorological observations to 
help define the local weather cycles. Meteorological data were 
obtained from the Bureau of Meteorology for various sites in 
the western Sydney region. Sites were chosen based on the 
availability of weather parameters and the length of records. 
Hourly data were available at Bankstown Airport (1989– 
2017) and Sydney Olympic Park (1995–2011, 2011–2017), 
whereas 3-hourly data were available at Sydney Olympic Park 
(1995–2011, 2011–2017), Bankstown Airport (1969–2017), 
Prospect Reservoir (1965–2017) and Parramatta North 
(1967–2017). 

The time series were plotted to look for gaps and dis
continuities in the records. Prospect Reservoir had a step 
change in several variables in c. 2000 and Parramatta North 
only started recording precipitation, dew point temperature 
and relative humidity in 1987, so these stations were 
excluded from the main analysis. The hourly data were 
excluded from the main analysis because of their fairly 
short records. The main analysis was therefore based around 
the 3-hourly data from Bankstown airport, which offers a 
49-year record (1969–2017 inclusive) of precipitation, tem
perature, dew point temperature, relative humidity, pres
sure and wind (decomposed into its u and v components). 
The dataset from Bankstown Airport was chosen as it 
provided the longest reliable dataset without step changes 
or major gaps. Comparative analyses of 30-year records 
(1988–2017) from Parramatta North and Bankstown 
Airport and 15-year records (2002–2017) from Prospect 
Reservoir, Parramatta North and Bankstown Airport were 
also undertaken. Composite time series from Bankstown air
port were obtained for each weather parameter by averaging 
by ‘day of year’ (DOY), e.g. by averaging together all data 
recorded on 1 January in any year from the 49-year record, 
all data recorded on 2 January. 
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Air quality data were obtained from the NSW Office of 
Environment and Heritage air quality monitoring network 
in Sydney. A 10-year (2005–2015) time series of hourly air 
quality data from Chullora station, located ~7 km northeast 
of Bankstown Airport, was selected. 

Radon data were obtained from the Australian Nuclear 
Science and Technology Organisation (ANSTO). A 5-year 
(2007–2011) time series of continuous hourly atmospheric 
radon concentrations measured at the University of Western 
Sydney’s Richmond campus was available. A dual-flow-loop 
two-filter radon detector developed by ANSTO was used to 
measure radon 2 m above ground level. Details regarding 
the site and equipment setup for these measurements was 
provided in Chambers et al. (2015). 

2.3. Clustering analysis 

The meteorological data were grouped into ‘pseudo-seasons’ 
using non-hierarchical k-means clustering following the 
algorithm of Hartigan and Wong (1979), which minimises 
the Euclidian distance between clusters. This method is an 
iterative process that aims to partition the data points into 
k groups (or clusters) such that the sum of squares from points 
to the assigned cluster centres is minimised (Jain 2010). 

The process proceeds as follows:  

1. A number k of initial ‘means’ are randomly generated 
from within the data domain;  

2. A number k of clusters are created by associating every 
observation with its nearest mean;  

3. The centroid of each k cluster then becomes the new mean;  
4. Steps 2 and 3 are repeated until convergence is reached. 

To encourage clustering of consecutive days, DOY was 
included along with the meteorological variables in the clus
tering; however, to minimise the impact of the start day 
(since DOY 1 and 365 (or 366) are unlikely to be clustered 
together, even though they are consecutive days), clustering 
was repeated 366 times, with a different start date assigned 
as DOY 1 each time. In order to equally weight each variable, 
prior to clustering, each variable was scaled by subtracting 
its mean and dividing by its standard deviation. This pro
duced a standardised variable (sometimes called a z-score or 
a standard score) by rescaling each variable to have a mean 
of zero and a standard deviation of one (Milligan and Cooper 
1988; Mohamad and Usman 2013). One caveat to this 
approach is that several of the meteorological variables 
used are correlated or anticorrelated (such as temperature 
and relative humidity and pressure and wind speed), and in 
this sense the equal weighting of each variable does not work 
perfectly for interdependent variables. A range of k (number 
of clusters or ‘seasons’) values (3–8) were tested on the 
49-year record from Bankstown Airport and on 30-year 
records from Parramatta North and Bankstown Airport and 
15-year records from Prospect Reservoir, Parramatta North 

and Bankstown Airport (see the ‘Comparison of IKALC- 
seasons from Bankstown airport with other nearby meteoro
logical observations’ section in the Supplementary material). 
To help interpreting the clustering results, periods of the year 
were identified during which certain weather parameters 
were ‘stable’, for example, periods during which the westerly 
component of wind was strong, or during which relative 
humidity was elevated. 

3. Results 

3.1. Key team learnings from discussions about 
Indigenous seasonal knowledge 

Through discussion the research team came to understand 
that a lot of Indigenous seasonal knowledge of the Sydney 
region has been lost, confirming that this is largely the result 
of the intense impacts of colonisation in this intensively 
developed region. Initially, colonisation drove high mortal
ity rates in Indigenous populations, whereas forced migra
tion led to disconnection from Country and assimilation into 
other Indigenous language groups, further damaging knowl
edge, language and culture. 

Qualitative analysis of the information that emerged 
through these discussions showed a common perspective 
that weather pattern knowledge relates to indicators includ
ing knowledge of food availability and animal behaviours, 
which leads to knowledge of land management for the 
availability of food (Fig. 1). Current food availability is an 
indicator of past weather, and current weather is an indica
tor of future food availability. Each factor is interdependent 
and varies throughout time. This is distinct from the concept 
of a set of fixed seasons. 

Contributors of Indigenous knowledge communicated 
that there is no recognition of strict seasons within an 
Indigenous climate framework. Traditionally, in this area, 
combinations of words were used to describe climatic con
ditions. These words were also linked to what food was 
available at the time or shortly after (O’Connor and Prober 
2010; Prober et al. 2011). The combination of words; for 

Animal behaviour and
current plant life

Land
management

Weather
(present and

future)

Location of
available food

Fig. 1. Indigenous climate framework (interrelationship between 
weather, food availability, animal behaviour or current plant phenol
ogy and land management).   
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example, hot and wet, subsequently correspond to the avail
ability of certain foods. The signs from flora or fauna also 
enable the prediction of weather within their local eco
system, as suggested by O’Connor and Prober (2010), and 
fit within the framework presented in Fig. 1. 

The time of year in Indigenous culture is determined by 
cumulative knowledge and observations of temperature, 
rainfall, wind and availability of food, including animals, 
flowers, roots, seeds and fruits (Bursill 1993). The time of 
the year is overall referred to in terms of hot or cold, windy 
and wet or dry. Several contributors expressed strong views 
that there were no established seasons recognised in Darug 
or Dharawal culture, in contradiction of prior claims 
(Bodkin 2006), which is why we looked to develop the 
IKALC-seasons. 

Owing to the variation, diversity and dynamic nature of 
knowledge and perspectives within Indigenous communities, 
there is not a single set of widely accepted local Indigenous 
seasons for the region (see principle 1.2 b and c from  
Australian Institute for Aboriginal and Torres Strait Islander 
Research 2020). Nevertheless, our discussions provided a 
common theme that seasons could often be described by the 
combined climatological variables (of hot or cold, windy and 
wet or dry) and could be mapped to specific days of the year. 
It was this different perspective that helped us to realise the 
importance of local-scale weather phenomena when consider
ing impacts on air quality. As a result, we explored a different 
approach, seeking to combine what we had learned from each 
other with local climatological data. Ideally, we would have 
also used biological seasonal indicators such as times when 
different plants came into bloom, or first sighting of animals 
in the year; however, such data were not available to us. 

3.2. Results from statistical clustering analyses 

Our first set of annual weather cycles was formed using 
Indigenous concepts of weather and the publicly available 
monthly climate statistics from the Bureau of Meteorology 
website (http://www.bom.gov.au/climate/averages/tables/ 
cw_066195.shtml) for Sydney Olympic Park. Combining the 
various data for weather variables including temperature, 
rainfall and wind speed over the 30 years between 1981 and 
2010, with the Indigenous description of times of year 
including ‘wet and hot’, and ‘windy’, we used our subjective 
judgement to identify a set of pseudo-seasons (see the ‘First 
attempt at defining annual weather cycles for Sydney based 
on Indigenous concepts (and a 30-year monthly climatology 
for the region)’ section in the Supplementary material for 
details). 

This first attempt created seven pseudo-seasons, but it 
relied on subjective decision making and used monthly 
climatological data. In Indigenous culture the European 
months are meaningless (Woodward 2010), so we decided 
to explore higher temporal resolution climatological data and 
statistical techniques that could help define the weather cycles 

more precisely. Since windiness, cloudiness and rainfall (or 
combinations thereof) are all known to have profound 
impacts on the dispersal or removal of pollutants from the 
lower atmosphere, pseudo-seasons based on groupings of 
climatological conditions related to Indigenous recognised 
periods of wet, hot, windy etc., were expected to be more 
closely related to changing air quality than European months. 

The average annual weather conditions from Bankstown 
airport were obtained by averaging each meteorological 
parameter by ‘day of composite year’, i.e. by averaging 
together all data recorded on 1 January in any year from 
the composite 49-year record, all data recorded on 2 
January, etc. The resulting time series are plotted in Fig. 2. 
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Fig. 2. Time-series of mean daily meteorological parameters aver
aged by day of composite year at Bankstown Airport using 3-hourly 
data from 1969 until 2017. Parameters are: ‘v10’ = meridional wind 
velocity (i.e. component of horizontal wind towards north) in metres 
per second at 10 m; ‘u10’ = zonal wind velocity (i.e. component of 
horizontal wind towards east) in metres per second at 10 m; atmo
spheric pressure in millibars; wind speed (i.e. north–south wind 
speed, m s−1); relative humidity (%); dew point temperature (°C); 
temperature (°C); and precipitation (mm).   
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We performed a non-hierarchical cluster analysis (Hartigan 
and Wong 1979) on the meteorological data averaged by 
DOY. Fig. 3 shows an example of the results of the 366 
clustering repetitions when using 7 clusters, as suggested by 
the original analysis of monthly climatology. The colours each 
represent a cluster, and the black line indicates which DOY 
was set to 1 for each repetition. The figure indicates that, as 
expected, very few clusters include both the first and last 
DOY. To summarise the 366 clustering results, the mode of 
the cluster number distribution is determined for each DOY 
(for each column of Fig. 3, the mode is the cluster number 
associated with the colour that dominates). 

The clustering results for k = 3–8 are summarised in  
Fig. 4. The figure illustrates how some transitions are robust 
to the number of clusters, i.e. they remain the same for most 
k-values. These are illustrated by vertical lines in the figure. 
This is the case, for example, for the transition from blue to 
orange, which happens towards the end of January in all 
cases except when k = 3. This change in season is due to 
increased precipitation. Both blue and orange depict warm 

temperatures, and this is captured by blue when k = 3. For 
k = 4–8, the blue days within the orange season are days on 
which there was little precipitation. Fig. 4 also illustrates 
how some transitions shift in time depending on the number 
of clusters. These are indicated by diagonal lines. 

The optimum solution should avoid transitions that are 
not robust (i.e. a transition identified in one set of clusters is 
considered to be robust if it also occurs in other solutions 
with larger k). For example, k = 5 includes a transition 
(indicated by a rectangle) that is not seen in any of the 
other solutions, so this is not considered to be robust. 
Ideally, each season would be a solid block of a single colour, 
with periods of transition (such as those circled in Fig. 4) of 
minimal length. From the results illustrated in Fig. 4, k = 6 
was chosen as the optimum solution. This decision was made 
because k = 5 has a non-robust transition and k = 7 and 8 
both show long transition periods. Thus, our statistical anal
ysis of high-temporal resolution meteorological data yields 
six IKALC-seasons from the Bankstown meteorological data 
from 1969 to 2017 (Fig. 5). These six IKALC-seasons match 
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Fig. 3. Results of the 366 k-means clustering repetitions for k = 7. The black line indicates which day of the year was assigned to 
be 1 for each repetition.    
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six of the seven seasons identified by subjective means in the 
30-year monthly climatological data from Sydney Olympic 
Park (see the ‘First attempt at defining annual weather 
cycles for Sydney based on Indigenous concepts (and a 
30-year monthly climatology for the region)’ section in the 
Supplementary material), with only the cooler and drier 
season not identified in the Bankstown daily data. 

4. Discussion 

4.1. Assessment of the spatial variability of 
IKALC-seasons across western Sydney 

Our initial motivation was to discover whether Indigenous 
Knowledge could help to define a more-meaningful set of 
seasons for western Sydney (that might also be useful for 
analysis of annual cycles of air quality in the region). Our 
IKALC-seasons used meteorological data from a single site in 
western Sydney and so could be dependent on meso-scale 
processes that are very local in nature as well as regional- 
scale meteorology. It is therefore useful to assess the degree 
to which these IKALC-seasons are consistent across a large 
region of western Sydney. 

In order to explore the question of scale, we analysed 
the available coincident data from the other Bureau of 
Meteorology sites within western Sydney. The results of the 
analyses are shown in the ‘Comparison of IKALC-seasons from 
Bankstown airport with other nearby meteorological observa
tions’ section of the Supplementary material. Overall our 
attempt to establish the geographic scale of relevance, 
although not entirely conclusive, indicated that nearby 
sites produced broadly consistent IKALC-seasons. This sug
gests that the clustering is driven largely by synoptic-scale 
factors. Large variability in rainfall, which can often be 
influenced by meso-scale factors, was present in the 
Bankstown Airport record, driving differences between the 
lengths of the hot and wet IKALC-season derived from differ
ent lengths of records (15, 30 and 49 years) at the main site 
at Bankstown Airport. The longer record is more stable for 
clustering but may not be a more-accurate representation of 
the current climate due to evidence of warming and drying 
in the region (Timbal 2009; Bradstock et al. 2014). 

4.2. IKALC-seasons and comparison to other 
Australian calendars 

The six IKALC-seasons identified above from the 49-year 
record from 1969 to 2017 for Bankstown airport are sum
marised in Table 1. We used the descriptive English names 
as identified by Indigenous co-authors. 

The IKALC-seasons are compared to the Western seasons 
and with the south-east Australian calendar proposed by 
Timothy Entwisle (Entwisle 2014) in Fig. 6. 

Entwisle proposes five seasons in his book Sprinter and 
Sprummer – Australia’s changing seasons (Entwisle 2014), 
which are entirely based on botanical cues, and start on the 
first of the month for convenience. Entwisle’s seasons are 
‘sprinter’ (August and September), ‘sprummer’ (October and 
November), ‘summer’ (December, January, February and 
March), ‘autumn’ (April and May) and ‘winter’ (June 
and July). There are some significant similarities between 
the IKALC-seasons and Entwisle’s calendar, including a 
change of season starting c. 1 August (DOY 214), which in 
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Fig. 4. Summary of clustering results for different k-values. 
Different colours represent different clusters, but the choice of 
colour is arbitrary. Vertical lines show where transitions from one 
cluster to another are consistent across most k-values whereas 
diagonal lines show where transitions vary in time with the k-value 
used. Periods of time where the transitions are slowly occurring are 
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Fig. 5. Final designation of IKALC-seasons using clustering results. 
The inner circle shows the European and Western seasons, the larger 
circle shows the seasonal indicators used in Indigenous culture to 
recognise changing weather patterns and the outer circles are the 
IKALC-seasons with their dates and descriptors.   
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the IKALC-seasons indicates the transition from ‘cold and still’ 
to ‘cold and windier’ (at DOY 209). Both calendars also have a 
transition towards the end of March (IKALC transitions from 
hot and wet to warm and still on DOY = 84, 31 March is 
DOY = 90). In contrast, the IKALC-seasons bear little resem
blance to the Western seasons of summer, autumn, winter and 
spring. 

Entwisle’s seasons have the advantage of being based on 
botanical cues, which more closely follow the view of seasonal 
changes as expressed by our team of Indigenous contributors. 
However, its use of calendar months is a disadvantage, as is its 
reliance of detailed botanical data that is not publicly availa
ble for most regions. The main differences between Entwisle’s 
calendar and the IKALC-seasons follow:  

1. The timing of transitions are restricted to calendar months 
in Entwisle’s calendar;  

2. Entwisle calendar has a single hot season, whereas the 
IKALC-seasons differentiate between hot and wet and hot 
and dry periods. 

Despite these differences, the commonalities between the 
calendars provide some qualitative evidence that the IKALC- 
seasons capture some of the most important botanical mark
ers of seasonality in the Sydney region. 

4.3. Using the IKALC-seasons to improve our 
understanding of seasonal variability of air 
quality in Sydney 

A 10-year time-series (from 2005 to 2015) of air quality data 
from the NSW Office of Environment and Heritage air qual
ity monitoring station in Chullora, western Sydney was used 
to explore the use of the IKALC-seasons for understanding 
seasonal variability of air quality in the region. The Chullora 
air quality monitoring station is located ~7 km northeast of 
Bankstown Airport. We also compare to Entwisle’s seasons 
and the four ‘Western seasons’ to determine if IKALC- 
seasons can provide a clearer distinction between air quality 
experienced at different times of year. 

Fig. 7 shows the mean concentrations of PM2.5 (µg m−3) 
and mole fractions of O3, NOX and CO (ppb) for each day of 
the year averaged over the 10-year dataset from Chullora in 
western Sydney. The data are also presented (along with 
standard deviations in the mean) in Table 2. The IKALC- 
seasons provide a better characterisation of seasons for air 
quality, principally through the better identification of the 
cold and still time of the year. During this period, concentra
tions of PM2.5, CO and NOX are at their maximum and O3 is 
at a minimum in Chullora (Fig. 6). The IKALC ‘cold and still’ 
season runs from 8 May to 27 July and captures the maxi
mum concentrations of these pollutants well. By contrast, the 
Western season of Austral winter (June–August) starts too 
late to capture the beginning of the coldest time of year and 
extends past the cold, still conditions and into the ‘cold and 
windier’ IKALC-season. Reduced atmospheric mixing experi
enced during cold conditions is an important driver of high 
NOX, CO and PM2.5 during the coldest time of year, along 
with increased sources due to domestic wood heater usage. 
Thus, Western seasons do not capture the change from still 
cold conditions in June and July to windier conditions in 
August. This is a key factor in the better performance of the 
IKALC-seasons in predicting air quality in western Sydney. 

Table 1. IKALC-seasons with dates and descriptions.       

Cluster number DOY range Dates ‘Name’ Description   

1 310–20 5 Nov–20 Jan Hot and dry South-easterlies, hot, not much rain 

2 21–83 21 Jan–24 Mar Hot and wet Still hot, more rain, RH increases 

3 84–128 25 Mar–7 May Warm and still Temperature cooling, easterlies weaken, showers 

4 129–208 8 May–27 Jul Cold and still Temperature decreasing to its minimum, low wind speeds, high pressure 

5 209–266 28 Jul–22 Sep Cold and windier Wind speed picks up, RH drops, westerlies, v10 is neutral (no strong 
north–south component) 

6 267–309 23 Sep–4 Nov Warm and dry Still dry, little rain, winds shift back to south-easterly, temperature warming   
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Fig. 6. Comparison of the days of the year for the statistically 
derived IKALC-seasons using Bankstown meteorological data (purple 
represents hot and dry; light green represents hot and wet; pink 
represents warm and still; dark green represents cold and still; blue 
represents cold and windier; and orange represents warm and dry), 
with Timothy Entwisle’s south-east Australian calendar (purple rep
resents summer; green represents autumn; pink represents winter; 
blue represents sprinter; and orange represents sprummer) and the 
Western seasons of summer, autumn, winter and spring. Different 
colours represent different clusters, but the choice of colour is 
arbitrary.   
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A 5-year dataset of night-time radon measurements was 
analysed to provide an estimate of nocturnal atmospheric 
stability. Continuous hourly atmospheric radon concentra
tions were measured at 2 m above ground level at the 
University of Western Sydney’s Richmond campus from 
2007 to 2011. A dual-flow-loop two-filter radon detector 
developed by ANSTO was used. Details regarding the site 
and equipment setup for these measurements was provided 
in Chambers et al. (2015). Radon is a naturally occurring, 
unreactive, radioactive gas with a reasonably consistent, well- 
distributed terrestrial source function. Owing to the 3.82-day 
half-life of radon, air masses retain a 2–3-week ‘memory’ of 

fetch influences, which contribute to the variability of radon 
concentration measured at a site (Chambers et al. 2015). The 
balance of observed radon variability at terrestrial sites is 
primarily contributed to by diurnal dilution effects of chang
ing atmospheric mixing depth. Once fetch effects on radon 
observations have been removed, as described by Chambers 
et al. (2015), the nocturnal mean radon concentration over a 
10-h window (1900–0500 hours) each night is very closely 
relatable to the mean nocturnal atmospheric mixing state or 
‘stability’ (Chambers et al. 2015, 2019a; Williams et al. 2016). 

Thus, high nocturnal radon concentrations are associated 
with stable nights, when near surface mixing is very weak. 
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Fig. 7. From bottom to top mean concentrations of PM2.5 (µg m−3) and mole fractions of O3, NOX and CO (ppb) for each day 
of the year (averaged from 2005 to 2015) as measured at the air quality station in Chullora in western Sydney. The left-hand 
panel shows the data coloured by IKALC-seasons and the right-hand panel shows the data coloured by the Western seasons. 
The data from the dust-storm event in September 2009 have been removed so that the underlying patterns may be observed.   
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Table 2. Mean (±s.d.) of concentrations of PM2.5and mole fractions of O3, CO and NOX as measured at the NSW Office of Environment and Heritage station in Chullora in 
western Sydney from 2005 to 2015.           

Calendar Season PM2.5 

(µg m−1) 
O3 (ppb) CO (ppb) NOX (ppb) Wind 

speed(m s−1) 
Temperature 

(°C) 
Summary   

IKALC Hot and dry  6.8 ± 3.6  18 ± 6  240 ± 100  15 ± 8.7  2.4 ± 0.7  21.2 ± 3.2 Lowest CO & NOX, low PM2.5, high O3 

Hot and wet  6.7 ± 3.0  14 ± 5  260 ± 110  20 ± 11  2.3 ± 0.8  22.2 ± 2.4 Lowest PM2.5, low CO & NOX 

Warm, still and wet  6.8 ± 3.8  12 ± 4  320 ± 150  31 ± 20  1.9 ± 0.8  17.8 ± 2.4 Low PM2.5 & O3, higher CO & NOX 

Cold and still  7.5 ± 4.2  9 ± 4  410 ± 210  44 ± 27  1.8 ± 0.9  12.6 ± 2.2 Highest PM2.5, CO and NOX; lowest O3 

Cold and windier  6.9 ± 4.0A  14 ± 5  320 ± 150  35 ± 22  2.1 ± 0.9  13.6 ± 3.0 High PM2.5, higher CO & NOX 

Warm and dry  7.2 ± 4.4  19 ± 5  250 ± 110  22 ± 13  2.3 ± 0.9  17.6 ± 3.5 Highest O3, low CO 

Entwisle Sprinter  6.9 ± 3.9B  15 ± 5  300 ± 150  33 ± 21  2.1 ± 0.9  14.1 ± 3.2 Average concentrations of air pollutants 

Sprummer  7.2 ± 4.5  19 ± 5  250 ± 110  20 ± 12  2.3 ± 0.8  18.7 ± 3.7 Highest O3; high PM2.5; low NOX and CO 

Summer  6.7 ± 3.1  15 ± 6  250 ± 100  18 ± 10  2.3 ± 0.7  21.9 ± 2.6 Lowest PM2.5; low CO and NOX; high O3 

Autumn  7.4 ± 4.1  10 ± 4  360 ± 170  38 ± 24  1.9 ± 0.8  16.2 ± 2.6 Highest PM2.5; high NOX; low O3 

Winter  7.1 ± 4.1  9 ± 5  410 ± 220  44 ± 27  1.9 ± 0.9  11.8 ± 2.0 Highest CO and NOX; lowest O3 

Western Spring  7.1 ± 4.2C  18 ± 5  260 ± 110  23 ± 14  2.2 ± 0.8  17.7 ± 3.8 Highest O3, high PM2.5, low NOX and CO 

Summer  6.7 ± 3.0  16 ± 6  240 ± 100  15 ± 8.4  2.4 ± 0.7  22.2 ± 2.7 Lowest PM2.5; lowest CO and NOX; high O3 

Autumn  7.2 ± 3.9  12 ± 5  330 ± 160  33 ± 22  1.9 ± 0.8  17.8 ± 3.3 High PM2.5, CO and NOX; low O3 

Winter  7.0 ± 4.1  11 ± 5  380 ± 200  42 ± 26  2.0 ± 0.9  12.1 ± 2.3 Highest CO and NOX; lowest O3 

The data during the September 2009 dust storm event have been removed. 
AIKALC cold and windier season PM2.5 mean and standard deviation is 7.2 ± 8.1 without the 2009 dust-storm event removed. 
BSprinter PM2.5 mean and standard deviation is 7.2 ± 7.9 without the 2009 dust-storm event removed. 
CSpring PM2.5 mean and standard deviation is 7.2 ± 7.0 without the 2009 dust-storm event removed.  
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This usually happens under anti-cyclonic conditions, when 
the night sky is cloud free and geostrophic winds are light- 
to-calm. Low nocturnal radon concentrations are typically 
associated with near-neutral stability conditions. This can 
occur either under conditions of moderate to strong winds, 
or when cloud cover insulates the surface at night, reducing 
the near-surface temperature gradient. 

Fig. 8 shows the changing nocturnal radon concentrations 
across the year during different IKALC-seasons. Although the 
start of the ‘cold and still’ season lines up quite well with the 
start of the high nocturnal radon concentrations c. DOY 125, 
the sudden drop back to lower values c. DOY 150 (associated 
with a typical increase in nocturnal mean wind speed at this 
time of the year) is still in the middle of the cold and still 
season. The data that we examined for air quality include 
daytime and night-time concentrations (unlike for radon, 
which are nocturnal data only), nevertheless the radon 
data suggest that the ability of the IKALC ‘cold and still’ 
season to capture the peak amounts of PM2.5, CO and NOX 
and the lowest O3 is due to more than just changes in 
nocturnal atmospheric mixing. This indicates an additional 
pollution source during the IKALC ‘cold and still’ season, 
with domestic wood-heater emissions the likely source 
(Keywood et al. 2011; Desservettaz et al. 2019). 

4.4. Social science achievements and limitations 
of this study 

This study attempted to combine different worldviews of 
seasonality and weather, in order to gain an understanding 
of localised changes in air and therefore increases applica
bility and understanding of air quality at a local scale. We 
used Indigenous perspectives on ‘seasons’ as identified by 
the co-authors and combined these with statistical analysis 
of the local climatology, to come up with the IKALC-seasons. 
The IKALC-seasons were better at identifying the time of the 
year when the worst air quality occurred (in terms of PM2.5, 
CO and NOX pollution) than conventional Western seasons. 

This research was not a complete account of local 
Indigenous Knowledge regarding seasons and weather 

patterns as could be achieved over a longer time commit
ment and widespread community engagement. Ideally this 
concept would be explored further to engage with the intrica
cies of Indigenous ecological knowledge. A more-complete 
study would require cross-cultural collaboration with a vari
ety of knowledge holders representing each family or clan 
from the Indigenous community of Sydney in active focus 
groups (O’Connor and Prober 2010; Woodward 2010; Roös 
2015). This would achieve correct and ethical documentation 
of the perspectives and knowledge within the Indigenous 
community. This could be achieved by building strong rela
tionships with a foundation of mutual benefit within the 
Indigenous community, communication of goals of the project 
as well as intentions to protect and preserve Indigenous 
knowledge as per the AIATSIS ethical guidelines (Australian 
Institute of Aboriginal and Torres Strait Islander Studies 
2012). This could be communicated by a printed information 
sheet (see Supplementary material), as well as ongoing com
munication throughout every stage of the project with those 
within the community who offer knowledge. The opportunity 
for these Indigenous Knowledge holders to provide feedback 
throughout the project is also crucial (Woodward 2010). 

The local language and the seasonal indicators, both 
traditional and new since European colonisation, could be 
explored and interpreted into an accessible resource for 
academia and the Indigenous community. This would need 
to occur on terms that were agreed to by the Indigenous 
contributors to show respect for the people and their knowl
edge. This would occur ‘on Country’ and according to the 
customs of their people, with a flexible timeframe to accom
modate the lives of the contributors (Muir et al. 2010;  
Woodward 2010). This resource could become a means for 
elders to pass on knowledge to future generations of the 
Indigenous community of Sydney (Green et al. 2010;  
Woodward 2010; Prober et al. 2011). Historically there has 
been little documentation because traditionally Indigenous 
knowledge has been passed on orally. Documentation of 
Indigenous knowledge and concepts for future generations 
is essential to avoid further loss of knowledge in future 
generations (Green et al. 2010; Nicholls et al. 2016). 
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Fig. 8. Changing nocturnal radon con
centrations across the year coloured by 
IKALC-seasons. For comparison Western 
seasons are indicated by the vertical lines. 
Each reported daily value represents the 
average of the nocturnal mean concen
tration of radon on that day of the year 
(over the 5 years from 2007 to 2011).    
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In this study, large differences between the weather and 
separation of time of year between eastern and western 
Sydney were identified. Separate seasonal calendars for each 
location would be required to reflect this, including seasonal 
indicators and language describing each time of the year. 
There may be conflicting opinions on aspects of Indigenous 
knowledge within a community, such as language and trans
lation, particularly spelling, as there was traditionally no 
written language in Indigenous culture (Walsh and Yallop 
1993; Attenbrow 2003; Green et al. 2010). Ongoing commu
nication with a wide range of community members could 
minimise the occurrence of these issues. 

Owing to the complex history of Indigenous–non- 
Indigenous interactions in post-colonial Australia, there is 
tension, distrust, hurt and isolation within Indigenous com
munities, as well as in the wider community of Australia 
towards Indigenous peoples. This loss of connection with 
each other has further reinforced the loss of connection to 
knowledge. This difficult past has caused disconnection 
between Indigenous people and knowledge of the intricacies 
of the Indigenous climate framework. 

Projects such as creating a calendar of annual weather 
cycles that is embedded with Indigenous knowledge, could 
aid in rebuilding social relationships, where knowledge can 
be brought together, and to rekindle ecological connection 
(Muir et al. 2010). Ongoing relationships and further collabo
ration with Indigenous communities can be mutually benefi
cial in helping increase scientific understanding as well as 
create accessible resources for the participating Indigenous 
community (Woodward and Marrfurra McTaggart 2016). 
This process can both recover previously known Indigenous 
Knowledge and create new knowledge of the current land
scape. Input of time and communication can aid in re-learning 
knowledge for the post-colonial landscape by application of 
Indigenous concepts. Keeping Indigenous knowledge authentic 
is essential when applying Indigenous knowledge and concepts 
to scientific research to avoid commodifying and oversimplify
ing to agree with Western viewpoints (Haynes 2010). 

4.5. Atmospheric science achievements and 
limitations of this study 

Statistical analyses of meteorological data from western 
Sydney were combined with Indigenous Knowledge in order 
to create the IKALC-seasons for western Sydney. Exploration 
of the geographic scale of relevance for our IKALC-seasons led 
to an examination of shorter time-series of meteorological 
data and revealed evidence of a drying climate in the region 
through the 1990s and early 2000s as has been noted else
where (Timbal 2009; Bradstock et al. 2014). A lack of consist
ent long-term data records hindered a more-thorough analysis 
of the geographical extent to which the IKALC-seasons from 
Bankstown Airport are likely to be relevant. Nevertheless, 
these IKALC-seasons were shown to be more useful than the 
commonly used ‘Western’ seasons in identifying underlying 

reasons behind poor air quality in western Sydney in the 
coldest part of the year. In particular, the winter season starts 
too late to capture all of the coldest days of the year in Sydney 
and extends into a time of year when windy weather is 
common in the region. The separation into cold and still 
and cold and windy using the IKALC-season framework accu
rately determines the time of year where pollution levels of 
PM2.5, CO and NOX are highest. 

The IKALC-seasons were not as clearly useful for analysing 
air quality events in the hotter part of the year. The highest O3 
concentrations span both the warm and dry and the hot and 
dry IKALC-seasons, and together these seasons capture the 
peak O3 season a little better than the Western summer 
season; however, the separation of the hottest part of the 
year into hot and dry and hot and wet did not provide 
significant advantages in identifying times of year for poor 
air quality. The PM2.5 is the main pollutant likely to be 
influenced by precipitation, by wet-deposition of aerosols 
during rainfall events reducing PM2.5 concentrations. 
However, PM2.5 concentrations are reasonably low in the 
hottest times of the year due to the warm temperatures 
inducing reasonably well-ventilated atmospheric conditions. 
In addition, the transient nature of precipitation events and 
very large year-to-year variability in rainfall in the region 
makes identifying statistically significant impacts difficult. 

5. Conclusion 

We set out to understand local Indigenous knowledge of 
seasons in the Sydney region. A conceptual Indigenous sea
sonal calendar was created. The IKALC-seasons created in 
this project were based on Indigenous perspectives of 
weather cycles combined with statistical analysis of climato
logical data. The approach taken within this project showed 
the strength of combining knowledges from different 
cultures, provided a rewarding experience for the researchers 
involved and is easily applicable to other parts of Australia 
and the world. However, the IKALC-seasons are missing 
factors of Indigenous knowledge that would be essential in 
creating a conclusive Indigenous seasonal calendar, such as 
biological seasonal indicators and local language. 

In summary, we do not claim that this conceptual sea
sonal calendar for western Sydney is a better representation 
of Indigenous knowledge of weather patterns than others 
that exist, but simply that it is the best representation that 
we could make, based on contributions from individual 
Elders and knowledge holders who contributed to this 
paper. Even though we used a 49-year climatology in devel
oping the IKALC-seasons, this may not fully represent the 
local climate as a whole over extended periods. Multi-annual 
climatological cycles such as El Niño–Southern Oscillation 
and the Indian Ocean Dipole have a larger influence on 
climate variability in Australia than in other parts of the 
world (Letnic et al. 2005; Zhou et al. 2009). This is a topic 
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that requires further exploration as accounting for these 
cycles could improve seasonal definitions over long periods. 

The IKALC-seasons showed some skill in providing an 
improved indication of annual changes in air quality with the 
IKALC ‘cold and still’ season aligning well with the times of peak 
CO, NOX and PM2.5 concentrations and lowest O3 amounts. The 
approach of combining Indigenous knowledge with statistical 
techniques applied to relevant local meteorological data for the 
region proved to be a powerful technique for defining seasonal 
changes that affect air quality. Although the results for western 
Sydney are inherently local in nature, the methodology we 
present is applicable to many other parts of the world. 

Supplementary material 

Supplementary material is available online. 
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