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Abstract: The Upper Hunter Valley is a major coal mining area in New South Wales (NSW), Australia. Due to
the ongoing increase of mining activities, PM10 (air-borne particle with an aerodynamic diameter less than 10
micrometres) pollution has become a major air quality concern in local communities. The early part of this
study identified two air quality subregions in the valley. This paper aims to provide a holistic summarisation
of the relationships between elevated PM10 pollution in two subregions and the local- and synoptic-scale
meteorological conditions for spring and summer, when PM10 pollution is relatively high. A catalogue of twelve
synoptic types and a set of six local meteorological patterns have been quantitatively derived and linked to each other
using the self-organising map (SOM) technique. The complex meteorology-air pollution relationships have been
visualised/interpretated on the SOM planes for two representative locations. It was found that the influence of
local meteorological patterns differed significantly for mean PM10 levels vs the occurrence of elevated
pollution events and between air quality subregions. In contrast, synoptic types showed generally similar
relationships with mean vs elevated PM10 pollution in the valley. Two local meteorological patterns, the hot-
dry-northwesterly wind conditions and the hot-dry-calm conditions, were found most PM10 pollution
conducive in the valley when combined with a set of synoptic counterparts. These synoptic types are featured
with the influence of eastward migrating continental high pressure system and westerly troughs, or a ridge
extending northwest towards coastal northern NSW or southern Queensland from the Tasman Sea. The
method and results can be used in air quality research for other locations of NSW, or similar regions elsewhere.

Keywords: PM10 pollution; local meteorological pattern; synoptic circulation type; self-organising
map (SOM); air pollution conduciveness; data clustering; data visualisation; open-cut mining valley

1. Intorduction

The Upper Hunter Valley is a major coal mining area in the State of New South Wales (NSW),
Australia (ABARES, 2023). PM10 (air-borne particle with an aerodynamic diameter less than 10
micrometres) pollution has become a major air quality concern in local communities, primarily due
to the ongoing increase of open-cut coal mining activities and the impact of climate variability and
change on regional environments (Jiang et al., 2024). In partnership with the Upper Hunter coal and
power industries, the NSW Government has commissioned the Upper Hunter Air Quality
Monitoring Network (UHAQMN; first established during 2010-2012) to provide local communities,
industries and the Government with reliable and up-to-date information on air quality within the
valley (Figure 1; Riley et al., 2020; POEO Regulation, 2021; OEH, 2017). The present study was
initiated to quantitatively examine the spatial and temporal variability of PM10 pollution in the
region, based on the long-term (2012-2022) multi-site air quality measurements from the UHAQMN
and by applying advanced data visualisation and machine learning techniques. Recently Jiang et al.
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(2024) reported the major findings from an investigation on the spatial and temporal variability
modes of PM10 pollution in the valley. This companion text will be focused on visualising the
linkages between the elevated PM10 pollution in valley subregions and the dominant local- and
synoptic-scale meteorological conditions influencing the study region.

On a broad scale, the Upper Hunter Valley is oriented northwest-southeast (NW-SE),
approximately 30 km wide and with the terrain elevation estimated in the range of 300-380 m from
the bottom (Singleton South) to the top (Merriwa) [Figure 1; further details in Jiang et al. (2024)). On
average, PM10 pollution in the region is relatively higher than most other regions in the State (DPE,
2022). The main sources of PM10 emissions are local open-cut coal mining activities and (wind-
blown) surface soil erosion (NSWEPA, 2019). Coal-fired electricity generation, agriculture, bushfires,
prescribed hazard reduction burnings (HRBs) and state-wide dust storms also contribute to PM10
pollution in the valley. The prevailing surface winds tend to follow the NW-SE orientation of the
valley (DPE, 2022; Holmes, 2008). The most frequent winds are north-westerlies in winter and south-
easterlies in summer, with wind directions less defined in autumn and spring. Nocturnal and early
morning down-valley drainage flows, and daytime up-valley slope winds or sea breezes are observed
due to factors such as terrain effects and changes in land/atmospheric heating conditions (Jiang, 2017).
The precipitation in the region is low compared to coastal areas to the east, and varies significantly
across years, with higher rainfall in summer and early autumn and lower rainfall in winter and early
spring (DPE, 2022; OEH, 2017).
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Figure 1. Upper Hunter Valley - locations of air quality monitoring stations. Source: Jiang et al.
(2024).

Physical and thermal-dynamic properties of the atmosphere play important roles in determining
the level of air pollution over a region, through processes such as pollutant generation/emission,
transformation, transport, dispersion and/or deposition/removal (Oaks, 2002). Globally numerous
studies examined the linkages between meteorological conditions and air quality in urban
environments. Most of these highlighted that poor air quality is associated with calm/stable
conditions under anticyclonic situations, and good air quality (often) occurs under unstable/cyclonic
conditions (e.g., Lai et al., 2023; Lee et al., 2022; Salvador et al., 2021; Jiang et al., 2017a, b; Pierce et al.,
2011). In addition, a few studies also showed that the passage of low pressure or frontal systems can
result in higher particle pollution due to increased soil erosion by wind or transport of pollutants or
their precursors (e.g., Pardo et al., 2023; Jiang et al., 2017a; Jiang et al., 2014; Huang et al., 2009; Dayan
and Levy, 2005; Jiang et al., 2005). In contrast, there are relatively few studies on how meteorological
conditions affect the variability of PM10 pollution in rural valley environments. Of those few studies,
most researchers relied on the use of correlation analysis and (often short-term) data from selected
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sites (e.g., Quimbayo-Duarte, 2021; Fortelli et al., 2016; Reisen et al., 2017; Czernecki et al., 2017; Giri
et al., 2008). In summary, elevated PM10 pollution in those valleys were associated with (prolonged)
dry conditions (low rainfall and humidity), low winds, thermal inversions (low mixing heights),
and/or under the influence of high-pressure systems.

Locally a small number of studies examined the PM10-meteorolgoy relationships in the Upper
Hunter Valley. Of these, early investigations were based on short-term campaign monitoring data
for selected locations (Jiang et al., 2024). For example, Hyde et al. (1981) suggested that local PM10
emissions in the valley can impact air quality in areas away from sources - that is, north-westerlies
can transport dust generated in the upper end of the valley to areas near the bottom of the valley or
further down over the metropolitan areas of Newcastle. SPCC (1982) reported the research findings
from a few projects, which concluded that dust pollution from open-cut coal mining activities
continued to be an issue of concern, and that there was unlikely to be serious region-wide pollution
cumulations resulting from dust emissions from mines. Holmes and Associates (1996) suggested that
the increase in dust levels in the valley over 1984-1994 were due to the increase in coal production
and the severe drought conditions affecting much of east Australia, and that the land affected by
cumulative effects appears to be primarily that owned by the coal mine companies. Later, based on
data in 2012-2015 for 14 stations in the UHAQMN, Jiang (2017) explored the relationship between a
dust (as PM10) risk metric and local meteorological variables using a lagged correlation analysis and
the categorisation and regression tree (CART) method. It was found that the correlations between
PM10 pollution and individual meteorological variables are complex and non-linear, varying with
time and location. Drawing upon this finding, the author recommended that more sophisticated
machine learning (ML) techniques such as the Kohonen self-organising map (SOM) method
(Kohonen, 2001) can be useful for assessing the impact of weather and climatic conditions on local
air quality in the region. The SOM method can be applied for both data classification (structure
discovery) and data visualisation (interpretation of results), as was demonstrated for other regions
by Jiang et al. (2016), Jiang et al. (2017a) and Jiang et al. (2013).

Till now, to the best of our knowledge there is little or no research in the literature on the topic
of quantitatively examining how local and synoptic meteorological configurations combine to
modulate the PM10 pollution in a valley environment, such as the Upper Hunter Valley. Jiang et al.
(2024) identified the persistent existence of two distinct air quality clusters/subregions in the valley
and further examined the temporal variability modes of PM10 pollution in these subregions. They
found that higher pollution tended to occur in cooler months (late winter to spring) in the southeast
(SE) subregion, but in warmer months (especially summer) in the west-northwest (WNW) subregion
(also see Section 2.1). The present paper extends Jiang et al. (2024), to report on a quantitative analysis
of how elevated PM10 pollution in spring and summer (September to February) of 2012-2022 were
associated with typical local and synoptic meteorological configurations over the valley. The analysis
is featured with the visualisation and interpretation of complex results on the SOM planes, in a
holistic and self-organised manner. The investigation is unique in at least four aspects: 1) a catalogue
of 12 synoptic circulation types has been established for the study region for summer and spring
seasons, when PM10 levels are generally higher; 2) for the first time a set of six typical local
meteorological patterns has been quantitatively derived for the region for the same seasons; 3) the
connections between independently derived local meteorological patterns and typical synoptic
circulation types are established and analysed; and 4) the typical synoptic types and local
meteorological pattens most conducive to elevated PM10 pollution are holistically identified for two
largest population centres, Muswellbrook and Singleton, respectively representing the WNW and SE
air quality subregions in the valley. The methodology and results can be used in air quality research
for other locations in NSW, or similar regions elsewhere.

2. Data

2.1. Air Quality Data
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Air quality data are available for 14 monitoring stations in the UHAQMN (Jiang et al., 2024).
Based on daily PM10 measurements from these stations, previous studies have identified two distinct
air quality subregions in the valley (network), one in the WNW part, the other in the SE part (Figure
2Figure 2; Jiang et al., 2024; Jiang, 2017). Hence, it is possible to characterise (summarise) the air
quality variability in the valley with PM10 pollution time series from a subset of (representative)

monitoring stations in the subregions (Jiang et al., 2024). For easy interpretation of results, we chose
to focus the present analysis on daily PM10 pollution at stations located at two largest population
centres, Muswellbrook (population ~ 16,357) and Singleton (population ~ 24,577), respectively
representing the WNW and SE air quality subregions in the valley.
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Figure 2. Identification of two air quality subregions in the Upper Hunter Valley based on Varimax

rotated principal component analysis (RPCA) of daily PM10 data in 2012-2022 (exceptional event days

excluded). Left panel: key of station number; middle panel: scatter plot of loadings for first two

rotated principal components (PC1, PC2); right panel: map showing two air quality subregions with
red balloons indicating station locations in the UHAQMN. Source: Jiang et al. (2024).

Air quality data for the Singleton and Muswellbrook stations were obtained from the NSW Air
Quality Data System (AQDS) for spring and summer of 2012-2022 (Table 1). These included: 1) daily
(24-hr) average PM10 concentrations (ug/m?) for each monitoring station; and 2) information on
whether and when PM10 measurements at any of the 14 stations in the UHAQMN were significantly
impacted by exceptional events (definition in Section 2.4) such as HRBs, bushfires or widespread dust
storms. The PM10 data were confirmed of high quality, with a small missing data rate (1.6% or less)
for spring and summer seasons at both stations.

Table 1. Details of raw air quality and meteorological data used in this study.

Data type

Air quality
data

Local
meteorologi
cal data

Variable and source

Daily average PM10
concentration
(from NSW AQDS)

Information on exceptional
event days*

(from NSW AQDS)

(1) 10 m hourly wind speed,
wind direction, standard
deviation of wind direction
(SD1); 4 m temperature,
relative humidity

Station name

Muswellbrook
Singleton

Upper Hunter
Valley

Muswellbrook

Singleton

Time period
(spring-
summer)

1/1/2012-
31/12/2022
1/1/2012-
31/12/2022

1/1/2012-
31/12/2022

1/1/2012-
31/12/2022

1/1/2012-
31/12/2022

Missing
data rate
(spring-
summer)

1.1%
1.6%

Not
applicable

<1.3%

<1.5%
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measurement; for 7:00, 13:00
and 19:00 AEST each day

(from NSW AQDS)
(2) Daily rainfall total (from Muswellbrook ;/11//122(23é2 2.2%
(3) Daily rainfall total (from Muswellbrook ;/19//122(2(22 0.0%

Grid domain:
1000 hPa geopotential height latitudes 15 - 50°5

r(:;i didl . field at 0000 UTC (10:00 AEST) and longitudes 130 1/1/2012- 0.0%
cal d;)tao °" each day - 170°E, at 31/12/2022 7
(from NCEP/NCAR) resolution of 2.50 x
2.50

* Definition in Section 2.4.

2.2. Local Meteorological Data

Three sets of local meteorological data were obtained for this study (Table 1). One main dataset
was obtained from the NSW AQDS for the Singleton and Muswellbrook stations, including hourly
measurements for 10 m horizontal wind, i.e., wind speed (m/s), wind direction (polar degree) and
standard deviation of wind direction (SD1; in polar degree), and 4 m air temperature (°C) and relative
humidity (%) for 7:00, 13:00 and 19:00 AEST of each day in spring and summer of 2012-2022. The
choice of three-time daily measurements for two stations was to capture (represent) the common
diurnal variability in local meteorological conditions across the valley (Jiang, 2017). Wind speed and
direction data were used to derive the west—east (u) and south—north (v) wind components, while
SD1 records, as indicator of flow direction variability or disturbance, were converted into radians to
facilitate the subsequent computations.

The other two datasets included measurements of daily rainfall totals (mm) at two town centres
for the same seasons. The 24-hr rainfall records (previous day 9:00 am to current day 9:00 am AEST)
were obtained from the Australian Bureau of Meteorology (BOM) for 2012-2018 at Singleton (station
number 061397; 32.59° S, 151.17° E), and for 2012-2022 at Muswellbrook (station number 061374; 32.22°
S, 50.92° E) (Table 1). There were large missing data gaps for the 2019-2022 period, especially at the
Singleton station due to site decommissioning. Hence, we also extracted rainfall data from the NSW
AQDS for the Singleton and Muswellbrook air quality stations, where rainfall monitoring
commenced during late 2016 and early 2017, respectively. For stations located in the same town, there
are high correlations between the BOM and AQDS rainfall data for the common period (2016-2018).
Hence, the AQDS rainfall data were used to fill in the missing data gaps in the BOM rainfall time
series for each site. The improved rainfall dataset was then used to form daily time series for two new
variables, indicating soil moisture status and pollution wet deposition process in the valley. The 24-
hr rainfall record from the previously day 9 am to the current day 9 am AEST was used as proxy
variable indicating the soil moisture status in the previous day, since observational soil moisture data
were not available at the time of this study. The 24-hr rainfall record from the current day 9 am to the
following day 9 am AEST was used as weather variable indicating the change in soil moisture (hence
potential for dust emissions) and wet deposition process during the current day. This treatment was
applied to each site separately, and the resulting dataset for the new variables was combined with
the three-time daily meteorological measurements for two air quality stations, to form the final local
meteorological dataset. The final dataset was used in the SOM classification procedure to quantitatively
derive a catalogue of typical local meteorological patterns prevailing in spring and summer (Section 3.1),
when PM10 pollution are found to be relatively high.
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2.3. Gridded NCEP/NCAR Geopotential Height Data

The data used for the SOM-based synoptic type classification consist of daily 0000 UTC (10:00
AEST) NCEP/NCAR 1000 hPa geopotential height reanalysis for November-February (spring-
summer) in 2012-2022 (Kalnay et al., 1996). The study domain covers latitudes 15-50°S and longitudes
130-170°E at a 2.5° x 2.5° resolution, being the same as those used in the previous classifications by
Jiang et al. (2015) and Jiang et al. (2017a, b). It is considered sufficient to capture the major synoptic
features influencing east Australia.

2.4. Exclusion of Exceptional Events and Definition of Elevated Pollution Days

Jiang et al. (2024) defined exceptional event days as those when air quality in the Upper Hunter
Valley was significantly impacted by air emissions from bushfire, planned hazard reduction burning
(HRB) and/or continental-scale dust storm, with daily PM10 levels above the 24-hr average national
benchmark level of 50 pg/m? (NEPC, 2021) at one or more stations in the UHAQMN. We continue to
use the definition in this text, so that of the total 1994 days for spring-summer in 2012-2022, there
were 111 exceptional events days identified (5.6%). The exceptional event days were excluded from
the daily PM10 dataset for further analysis, so that the investigation was focused on PM10-
meteorology relationships on non-exceptional event days, i.e., normal days which were impacted mainly
by local emissions sources such as coal mining activities and wind driven soil erosion (as is of most
concern in local communities).

The present study was intended to focus on analysing the linkage of meteorological
configurations with elevated PM10 pollution in the study region. A day was marked as elevated
pollution day if PM10 concentration on that day was above 33.5 pg/m?, i.e., over 67% of the national
standard (50 pg/m?) for daily average PM10 levels. This definition led to a derived dataset with
elevated PM10 pollution days only, respectively for the Singleton (total: 178 days) and Muswellbrook
(total: 210 days) air quality stations. The use of data for elevated PM10 pollution days, rather than
that for poor air quality (exceedance) days defined in Jiang et al. (2024), was to ensure that the sample
sizes are sufficiently large to produce meaningful results from the present analysis. The terms “PM10
pollution” and “air pollution” are used in an exchangeable manner in this text.

3. Methodology

The investigation was conducted in three steps, focusing on the linkage between the occurrence
of PM10 pollution on normal days (i.e., non-exceptional event days) with the local- and synoptic-
scale meteorological conditions in spring and summer. As noted in Section 2.4, the exceptional event
days were excluded from the daily PM10 dataset in the analysis, so that the investigation was focused
on understanding the PM10-meteorology relationships on normal days, which were impacted mainly
by local emissions sources such as coal mining activities and wind driven soil erosion (which are of
most concern in local communities).

In the first step (Section 3.1), we determined the prevailing synoptic and local meteorological
features by applying the SOM method to the NCEP/NCAR 1000 hPa geopotential height reanalysis
(Section 2.3) and the daily local meteorological dataset (Section 2.2), respectively. In the second step,
we examined the connections between synoptic circulation types and local meteorological patterns,
based on the classifications resulting from the previous step. The output facilitates the interpretation
of results in the third step. The third step was to identify which typical synoptic types and/or local
meteorological patterns were most conducive to mean and elevated PMio pollution in the valley
(Section 3.2). For easy interpretation, as noted earlier, the analysis was conducted for two larger
population centre stations, Singleton and Muswellbrook, each representing one of the air quality
subregions (Figure 2Figure 2; Jiang et al., 2024). The relationships between mean and elevated PM10
pollution and meteorological configurations were holistically visualised and examined on the SOM
planes.

3.1. Application of the SOM Technique
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There are many classification methods available in the literature (Huth et al., 2008; Philipp et al.,
2016). Kohonen’s self-organising map, often referred to as SOM in the literature, is one of the most
popular neural network methods for unsupervised, non-linear data classification and visualisation
(Jiang et al., 2015). SOM maps the high-dimensional data points (e.g., weather maps) from the input
data space onto the nodes (representative patterns, e.g., synoptic types) of a low-dimensional
(typically 2-D) grid. In general, SOM mapping can often be conducted two different ways, through
sequential (incremental) or batch training. The two training methods essentially produce the same or
similar results, with the batch training converging significantly faster than the sequential training
(Kohonen, 2001). The batch training method is relatively simple to apply (with no learning rates
involved), and less sensitive or insensitive to the order of data presentation and map initialisation
(Vesanto et al., 2000; Jiang, 2010).

The utility of a two-phase batch SOM procedure (CP2) for classification of circulation types over
east Australia was demonstrated in a few early studies (e.g., Jiang, 2010; Jiang et al., 2012; Crawford
et al., 2016; Jiang et al., 2015). General details on the implementation of CP2 can be found in Jiang et
al. (2012) or Jiang et al. (2015). In brief, the first phase is to capture a rough estimation of the global
structure in the data, and the second phase fine-tunes the mapping to achieve balanced local vs global
optima and thus obtain the final data groupings. CP2 can be run in either data clustering or projection
mode - in this study we applied CP2 in clustering mode, aiming to identify distinctive local and
synoptic features influencing the study region. Further details on the CP2 application in this study
are given in the following sections.

3.1.1. Classification of Synoptic Types

CP2 was applied to the daily NCEP/NCAR 1000 hPa geopotential height reanalysis for
September to February, 2012-2022 (Section 2.3) to classify the dominant synoptic circulation types
influencing east Australia (including the Upper Hunter Valley). A map size (i.e., total number of
nodes/types on the SOM grid) needs to be assigned in the SOM mapping process. We chose to train
a 4x3 SOM mapping (i.e., 12 synoptic types) from the present dataset, following Jiang et al. (2017a,
b). A geopotential height map was assigned to a SOM node (synoptic type) from which it has the
smallest squared Euclidean distance. A synoptic catalogue was then constructed by allocating each
1000 hPa geopotential height map to one of the 12 types on the SOM obtained.

3.1.2. Classification of Local Meteorological Patterns

Similarly, CP2 was applied to the local meteorological dataset (Section 2.2) to identify the
representative local meteorological patterns prevailing in the Upper Hunter Valley during spring and
summer. CP2 was implemented on standardised time series, since individual variables were
measured in different units (then with de-standardisation applied the final nodes afterwards to
obtain the final classification). Several SOM map sizes were considered for the present dataset.
Balancing the need for parsimony and variety, the 3x2 SOM mapping (i.e., 6 patterns) was found
sufficient to reproduce the main meteorological configurations identified in local meteorological
experience (e.g., Jiang, 2017; Holmes, 2008). Hence, for the first time a catalogue of six local
meteorological patterns was quantitively derived for the study region, with each being interpreted
in terms of the combination of individual meteorological variables.

3.1.3. Ordered Visualisation of Complex Results on the SOM Plane

An important property of the SOM mapping is related to the topologically ordered display of
the input data in the output space — that is, similar data items from the input space are projected onto
the nearby SOM nodes and dissimilar data items onto the SOM nodes further apart. Consequently,
the resulting synoptic types (or local meteorological patterns) from the SOM classification are
expected to be self-organised/structured on the SOM planes (details in Sections 4.1 and 4.2). This
property facilitates the visualisation and interpretation of the complex meteorology-air quality
pollution relationships on the SOM planes in a structured/clustered manner, as was also
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demonstrated in studies for other regions by Jiang et al. (2017a), Jiang et al. (2016) and Jiang et al.
(2013).

3.2. Air Pollution Tendency Measures

The tendency for PM10 pollution was examined in terms of mean PM10 concentrations and the
frequency and propensity for elevated pollution days at the Singleton and Muswellbrook stations,
under the occurrence of individual synoptic types, local meteorological patterns, or their
combinations.

Mean PM10 levels were calculated as average loadings on each synoptic type or local
meteorological pattern. Larger mean values indicate higher overall tendency/potential of the related
synoptic type or local pattern for leading to high PM10 pollution in the valley subregions, and vice
versa.

Frequency of occurrence for elevated PM10 pollution days was also calculated to reveal how
often elevated PM10 pollution events could occur, conditional to the occurrence of individual
synoptic types, local meteorological patterns, or the pattern-type combinations. This frequency was
expressed as the percentage of days when a local pattern (synoptic type, or pattern-type combination)
occurred over the total number of elevated pollution days for the examined station.

Propensity ratio was used to indicate pollution conduciveness of individual synoptic types, local
meteorological patterns, or the pattern-type combinations. Following Green et al. (1999), the
propensity ratio was expressed as a ratio of the percentage of elevated pollution days for each local
pattern (synoptic type, or pattern-type combination) to the overall (climatological) percentage of
occurrence of that pattern (synoptic type, or pattern-type combination) in the whole normal-day
dataset for spring and summer of 2012-2022. A ratio value greater than one indicates that the local
meteorological pattern (synoptic type, or pattern-type combination) is more likely to be present on
days of elevated pollution levels than expected. The values of propensity ratios are presented
together with frequencies to provide insights into the conduciveness of specific meteorological
configurations for leading to elevated PM10 pollution in the valley.

4. Results and Discussions

4.1. Dominant Synoptic Types in Spring and Summer

The CP2 (batch SOM procedure) determined a set of 12 synoptic (circulation) types (T1~T12),
with similar types close to each other and distinct types further away on the SOM grid/plane,
approximating the full spectrum of synoptic states influencing east Australia in spring and summer
(Figure 3a). As expected, the classification captures well the interactions among three major synoptic
features, i.e., subtropical/continental high, easterly trough/thermal low and westerly trough/frontal
system (Sturman and Tapper, 2008).

On a broad scale, synoptic types near the top-left corner and top edge of the SOM are more
frequent in spring (Figure 3a,b), featured with a high system centred over the southern continent near
the Australian Bight or a ridge extending northwest from central/northern Tasman Sea towards
southern Queensland, as well as the influence of passing westerly troughs (frontal systems) in the
further south. In contrast, the situations near the bottom-right corner of the SOM grid show greater
prominence in summer (Figure 3a,c), characterised by the influence of a southern high pressure
system (centred over the southern ocean or southern Tasman Sea) and a thermal low/easterly trough
system extending southward from northern Queensland. Also of note is that the westerly trough
type(s) near the bottom-left corner and the southern high type(s) on the top-right corner of the SOM
could occur in both spring and summer (Figure 3b,c). These results are consistent with previous
synoptic catalogues for the same region, e.g., by Jiang et al. (2012), Jiang et al. (2015) and Jiang et al.
(2016) for earlier years.
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(a) Synoptic type map and mean frequency

4x3 SOM grid layout (b) Spring frequency (%)
T | T5 [ 19 129 | 120 | 126

T2 6 T10
T3 17 Ti1

T4 T8 T12

Figure 3. Synoptic types on the 4x3 SOM plane: (a) Frequency of occurrence (%) and mean map and
of synoptic types T1~T12, as expressed in 1000hPa geopotential height (m); (b) Spring frequencies and
(c) Summer frequencies of T1~T12 displayed on the same SOM grid as in (a) but with colour scale:
green - low value; yellow - medium value; red - high value.

4.2. Prevailing Local Meteorological Patterns in the Upper Hunter Valley

For the first time, a classification of typical local meteorological patterns has been quantitatively
derived for the Upper Hunter Valley using the SOM method and based on the long-term data for
multiple meteorological variables from the UHAQMN. The classification identified six local
meteorological patterns (P1~P6) for the valley, with the mean meteorological conditions for
individual patterns being illustrated in Figure 4 and further summarised/visualsised on the 3x2 SOM
grid/plane in Figure 5. Notably P1~P6 are also topologically ordered on the SOM plane, with distinct
patterns located on the opposite corners and more similar ones in the middle section.
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Figure 4. Mean meteorological conditions at Muswellbrook and Singleton by local meteorological

pattern (P1~P6): (a) wind speed; (b) u and v components of wind; (c) temperature; (d) relatively

humidity.
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Figure 4. Continued: (e) standard deviation (Std Dev) of wind direction; (b) 24-hour total rainfall.

The most frequent patterns are P5 (23.6%) and P6 (25.8%), being more prevalent in summer
(Figure 4c) and charactered by hot-dry-calm conditions (P5) or humid weather with strong
southeasterly (SE) winds (P6). The second most frequent patterns are P2 (16.4%) and P4 (17.6%), with
P2 predominantly occurring in spring and P4 equally prevalent in both seasons (Figure 4b,c). These
patterns are characterised by: (1) cold-dry-calm conditions with potential for night-time or early
morning inversion and down-valley drainage flows (P2); or (2) hot and dry weather with prevalence
of northwesterly (NW) winds potentially of continental origin (P4). The least frequent patterns are
P1 (8.1%) and P3 (8.6%) respectively on the top-left and bottom-left corners of the SOM grid, typical
of dry (and cool) conditions associated with prevalence of strong NW winds (P1) or very humid and
wet weather associated with moderate SE flows (P3). P1 was more frequent in spring, while P3 was
equally prevalent in both seasons.

In summary, all local patterns could occur in spring, with P2 (cold-dry-calm) most prevalent,
while P5 (hot-dry-calm) and P6 (humid-strong SE wind) were more often observed in summer. This
seasonal difference is somewhat expected due to the seasonal changes in prevailing synoptic
circulations described in Section 4.1 and the potential for increased activities of local or meso-scale
circulations (such as sea breezes) from spring to summer, as will be further discussed in Section 4.3.
Overall, these quantitatively identified local meteorological patterns reflect well the typical
meteorological configurations experienced in the study region, for example, those described in
Bridgman and Chambers (1981) and Hyde et al. (1981) based on short-term campaign (monitoring)
projects, and in Jiang (2017) on the data in 2012-2015 for selected stations from the UHAQMN.
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(a) Frequency and description of meteorological pattern

P1(8.1%): dry-strong NW wind P4 (17.6%): hot-dry-NW wind
= cool (average temperature) day = hot day (hottest pattern of all)
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near mid-day and in the evening
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chance for light rain in previous day current and previous days

very windy, prevalence of strong NW wind prevalence of NW wind, light in the morning,
throughout the day moderate to strong near mid-day and secondarily
in the evening

potential for influence by the passage of (dry) = potential for influence of hot and dry NW flows of

frontal/low systems continental origin
P2 (16.4%): cold-dry-calm P5 (23.6%): hot-dry-calm
= cold/cool day, very cold in the early morning = hot/warm day
= very humid in the early morning, dry near mid- | ® humid in the morning but with below-average

day and evening time humidity at other times

low 24-hr rainfall on current and previous days low 24-hr rainfall on current and previous days
light variable winds, with NW wind in the early variable SE wind, calm/light in the early morning
morming and mid-day but SE wind in the and near mid-day, moderate to strong in the
evening evening

penitential for influence of high-pressure potential for influence high-pressure system
system, inversion, down valley drainage flow

P3 (8.6%): humid-wet-SE wind P6 (25.8%): humid-strong SE wind
® coolfcold day = cool (average temperature) day
® yery humid throughout the day = above average humidity throughout the day

= high 24-hr rainfall on current and previous days | = low 24-hr rainfall on current day, with better
chance for light rain on previous day

= prevalence of SE wind, light/calm in the = yery windy, prevalence of strong SE wind
morning, moderate near mid-day and in the throughout the day
evening
= potential for influence of cool and moist SE = potential for influence of cool and moist SE flows of
flows of oceanic origin oceanic origin
3x2 SOM grid layout (b) Spring frequency (%) (c) Summer frequency (%)
Pl P4 12.3 17.8 3B 17.3
P2 P5 317 15.2 10 320

Figure 5. Local meteorological patterns on the 3x2 SOM plane: (a) Frequency (%) and description of

local conditions for patterns P1~P6; (b) Spring and (c) Summer frequencies (%) of P1~P6 displayed on
the same SOM grid as in (a) but with colour scale: green - low value; yellow — medium value; red -
high value. SE: southeasterly; NW: northwesterly.

4.3. Relation of Local Meteorological Patterns to Synoptic Circulation Types

Early meteorological studies for the Upper Hunter Valley provided qualitative descriptions on
how local meteorological variables were related to synoptic situations based on short-term campaign
monitoring data (e.g., Hyde et al., 1981). Here, the connections between local meteorological patterns
and synoptic circulation types (described in Sections 4.1 and 4.2 respectively) can be quantitatively
visualised in a holistic framework, by taking advantage of the topologically ordered display of the
mapping nodes (i.e., patterns and types) on the SOM planes. Figure 5 shows the relative frequency
of occurrence for individual synoptic types, conditional to the occurrence of each local meteorological
pattern. The main findings are summarised below:

e P1 (dry-strong NW wind) are mostly related to the occurrence of synoptic types T2~T4 and
secondarily T1 (i.e., anticyclonic/westerly trough types, indicated by relatively high frequencies
clustered on the left edge of the 4x3 SOM grid), often in spring and commonly featured with the
influence of eastward migrating continental high and westerly trough systems, which are often
accompanied by the passage of frontal systems over the southern part of the continent (Sturman
and Tapper, 2008). To a much lesser degree, this meteorological pattern is also associated with
synoptic types T6~T8, characterised by a high-pressure ridge extending northwest from the



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0169.v1

13

central or northern Tasman Sea towards coastal northern NSW or southern Queensland. All
these synoptic types tend to provide southwesterly to northwesterly synoptic flows (i.e., flows
with westerly component) over the study region, facilitating the prevalence of strong
northwestely winds in the valley.

e P2 (cold-dry-calm) corresponds more often to synoptic types T1, T5 and T6, and secondarily T2
and T9 (i.e., anticyclonic types, indicated by high frequencies clustered near the top-left edge in
the 4x3 SOM grid), predominantly in spring and commonly characterised by the influence of a
strong anticyclonic system over the southern part of the continent, the central/northern Tasman
Sea or over Tasmania, with the potential for providing synoptic-scale light wind or calm
conditions over the study region. These types can lead to anticyclonic atmospheric descending
and night-time radiative cooling, thus resulting in the occurrence of night-time or early morning
planetary boundary layer inversion, down-valley (NW) drainage flows and/or low early
morning ambient temperatures in the region.

e  P3 (very humid-wet-SE wind) corresponds mostly to the occurrence of T9, T11 and T12 and
secondarily T6~T8 and T10 (i.e., thermal low/southern high types, indicated by high frequencies
clustered near the bottom-right corner and right edge of the 4x3 SOM grid), relatively more often
in summer and commonly associated with the influence of a thermal low/easterly trough in the
northwest and a high pressure system centred in the south of the domain. These situations can
provide synoptic flows with easterly components, broadly facilitating the occurrence of easterly
to northeasterly sea breezes over coastal NSW and thus bringing abundant moisture or rainfall
over the study region.

e P4 (hot-dry-NW wind) corresponds mostly to the situations T7 and T3, and secondarily T2, T6
and T6 (i.e., northwest ridge types, indicated by high frequencies clustered on the middle to
bottom-left sections of the 4x3 SOM grid). These synoptic types could occur in both seasons,
commonly characterised by a ridge extending towards coastal northern NSW or southern
Queensland from the central/northern Taman Sea, a westerly trough in the further south and
potentially a thermal trough extending southward from northern Queensland. These situations
can facilitate westerly to northwesterly synoptic flows of continental origin, which transport hot
and dry air from inland (central) Australia over the study region, with a potential for causing
the local occurrence of heat waves.

. P5 (hot-dry-calm) corresponds mostly to T7, T10 and secondarily T2, T6, T8, T9, T11 and T12
(i.e., thermal low/southern high/northwest ridge types, indicated by high frequencies clustered near
the bottom-right corner of the 4x3 SOM grid), most often in summer and commonly
characterised by the influence of a thermal low trough extending over NSW from northern
Queensland and a high-pressure system centred further south over the (southern) Tasman Sea
or near the Australian Bight. These situations tend to provide calm conditions or light northerly
to easterly synoptic flows over the coastal regions, resulting in hot, dry and calm conditions in
the valley.

e  P6 (humid-strong SE wind) corresponds mostly to T11 and secondarily T8~T10 and T12 (i.e.,
thermal low/southern high types, indicated by high frequencies clustered near the bottom-right
corner and the right edge of the 4x3 SOM grid), more often in summer and commonly featured
with a thermal/easterly trough in the northwest and a high-pressure system located in south that
often manifests ridging effects over the east coast. These situations often provide synoptic flows
with easterly components and to some degree favour the occurrence of easterly sea breezes over
coastal NSW, thus leading to the prevalence of strong SE winds in the study region.
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P1: dry-strong NW wind P4: hot-dry-NW wind
T 10.6 0.6 1.2 T8 2.6 3.7 2.3
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Figure 6. Linking local meteorological patterns with synoptic types on the SOM planes: relative
frequency (%) of 12 synoptic types (T1~T12) on the 4x3 SOM grid as in Figure 3, under the occurrence
of each local meteorological pattern (P1~P6) in September- February displayed on the 3x2 SOM grid.
Colour scale: green - low value; yellow - medium value; red - high value.

Overall, the type-pattern relationships are generally consistent with general meteorological
principles for valley environments (Sturman and Tapper, 2008). In summer, the prevalent patterns
P5 (hot-dry-calm) and P6 (humid-strong SE wind) are more frequently associated with the occurrence
of synoptic states featured with activities of southern highs and/or thermal low/easterly troughs,
which facilitate anticyclonic low-wind (calm) conditions or the prevalence of easterly synoptic flows
over the study region. In spring, the most prevalent pattern P2 (col-dry-calm) corresponds frequently
to the occurrence of anticyclonic situations characterised by the influence of high-pressure systems
centred over the southern continent or the Tasman Sea. All other pattern-type combinations are also
observed, to a lesser and varying degree in this season. It is notable that each local pattern
corresponds to a subset of synoptic types which are somehow similar and clustered together (close
to each other) on the SOM plane, and vice versa. Essentially, this non-unique pattern-type
correspondence reflects the complexity and subtleness in the interactions between local terrains and
atmospheric circulations, which are constantly evolving, rather than exist in a form of discrete
clusters. This finding highlights the significant role of local topographical factors in determining the
prevailing meteorological conditions in the valley.

4.4. Relation of Synoptic Circulation Types and Local Meteorological Patterns to PM10 Pollution

We now examine the linkages between elevated PM10 pollution and the local meteorological
patterns and synoptic types identified for spring and summer. Jiang et al. (2024) suggested that it is
possible to characterise the air quality variability in the Upper Hunter airshed with PM10 time series
from a subset of (representative) monitoring stations in the air quality subregions (Figure 2; Section
2.1). Here we chose to analyse the pollution tendency and conduciveness of meteorological
configurations in terms of mean PM10 levels and the occurrence of elevated PM10 pollution days at
two larger population centre sites, Singleton and Muswellbrook, respectively representing the SE and
WNW subregions in the valley.
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4.4.1. Mean PM10 Pollution Levels under Each Local Meteorological Pattern or Synoptic Type

Mean PM10 concentrations are shown in Figure 7, illustrating the overall tendency of individual
synoptic types or local meteorological patterns for contributing to PM10 pollution in the SE and
WNW subregions, as represented by the Singleton and Muswellbrook stations, respectively. The
clustered patterns of the PM10-meteorology relationships are readily identifiable on the SOM planes.
Overall, these relationships are consistent with local air quality experience, for example, those
reported in Jiang (2017), Holmes (2008) and Holmes and Associates (1996) for the Upper Hunter
Valley, and in Jiang et al. (2017a) and Leighton and Spark (1997) for Sydney.

Of the six local meteorological patterns, P1 (dry-strong NW wind) and secondarily P4 (hot-dry-
NW wind) correspond to much higher mean PMI10 levels at both stations (Figure 7a). Local
experience suggests that dry NW winds contribute to increased dust generation and down-valley
transport of air pollutants, and hence elevated mean PM10 concentrations at the lower part of the
valley (Jiang, 2017). Moderately high PM10 levels are observed under P2 (cold-dry-calm) at
Muswellbrook and to a lesser degree at Singleton, probably associated with the effect of reduced dust
generation (due to suppressed NW wind conditions) confounded by the impact of pollutant
accumulation due to low valley ventilations that limit pollutant transport and dispersion. In contrast,
P6 (humid-strong SE wind) correspond to the lowest mean PM10 pollution at Singleton and
Muswellbrook, since the SE local winds tend to transport pollutants up-slope while also suppressing
PM10 accumulation due to high wind speeds (good ventilation).

However, P3 (humid-wet-SE wind) and P5 (hot-dry-calm) tend to play different roles in
determining pollution levels at the two stations (subregions). P3 corresponds to relatively low mean
PM10 pollution at Singleton but high mean PM10 levels at Muswellbrook, since the prevailing SE
local winds tend to transport pollutants up-slope (away from Singleton, i.e., the SE subregion of the
valley), leading to PM10 accumulating near the Muswellbrook area (i.e., in the WNW subregion in
the upper part of the valley). P5 is associated with relatively high mean PM10 levels at Singleton, but
low mean PM10 levels at Muswellbrook, resulting from the effects of reduced dust generation (under
suppressed wind conditions) and lack of up-slope pollutant transport (towards the upper end in the
WNW subregion), confounded by the impact of pollutant accumulation due to low ventilation
conditions. These between-site (subregion) variations in the PM10-local meteorology relationships
essentially reflect the significant role of local meteorological conditions in determining the two
distinct air quality conditions in two subregions described in Jiang et al. (2024).

The mean PM10-synoptic type relationships tend to be similar for Singleton (the SE subregion)
and Muswellbrook (the WNW subregion) (Figure 7b). Synoptic types associated with higher mean
PM10 levels include T2~T4 and T6 and T7 (highest mean PM10 levels on T4), i.e., those clustered near
the bottom-left conner on the 4x3 SOM grids and characterised by the influence of a high system
centred over the continent near the Australian Bight, a westerly trough in the south, and/or a ridge
extending northwest towards coastal northern NSW or southeastern Queensland from the Tasman
Sea. These situations are known to provide relatively strong southwesterly to northwesterly synoptic
flows over eastern NSW (Jiang et al., 2016), thus facilitating the occurrence of local NW winds in the
valley (Section 4.3). The local NW winds can enhance dust generation (through soil erosion) and
down-valley pollutant transport, hence contributing to elevated mean PM10 pollution across the
valley. These relationships are somewhat consistent with Jiang et al. (2017a), who showed that the
passage of low pressure or frontal systems, and the presence of a high-pressure cell over the Tasman Sea
with a ridge extending north-west across NSW or southern Queensland are commonly associated with elevated
PM10 pollution levels and high chance for exceedance days during warm seasons (November to March) in
Sydney.

In contrast, the synoptic states featured with the activity of southern high-pressure systems
(T9~T12 on the right edge of the SOM) are related to generally lower mean PM10 concentrations at
both stations. This is because these systems often provide mild, moist easterly synoptic flows of
oceanic origin, locally in favour of the occurrence of wet weather and hence (potentially) resulting in
suppressed local PM10 emissions. However, of note are T10 and T11, under which mean PM10
concentrations at Muswellbrook are significantly higher compared to that at Singleton. This is
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expected, since these southern high/easterly trough types facilitate the occurrence of easterly to
southeasterly flows in the study reason (Section 4.3), thus in favour of transporting air pollutants
from the bottom end (SE subregion) to the upper end (WNW subregion) of the valley. The between-
site variations in the PM10-synoptic type relationships indicate the combined influence of synoptic
circulations and local meteorological conditions in discriminating mean air quality conditions in two
subregions of the Upper Hunter Valley. This aspect will be further discussed in the next two
subsections.

(a) Mean PM10 levels (pg/ms) by local meteorological pattern

Singleton Muswellbrook

P1 277 |P4 P1| 313 256 |P4
216 228 26.8 19.3

P3| 169 | 156 |es P3| 211 170 |p6

(b) Mean PM10 levels (pg/m’) by synoptic type

Singleton Muswellbrook
11| 234 | 203 | 154 [T° Ti| 219 | 225 | 193 |79
274 | 260 [ 163 205 | 268 | 212
351 | 241 | 180 284 | 276 | 217
74| 364 | 210 @ITW T4 245 | 185 [T12

Figure 7. Mean PM10 concentrations by (a) local meteorological pattern and (b) synoptic type
displayed on the SOM planes. Colour scale: green - low value; yellow - medium value; red - high
value.

4.4.2. Linking the Occurrence of Elevated Pollution Days to Local Meteorological Patterns or
Synoptic Types

It is high pollution days that are of most concern in air quality management. In this section, we
examine the tendency of individual local meteorological patterns (P1~P6) or synoptic types (T1~T12)
for leading to elevated pollution days at Singleton and Muswellbrook. The frequency and propensity
ratio values are given on the SOM planes in Figure 8 for P1~P6 and T1~T12, respectively. As noted in
Section 3.2, a higher frequency (%) value indicates higher probability for a local pattern (or synoptic
type) being observed on an elevated pollution day at the examined station, and vice versa. A
propensity ratio greater than one indicates that the relevant local pattern (or synoptic type) is more
likely to be present on elevated PM10 pollution days than climatologically expected.

Of the six local meteorological patterns (Figure 8aa), P4 (hot-dry-NW wind conditions) and P5
(hot-dry-calm conditions) show the highest frequencies (probabilities) for leading to elevated PM10
pollution, accounting for 70.2% and 67.6% of the total elevated pollution days at Singleton and
Muswellbrook, respectively. Patterns with moderate probabilities are P6 (humid-strong SE wind;
18.1%) for Muswellbrook and P1 (dry-strong NW wind; 13.5%) for Singleton. In comparison, the
propensity ratios illustrate somehow different distribution patterns on the SOM grid. The most
pollution conducive patterns are P4 and P1 for Singleton, and P4 and P5 for Muswellbrook, together
highlighting the high tendency of the hot-dry-NW wind conditions (P4) for leading to elevated PM10
pollution events in both subregions (in the valley). As expected, P3 (humid-wet-SE wind) has the
lowest propensity ratio values and is thus least conducive to elevated PM10 pollution events among
all patterns. The between-site variations in relationships further highlight the different roles of local
meteorological conditions in modulating elevated PM10 pollution across two air quality subregions.
The distribution patterns in frequencies and propensity ratios somehow differ from those for mean
PM10 concentrations shown in Section 4.4.1. This is an important finding, as it implies that local



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0169.v1

17

meteorological configurations tend to play different roles in determining the mean PM10 levels vs
the occurrence of elevated pollution episodes in two subregions.

As shown in Figure 8b, the synoptic types on the centre to left section of the SOM plane are most
probably related to the occurrence of elevated PM10 pollution days, with T2~T4 and T6~T7
accounting for a total of 79.8% and 64.8% of elevated pollution days at Singleton and Muswellbrook,
respectively. Of these, T3 and T4 have the highest propensity ratios for both sites, hence commonly
most pollution conducive in two subregions. In addition, relatively high propensity ratios also occur
to T1 at Singleton and to T7 at Muswellbrook. These pollution-conducive synoptic types are
characterised by the influence of a strong high-pressure system centred near the Australian Bight (T1
and T2), or the passage of a westerly trough or frontal system and a ridge extending northwest
towards northern NSW or southeast Queensland from a high centred over the Tasman Sea (T3, T4,
T6, T7) (Section 4.1). In contrast, synoptic types T9~T12, characterised by a high-pressure system
centred to the south or southeast of the continent with a potential for facilitating easterly synoptic
flows over the study region, appear least conducive to elevated pollution days in the valley. In other
words, these situations were often associated with relatively better air quality in the valley, more so
at Singleton (the SE subregion) than Muswellbrook (the WNW subregion). Overall, synoptic types
show similar relationships with the occurrence of elevated PM10 pollution days to that with mean
PM10 concentrations discussed in Section 4.4.1.

(a) By local meteorological pattern (P1~P6) on 3x2 SOM grid

Singleton Muswellbrook
Frequency (%) Frequency | %)
10.7 18.0
P3 0.6 5.1 P&
Propensity (ratio) Propensity (ratio)
1.7 1.6
07 | o8 | 17
0.7
(b} By synoptic type (T1~T12} on 4x3 SOM grid
Singleton Muswellbrook
Frequency (%) Frequency (%)
T1 9.6 7.3 1.7 T3 3.3 3.3 6.2
11.8 10.7 2.2 10.5 10.5 6.7
10.7 3.9 12.9 7.1
T4 11.8 5.1 0.0 Ti12 10.0 8.1 3.8
Propensity (ratio) Propensity (ratio}
15 1.2 0.2 0.5 0.6 0.7
1.2 1.1 0.2 1.1 1.1 0.7
0.9 0.3 1.5 0.6
2.2 0.7 0.0 1.8 1.1 0.4

Figure 8. Linking elevated PM10 pollution days to local meteorological patterns or synoptic types on
the SOM planes: frequency (%) and propensity ratio of (a) local meteorological patterns (P1~P6) on
the 3x2 SOM grid and (b) synoptic types (T1~T12) for the elevated pollution days (with PMio level
>33.5 pug/m?), at Singleton (total 178 days) and Muswellbrook (total 210 days) on the 4x3 SOM grid.
The propensity is expressed as a ratio of the percentage of total number of elevated pollution days to
the overall percentage of occurrence for each local meteorological pattern or synoptic type. Data:
September-February (exceptional event days excluded). Colour scale: green - low value; yellow -
medium value; red - high value.
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4.4.3. Linking the Occurrence of Elevated Pollution Days to the Local Pattern-Synoptic Type
Combinations

The tendency of meteorological configurations for leading to elevated PM10 pollution days is
further illustrated in nested SOM grids, as shown in Figure 9 in terms of frequency and propensity
ratio for the local meteorological pattern-synoptic type combinations. In this case, a higher frequency
(%) value indicates higher (conditional) probability for a pattern-type combination occurring on
elevated pollution days at the examined station, and vice versa (Section 3.2). A propensity ratio
greater than one indicates that the combination is more likely than climatologically expected to be
present on days with elevated PM10 pollution.

In general, the P4 (local hot-dry-NW wind conditions) combinations with T1~ T8 on the middle
and left sections of the 4x3 SOM grid, i.e., westerly trough/anticyclonic types or northwest ridge types
(Section 4.3), tend to be more pollution conducive. As noted earlier, T1~T8 are characterised by the
activity of eastward migrating (continental) high pressure systems (T1, T2, T5), westerly troughs
(often associated with the passage of frontal systems) or a high-pressure ridge extending towards
northern NSW or southeastern Queensland from the Tasman Sea (T3, T4, T6~T8), with a potential for
providing southwesterly to northwesterly synoptic flows over the study region. These pattern-type
combinations have higher frequencies at the Singleton (total: 50.0%) and secondarily Muswellbrook
(total: 25.2%) stations (Figure 9a,c). P4 is most pollution conducive at Singleton for its combination
with one of T1~T§, but to a lesser degree at Muswellbrook for its combination with one of T2~ T5, as
is indicated by the relatively high propensity ratios (Figure 9b,d).

The combinations of P5 (local hot-dry-calm conditions) with synoptic types including T1~T8 also
correspond to relatively high occurrence of elevated pollution days on the SOM plane, accounting
for over 18% and 40% of the total number of elevated pollution days respectively at Singleton and
Muswellbrook (Figure 9a,c). Of these combinations, P5-T4 has the highest propensity ratio and thus
most conducive to elevated pollution days. However, there exist considerable between-site variations,
where P5 combinations with T2~T9 appear most pollution conducive at Muswellbrook but P5
combinations with T1~T4 most pollution conducive at Singleton (Figure 9b,d).

The P1 (local dry-strong NW wind conditions) combinations with T3 and T4 also has high
propensity ratios (thus pollution conducive) at Singleton but to a lesser degree at Muswellbrook.
These synoptic situations are characterised by the passage of westerly troughs or frontal systems,
resulting in southerly to southwesterly changes over the study region, leading to strong
northwesterlies and hence increased dust generations in the valley. The combinations of P6 (local
humid-strong-SE wind conditions) with a few synoptic types such as T6~T12 have relatively high
frequencies at Muswellbrook. P6 combinations with T2 and T6 have relatively high propensity ratios
(so more pollution conducive) at Muswellbrook (in the WNW subregion), while its combination with
T4 shows high propensity values (hence pollution conducive) at both stations (subregions). It is
interesting that P3 (humid-wet-SE wind) combined with T4 also shows high propensity ratios at two
stations, probably being rare events due to the very low frequencies of this combination (<0.6%).

In summary, the combinations of P4~P5 with T1~T8 appear mostly related to elevated PM10
pollution in the Upper Hunter Valley, with variations observed between two stations (two subregion).
The combinations of P1~P3 with synoptic states T9~T10 and secondarily T5~T8 appear least
conducive to elevated pollution days. These findings are to some degree consistent with overseas
studies of PM10 pollution in valley environments, for example, by Mohd Shafie et al. (2022),
Quimbayo-Duarte (2021), Giri et al. (2008) and Reisen et al. (2017). Those studies suggested that
elevated PM10 pollution are associated with dry conditions, low winds, thermal inversions and/or
under the influence of high-pressure systems. In addition, the present study also shows that the
passage of westerly roughs or frontal systems, combined with hot and dry local meteorological
conditions (i.e., P4 and P5) tend to have high tendency for leading to high mean PM10 levels as well
as elevated pollution events in the Upper Hunter Valley. These findings are broadly consistent with
the previous studies on the relationship between local and synoptic meteorology and air quality
conditions identified for urban environments in NSW. For instance, Jiang et al., (2017a) noted that
two synoptic situations, characterised by the presence of a high-pressure cell over the Tasman Sea with a ridge
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extending north-west across NSW or southern Queensland, are commonly associated with elevated pollution
levels and high chance for PM10 exceedance days in the Sydney basin during November-March. As noted
earlier, some overseas studies also showed that the passage of low pressure or frontal systems can result
in higher particle pollution due to increased wind erosion (e.g., Dayan and Levy, 2005; Huang et al.,
2009).

(a) Singleton: frequency (%) (e} Muswellbreok: frequency (%)

P1: dry-strong NW wind P4: hot- dr\.r NW wind

P1: dry-strong NW wind

Pa: hot-dry-NW wind

33 24 14
05

T1

T4

P2: cold-dry-calm P5: hot-dry-calm P2: cold-dry-calm P5: hot- dn,r calm
06 06 05 38
34 3.4 0.6 38 43
06 22 17 0.5
2.2 11 -

P3: humid-wet-SE wind P6: humid-strong SE wind P3: humid-wet-SE wind P&: humid-strong SE wind

. 19

K 10

. 2.4

0.5 05 K d 14

(d) Muswellbrook: propensity (ratio)

(b) Singleton: propensity (ratio)

P1: dry-strong NW wind

P4: hot-dry-NW wind

P1: dry-strong NW wind P4: hot-dry-NW wind
11 15 12
21 11 20
25 1.2 09
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11 16 24
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| 05 | 13 17

37 05

P2: cold-dry-calm

P3: humid-wet-5E wind P6: humid-strong SE wind P3: humid-wet-5E wind P&: humid-strong SE wind

Figure 9. Linking elevated PM10 pollution to the pattern-type combinations on the SOM planes:

frequency (%) and propensity ratio for each combination of synoptic type (T1~T12) vs local
meteorological pattern (P1~P6) for elevated pollution days (PMio level >33.5 pg/m?) at Singleton (total
178 days) and Muswellbrook (total 210 days). The propensity is expressed as a ratio of the percentage
of total number of elevated pollution days to the overall percentage of occurrence for a particular
combination of synoptic type-local meteorological pattern. Data: September-February 2012-2022
(exceptional event days excluded). Colour scale: green - low value; yellow - medium value; red - high
value.

5. Summary and Conclusion

The present study has examined the spatial-temporal variability of PM10 pollution in the Upper
Hunter Valley based on the long-term (2012-2022), multi-site air quality and meteorological data.
Jiang et al. (2024) reported the findings of the spatial and temporal variation modes by applying
rotated principal component analysis and wavelet analysis. This text describes the classification of
local meteorological patterns and synoptic circulation types in spring and summer and their relation
to mean and elevated PM10 pollution at Singleton and Muswellbrook, respectively representing the
SE and WNW air quality subregions in the valley (Jiang et al., 2024). The present analysis is featured
with the use of the SOM method for the visualisation and interpretation of complex results on the
SOM planes, in a holistic and structured manner. The main findings are summarised below:
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(1) A catalogue of 12 synoptic circulation types has been established for summer and spring, when
PM10 levels are generally higher in the Upper Hunter Valley. The most frequent synoptic types
in spring are featured with a high-pressure system centred over the southern continent near the
Australian Bight, the influence of westerly troughs/frontal systems in the further south, or a ridge
extending northwest towards eastern NSW or southeastern Queensland from a high system centred
over the Tasman Sea. In contrast, the more prevalent synoptic situations in summer are
characterised by an anticyclonic system located in the south and a thermal low/easterly trough in
the north of the domain.

(2) A classification of six local meteorological patterns has been quantitatively derived for the study
region for the first time. The classification captures the meteorological configurations commonly
experienced in the valley. The two most frequent patterns are: (1) hot-dry-calm conditions and
(2) humid weather with strong southeasterly winds, which occur more in summer. In contrast,
the cold-dry-calm condition is more prevalent in spring (rarely occur in summer). This
classification is an important addition to the literature, as most previous studies of the local
meteorology-air quality relationships for the region were qualitative, or based on correlation
analysis of short-term PM10 data and individual meteorological variables.

(3) The connections between local meteorological patterns and synoptic circulation types are
quantitatively visualised on the SOM planes from the two independently derived classifications.
Each local pattern corresponds to a subset of synoptic types that are relatively similar and
clustered together in the SOM grids. In other words, individual local meteorological patterns
can have multiple synoptic type counterparts, and vice versa. To some degree, this multiplet
correspondence may reflect the uncertainty in classifying the continuous, constantly evolving
atmospheric states into discrete clusters. However, more importantly, this finding highlights the
significant role of the interactions between local terrains and atmospheric circulations in
determining local meteorological conditions and consequently air quality in the valley.

(4) Local meteorological pattens and synoptic circulation types associated with elevated PM10
pollution have been identified for two larger population centre sites (Singleton and
Muswellbrook), broadly representing the WNW and SE subregions. On the synoptic scale,
higher mean daily PM10 pollution are associated with situations that provide relatively strong
southwesterly to northwesterly synoptic flows over eastern NSW. Synoptic types typical of
easterly waves with a high-pressure system centred in the south correspond to generally low
mean PM10 levels in the valley. Accordingly, two local meteorological patterns, the dry-strong
NW wind conditions and the hot-dry-NW wind conditions, correspond to higher mean PM10
levels at both stations (subregions). In comparison, the local pattern featured with cool and
humid weather with strong SE winds is related to low mean PM10 pollution in the valley.

(5) There are two groups of local meteorology-synoptic type configurations most conducive to
elevated PM10 pollution days. One group is featured by the combinations of locally prevailing
hot-dry-northwesterly wind conditions in the valley with synoptic situations characterised by:
(a) the passage of eastward migrating high-pressure systems and easterly troughs (typical of
frontal activities) over southeast part of the continent (anticyclonic/westerly trough types); or (b) a
ridge extending northwest towards coastal northern NSW or southeastern Queensland from the
Tasman Sea and a thermal trough extending from the northwest (northwest ridge types). These
combinations provide a high chance for leading to elevated PM10 pollution at Singleton (broadly
in the SE subregion) and secondarily Muswellbrook (broadly in the WNW subregion). The other
group includes the combinations of locally prevailing hot-dry-calm conditions but with the
anticyclonic/westerly trough types or northwest ridge types. These combinations have a high chance
for elevated PM10 pollution events to occur at Muswellbrook (broadly in the WNW subregion)
and to a lesser degree at Singleton (broadly in the SE subregion).

In conclusion, the present study has demonstrated a holistic, quantitative approach for
identifying the pollution conducive meteorological configurations for the Upper Hunter Valley. The
SOM method has facilitated the classification of both synoptic and local meteorological conditions,
and as well offered the convenience for summarisation and interpretation of the complex results in a
structured/clustered manner. The findings have provided further insights into how local- and
synoptic-scale meteorological configurations combine to determining the air quality properties in
two subregions of the Upper Hunter Valley, as is identified in Jiang et al. (2024).
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Our future work may point to a few directions. For example, the findings can be directly
applicable for improving air quality data reporting and air forecasting (Jiang, 2017). Jiang et al. (2024)
identified the variability modes at times scales of 30-90 days and 120 days in PM10 pollution. Previous
studies showed that both local-, synoptic- and large-scale climatic conditions can affect local air
quality in a region (e.g., Jiang et al., 2014). Hence, one may speculate whether the PM10 variability
modes could be related to the influence of broad-scale climate drivers such as the Madden and Julian
oscillation (MJO), El Nino-Southern Oscillation (ENSO) and Southern Annular Mode (SAM), which
are known to modulate the weather and climate in Australia - this aspect deserves further attention
in future work. In addition, although this study was focused on the air quality-meteorology
relationships, it is acknowledged that a detailed analysis on the variability properties of PM10
emissions, when data become available, can also be useful for a more complete understanding of
PM10 pollution in the study region. Finally, in echo to Jiang et al. (2016), this study has further
demonstrated the utility of machine learning techniques for summarising and visualising the air
quality data from the NSW air quality monitoring network. The methodology and results from this
study can be useful for air quality research at other locations in NSW, or similar regions elsewhere.
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