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Accelerator based ion beam analysis (IBA) techniques were used to determine the elemental composition
of aerosol samples from four sites near Sydney, Australia. Hourly measurements of atmospheric Radon-
222 (radon) concentration were made at the same sites. We evaluate a new method for quantifying the
degree of distribution of aerosol sources based on the correlation analysis of two consecutive years
(2007-2008) of IBA and radon data.

Seasonal cycles and trends in concentrations of key elemental constituents of the sampled aerosols are
characterised, and explained in terms of the regional Sydney climatology and proximity of measurement
sites to the coast. Site-to-site correlation analysis was then undertaken between elements to quantify the
extent to which a source had a regional impact or was only local to a site (site-specific). This was followed
by correlation analysis of elements and radon at each site to identify the degree of spatial and temporal
uniformity of the source at each site.

Silicon concentrations (usually associated with soil sources), were overall well correlated between
three of the four sites, indicative of a regional source for three sites and a local source for the fourth site.
Conversely, the highest sulfur correlations were observed between sites that were closest together.

On a site-by-site basis, radon was well correlated with black carbon and potassium and particularly
during winter when domestic heating constitutes a distributed source. However, in summer the correla-
tion of radon with BC and K was poor indicating that the distribution of these sources varies over the
summer fetch region. Radon was also positively correlated with silicon and titanium, but the correlation
coefficient for the entire data set was smaller than for black carbon. In summer and winter, when fetch
regions were constrained by the prevailing meteorology, silicon and titanium showed a better correlation

with radon. A small negative correlation was seen between sodium (a marker for sea salt) and radon.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Sydney is Australia’s largest city (4.4 million inhabitants in
2009) and continues to expand. Between 2000 and 2009 its popu-
lation increased by more than 7%, and in 2008 alone the Sydney
region released 2680 KT of gaseous and particulate emissions into
the atmosphere [1]. The current study covers three airsheds
(Fig. 1a): Hunter airshed north of Sydney, Illawarra airshed south
of Sydney and the Sydney airshed.

The Sydney airshed, into which the majority of its urban emis-
sions feed, is clearly delineated by the topographic confines of the
Great Dividing Range; which rises to over 1000 m above sea level
to the west, and 200 m to the north and south, enclosing a coastal
plain approximately 70 km wide. The ongoing problem with pho-
tochemical smog and its precursors within the Sydney airshed
indicates that the city’s growing resource demand is more than

* Corresponding author. Tel.: +61 2 9717 3885; fax: +61 2 9717 9260.
E-mail address: Jagoda.Crawford@ansto.gov.au (J. Crawford).

offsetting the continual improvements being made to fuels, motor
vehicles and industry [2].

In addition to the numerous “diffuse emitters” (mobile
sources, scattered small industries and non-industrial sources),
the Hunter airshed plays host to open-cut coal mines and several
coal fired power stations. A number of significant point sources
are also present in the Sydney airshed including the Kurnell
Oil Refinery. The Port Kembla Industrial site is located in the
lllawarra airshed near Warrawong (Fig. 1b). As well as the grow-
ing smog concerns, dust and other particulate matter (e.g. wood
smoke), continue to be a problem in some western areas of the
Sydney airshed [2].

The synoptic wind flow patterns are typically onshore in sum-
mer and offshore in winter [3,4]. The climatology of photochemical
smog and related gaseous emissions in the Sydney region has been
studied extensively over the past 40 years [4-7]. A common find-
ing was that Sydney is most prone to photochemical smog events
in summer, with the severity of events linked to the prevailing
winds and cloud cover.

0168-583X/$ - see front matter Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Topographic map of the study domain indicating the measurement sites and the Sydney, Hunter and Illawarra airsheds, and (b) map of the study domain showing
regional boundaries (red lines), sampling sites (green triangles), and locations of major aerosol point sources (red diamonds) and open-cut coal mines (black circles). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Many aerosol characterisation investigations in Sydney, includ-
ing those using nuclear methods, have been published in the last
15 years [4,8-13]. Aerosol pollution, particularly from particles
smaller than 10 pm in diameter, is associated with the growing
problem of “brown haze”. Conditions conducive to brown haze (hea-
vy particulate loading, low wind speed and shallow inversion lay-
ers), are most common in autumn and winter. Typically, the
sources of these aerosols are motor vehicles, open fires, domestic
combustion heaters, industry and soil. At higher concentrations
these aerosols pose both direct and indirect risks (e.g. public health
and visibility) and concern has recently focused on the fine particu-
late matter (PM, s), which is known to be linked more directly to ad-
verse health effects than coarser matter [14]. Mobile sources
contribute around 18% of Sydney’s PM, s emissions, compared to
40% from industries and 42% from commercial and residential
sources [11]. In the summer months, bushfires also contribute to
the existing anthropogenic PM, s loadings. During winter, wood
heaters can produce up to three times more particulate pollution
thancars[15]. Accelerator-based ion beam analysis (IBA) techniques
have previously been used to characterise the elemental composi-
tion of fine particles and both source fingerprints and their contribu-
tions to the total mass have been quantitatively determined [16-19].

Radon is a ground-emitted and chemically stable gas. Terrestrial
sources of radon are relatively constant on regional spatial scales
and sub-seasonal time scales [20]. Furthermore, radon emissions
from ice-free, unsaturated soils are typically three orders of magni-
tude greater than marine sources [21,22], making it an ideal tracer
of recent (in the order of 3-weeks) terrestrial influence on an air
mass [23]. Largely due to its comparatively simple atmospheric
source-sink mechanisms, radon has long been recognised as a use-
ful tracer of atmospheric transport [24-26]. As well as providing
unambiguous evidence of recent terrestrial influence, changes in
radon concentration measured near the surface on sub-diurnal
time-scales also reflect the effects of dilution due to variations in
the depth of the atmospheric boundary layer.

The application of IBA for the elemental composition of aero-
sols, and then using radon and back trajectories for source region
analysis, has recently been reported by Crawford et al. [27,28] for
a study site in Hong Kong. The primary aims of the current study
were: (i) to contrast 2 years of daily elemental composition of
PM, s aerosols, and their seasonal variability, from four sites in
the greater Sydney region, and (ii) to use the new technique, that
of correlation between elemental markers of various PM,s5

pollution types and observed atmospheric radon concentrations
at each site, and together with site-to-site correlation of elements
to infer spatial characteristics of the pollution sources.

For the two year study period (2007-2008), the southern hemi-
sphere definition of seasons has been employed: summer (Decem-
ber, January and February), autumn (March, April and May), winter
(June, July and August) and spring (September, October and
November).

2. Method
2.1. Sites and study domain

The four sampling sites (Warrawong, Lucas Heights, Richmond
and Muswellbrook) and main regional airsheds are shown in Fig
1. As well as representing a north-south cross section through
the airsheds, these sites are at increasing distance from the coast
(3-130 km), providing a progressive reduction in marine influence.

The Warrawong site (WW; 34°29'S, 150°52’E; 40 m asl) is 3 km
from the coast. Since it is south-west of the Port Kembla industrial
complex, it is classified as an urban/heavy industrial site. Major
industries in this area include ferrous metal smelting and refining
plant, a large integrated steelworks (coke ovens, sinter plant and
blast furnace) together with iron ore, coal and grain handling
facilities [29]. The Lucas Heights site (LH; 34°02’S, 150°59’E;
152 m asl) is 18 km from the coast, and situated on a broad ridge
with drops in elevation of 130-150 m within a 1 km radius. LH is
classified as a rural/urban site. In terms of marine influence on
observed aerosols, both WW and LH will hereafter be classified
as ‘“coastal sites”.

The Richmond site (RI; 33°36’S, 150°44’E; 24 m asl) is 55 km
from the coast. It is located in a relatively flat area near the western
boundary of the Sydney airshed. Muswellbrook (MB; 32°16’S,
150°53’E; 144 m asl) is 130 km from the coast and in a broad val-
ley. MB is situated near open-cut coal mines and two coal-fired
power stations. Both RI and MB are classified as rural/industrial
sites. In terms of marine influence on observed aerosols, both RI
and MB will hereafter be classified as “inland sites”.

2.2. Aerosol sampling and elemental analysis

Aerosols were sampled using an IMPROVE PM,s cyclone
system, with a 25 mm diameter Teflon filter and flow rate of
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~22 L min~! [16]. 24-h integrated samples (midnight to midnight)
were collected twice a week (Wednesday and Sunday). However,
since no significant difference was noted between samples col-
lected on weekdays and weekends, all days have been used in
the following analysis.

Elemental analysis of the sampled aerosols was performed
using accelerator-based ion beam analysis (IBA) techniques
[17,18], which yielded quantitative concentrations for the follow-
ing elements: H, Na, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Br and Pb. The full suite of analyses included: Proton-in-
duced X-ray Emission (PIXE), Proton-induced Gamma-ray Emis-
sion (PIGE), Rutherford Backscattering (RBS) and Proton Elastic
Scattering Analysis (PESA).

Characterisation of detailed source fingerprints for Sydney’s
PM, 5 pollution is beyond the scope of this investigation and is
the subject of a separate study. Instead, here we consider combina-
tions of key elements understood to be markers of different source
types [4,27,19,30], namely: the Si-Ti pair, which is an effective
marker for Australian soils [19]; the Black Carbon (BC)-K pair,
which is generally a good indicator of smoke (although BC is also
present in vehicle exhaust); the Fe-Zn pair, an indicator of heavy
industry emissions (although Zn is also associated with motor
vehicles); the Na-Cl pair, consistent with sea spray, an indicator
of marine influence (although Cl is often depleted in transit by
reaction with acidic species and other sources of Cl might also ex-
ist); and particulate sulfur (S), which is typically in the form of sec-
ondary sulfate, produced by the conversion of SO, gas to the
particulate sulfate phase in the presence of sunlight and water va-
pour [31]. SO, can have a range of sources, including vehicles, coal
fired power plants and other industrial activity.

2.3. Atmospheric radon measurements

The naturally occurring radioactive gas Radon-222 (radon; half
life to5 = 3.82 days) is chemically inert and poorly soluble in water.
Its parent, radium-226, is long lived (to s = 1600 years) and ubiqui-
tous to all terrestrial surfaces. Terrestrial radon flux densities typ-
ically range from 16 to 26 mBgqm 2 s~ !; [32,33] and are considered
to be relatively consistent on regional spatial scales and sub-sea-
sonal time scales (e.g. Jacob et al. [20]).

Continuous, hourly measurements of atmospheric radon con-
centration were made concurrently with aerosol sampling at each
of the four sites during the whole study period. The radon mea-
surements were made using 1500 L dual flow loop, two filter
detectors [34].

2.4. Source characterisation by correlation analysis

The degree of site-to-site correlation between corresponding
elemental concentrations can be used to indicate whether a partic-
ular source is regional (i.e. large-scale) or local (i.e. small-scale and
close to a particular site). For example, a good correlation between
sites is consistent with a regionally distributed source [35,36]. Con-
versely, low inter-site correlations would be expected if sources
were local with respect to a given site (site-specific) [37].

In addition to the site-to-site correlations the correlation be-
tween radon and elemental concentrations at a given site is related
to how similar (or otherwise) the characteristics of the aerosol
source match those of radon (i.e. exclusively terrestrial, large scale,
as well as spatially and temporally uniform).

2.5. Back trajectory calculation
Air mass back trajectories have been used in conjunction with

atmospheric radon measurements to assist with the interpretation
of observed seasonal changes in aerosol characteristics. Back tra-

jectories were generated using the PC version of HYSPLIT v4.0 (HY-
brid Single-Particle Lagrangian Integrated Trajectory [38]). When
calculating the back trajectories, two starting heights were consid-
ered, 50 and 500 m above ground level. Since little difference was
noted only the 50 m results are shown. In comparing HYSPLIT cal-
culated trajectories with tracer gas releases, Draxler [39] estimated
that the model error is between 20% and 30% of the travel distance.
Consequently we have restricted back trajectories to 5 days. The
chosen length is adequate for delineation of the main fetch areas.

3. Results and discussion

3.1. Elemental concentrations, seasonal variation and site-to-site
correlation

3.1.1. Seasonal fetch analysis using back trajectories

Seasonal changes in regional meteorology are responsible for
redistributing Sydney’s PM, s burden on sub-annual time scales.
To facilitate the interpretation of seasonal trends in aerosol con-
centration fetch analyses were performed for each site using back
trajectories. To do this, hourly back trajectories were calculated for
the 2-year period and seasonal density plots were generated by
counting the number of times that a grid cell (of 0.5° x 0.5° resolu-
tion) was crossed by a trajectory in that season. The result was a
frequency distribution of air mass passage over the potential aero-
sol fetch regions. Separate density plots were generated for each
site and season but, since results were similar for both coastal sites
and both inland sites, only plots for the domain extremes (WW,
Fig. 2; MB, Fig. 3) will be shown.

In winter (Figs. 2b and 3b), air parcels typically approached
each site from the west or south-west, having crossed southeast
Australia (terrestrial fetch, or “off-shore” flow). In summer (Figs.
2d and 3d), air masses typically approached the sites from the
northeast to southeast quadrant, and exhibited comparatively
short land fetches (marine fetch, or “on-shore” flow). Autumn
and spring were characterised by mixed fetch conditions.

Irrespective of season the inland sites had a greater terrestrial
fetch. While this is evident from Figs. 2 and 3 (particularly in sum-
mer) it is better quantified by the time-over-land estimates in Ta-
ble 1. Consequently, in summer, despite the prevailing easterly
winds, the inland sites (MB in particular), may have a significant
terrestrial signature from near coastal regions. However, for all
sites, air masses spend more time over land in winter than in sum-
mer. Since the majority of aerosols have terrestrial based sources
the potential for high pollution episodes, given similar emissions
rates, should be highest in winter. However, for the inland sites
the most heavily populated regions are the coastal plains to the
east of the sites, which points to higher significance of the coastal
regions in summer, especially for anthropogenic pollutions.

3.2. Elemental concentrations

Time series of daily average concentrations (ng/m?) of select
elements (Na, Si, S, K and BC) are presented in Figs. 4-8, respec-
tively. Corresponding plots for Cl, Ti, Fe and Zn are provided as sup-
plementary data. In some cases a clear seasonal cycle is evident,
and/or a trend with increasing distance from the coast. On inspec-
tion the degree of correlation of these cycles and trends between
sites can be seen to change with each element. This is explored
in more detail in Section 3.1.3.

The seasonality and trends in marine influence, of observed ele-
mental concentrations is more clearly evident when the data are
plotted as seasonal averages (Fig. 9). This figure also highlights
some anomalies at WW and MB which, most likely, result from
their proximity to strong point sources.
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Fig. 2. Trajectory density plots (number of trajectories passing over a 0.5° x 0.5°grid cell) for Warrawong in: (a) autumn, (b) winter, (c) spring and (d) summer, also

representative of the coastal site Lucas Heights.

3.2.1. Marine influence (Na-Cl pair)

Overall a pronounced reduction in marine markers was evident
with increasing distance from the coast (Fig. 9a and b). A strong
seasonality in marine markers was also noted, consistent with
the seasonal change in prevailing wind direction from “onshore”
(summer) to “offshore” (winter). Higher concentrations of marine
markers in spring than autumn were also consistent with trajec-
tory density plots (Figs. 2 and 3) and time-over-land estimates (Ta-
ble 1). On examination of the scatter plots of Cl against Na (not
presented) it was found that for RI 22% of winter measurements
were above the CI/Na ratio of 1.54 (a ratio for sea spray [16]), an
indication of local sources of Cl to the south-west consistent with
the winter fetch.

3.2.2. Australian soil markers (Si-Ti pair)

Concentrations of Si and Ti were highest at MB for all seasons
(Fig. 9d and e), indicative of a distinctive soil source for this site.
MB receives more soil from the summer onshore winds than from
the winter westerlies. This can be attributed to three factors; (a) in
MB rural land is located to the east down the Hunter Valley, which
is a possible source region, (b) a number of open-cut mines are lo-
cated to the south/south-east of MB (Fig. 1) which are probably the
most significant contributor, and (c) native forests are located to
the south-west resulting in a reduced dust source. With one excep-
tion (Ti at WW in summer), the strongest soil signatures were ob-
served in autumn and spring.

3.2.3. Smoke markers (BC-K pair)

Concentrations of K and BC showed less variability between the
sites (Fig. 9g and h). Contrasting seasonal cycles were observed be-
tween WW and RI, with the highest concentration at WW in spring
and summer, and highest concentration at RI in autumn and win-
ter. Since Rl is a semi-rural site, fossil fuel burning (for heating) and
biomass burning (for clearing/waste removal) are prevalent in win-
ter. Throughout the non-winter months WW was downwind of the
Port Kembla industrial facility for a significant fraction of time,
resulting in higher K concentrations. No trend in K or BC was ob-
served with distance from the coast based on seasonal averages
or from the time series (Figs. 7-9). Minimum values for both smoke
markers were recorded at LH, a site that is affected predominantly
by urban sources.

3.2.4. Heavy industry markers (Fe-Zn pair)

The highest concentrations of Fe and Zn (Fig. 9f and i) were re-
corded at WW, attributed to the adjacent industrial activity east of
the site. The seasonal cycle of both these markers at WW was char-
acterised by spring/summer highs and autumn/winter lows. In the
case of Zn concentrations, a weak seasonal cycle was evident for all
three remaining sites.

3.2.5. Particulate (secondary) S
Concentrations of S were slightly higher in WW year round
(Fig. 7¢). In all cases however, a clear seasonal cycle was evident,
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Fig. 3. Trajectory density plots (number of trajectories passing over a 0.5° x 0.5°grid cell) for Muswellbrook in: (a) autumn, (b) winter, (c) spring and (d) summer, also

representative for the inland site Richmond.

Table 1

Seasonal average time over land (days) for air masses before arriving at the coastal
and inland measurement sites (calculated for those days on which aerosol measure-
ments were available).

Season Coastal sites Inland sites
Autumn 1.4 19
Winter 1.9 2.5
Spring 1.2 2.2
Summer 0.7 1.5

which was characterised by low concentrations in winter (south-
west fetch, mainly rural) and high concentrations in other seasons
(coastal/urban fetch). Assuming that the majority of S collected
represents secondary aerosols, this seasonality is also consistent
with there being less sunlight in the winter months for the conver-
sion of SO, to particulate sulphate, however the change in fetch
regions could also be a factor. Based on measurements of incoming
shortwave radiation made at LH, the daily total clear sky insolation
in June is approximately 11.45 MJ/m?/day compared to equivalent
December values of 31.11 MJ/m?/day.

3.3. Site-to-site elemental correlation

Site-to-site correlations of Na (the preferred marine marker)
were typically significant and positive (Table 2; see also Fig. 4),
indicating a common, widespread/regional source (the adjacent
ocean). The site-to-site correlations of radon are significant

(typically larger than for Na) and positive, since the source is ter-
restrial and relatively uniform in space and time. Since both the
ocean and terrestrial sources are extensive, one interpretation of
the difference in correlation magnitudes of Na and radon is that
the removal rates of sea-spray aerosols are faster than the removal
(radioactive decay) of radon.

Site-to-site S correlations were typically larger in winter than
summer, despite S concentrations having a winter minimum
(Fig. 9), so the winter S source is most likely distant and well mixed
in the lower atmosphere to influence all sites. In summer, site-to-
site S correlations are lowest between MB and other sites, indicat-
ing that sources of secondary sulphate in the Hunter Valley are lar-
gely site-specific. Given the easterly fetch in summer this is
consistent with a source in the industrialised Newcastle region
and/or the coal fired power stations to the south-east. LH and RI
were well correlated in summer and winter (see also Fig. 6), indi-
cating that secondary sulphates resulting from the urban Sydney
plume were fairly well mixed within the Sydney airshed.

Site-to-site correlations of the smoke markers (K and BC) were
lower, with the highest values occurring between sites that were
closest together, indicating that most K and BC sources were site-
specific. K and BC correlations may be artificially high in winter
though since smoke concentrations will increase at all sites under
stable atmospheric conditions irrespective of source location.

The high site-to-site correlation of Si (soil marker) between
three of the sites (WW, LH and RI) indicates a common and wide-
spread source. Si correlations were poorest with MB, which is
known to have strong site-specific soil sources (open-cut mines
and agriculture).
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3.4. Seasonality of observed radon concentrations

The time series of the daily mean radon, for those days on which
aerosol samples were available, are presented in Fig. 10. The aero-
sol concentrations are the daily mean concentrations in the atmo-
sphere, whereas, radon is hourly averaged. For comparison with
aerosol measurements a daily mean radon activity is calculated
and used.

Daily mean radon concentrations were highest for the inland
sites and lowest for the coastal sites. Although LH was further in-
land than WW, the site is situated on a local topographic high
point, resulting in smaller nocturnal maxima and corresponding
daily means.

All sites exhibited a pronounced seasonality in mean radon,
characterised by a summer minimum (when onshore flow results
in a short land fetch) and higher concentrations in autumn and
winter (when longer air mass time over land is recorded; Table 1).

Time over land alone, however, is not an indicator of the degree
of coupling between air masses and the land surface, since air
masses could spend a significant proportion of their time above
the planetary boundary layer, removed from the surface source.
The coupling of an air mass with the land surface, and hence the
potential for entrainment of emissions from surface sources, can

be gauged by the measured radon activity. Seasonal average radon
activity is presented in Table 3, indicating that, at each site, sum-
mer air masses have the least terrestrial influence and the largest
terrestrial influence is seen in autumn.

3.5. Investigating the correlation between aerosols and radon

Below we present and discuss correlations between radon and
selected elements for (a) the dataset grouped by degree of terres-
trial influence as determined by radon concentration, and (b) the
dataset as a whole. Daily mean radon has been used for this anal-
ysis to match the 24-h aerosol sampling period.

3.6. Terrestrial influence on aerosol loading

Since, for the purpose of this study, radon can be considered to
have an exclusively terrestrial source, we grouped the aerosol sam-
ples according to quartiles of radon concentration to represent de-
grees of terrestrial influence on air mass composition. Here we
focus the discussion on Group 1, being the quarter of the data with
the least amount of radon, representing the lowest terrestrial influ-
ence and Group 2, being the quarter of the data with the highest
radon, representing the highest terrestrial influence.
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Table 2
Correlation coefficients of the elemental concentration of selected elements between
pairs of sites, correlation coefficient >0.4 shaded.

Annual Summer Winter
Element | Site WW | LH RI WW [LH |RI WW | LH RI
S LH 0.82 0.72 0.72
RI 0.69 | 0.86 0.54 | 0.85 0.72 | 0.90
MB 042 | 0.57 | 0.66 |0.27 |0.33|0.46 |0.53 |0.74 |0.89
Si LH 0.83 0.78 0.82
RI 0.72 | 0.76 0.81 | 0.78 049 | 0.39
MB 0.38 | 0.32 | 0.35 | 049 | 0.65|0.56 | 0.47 | 0.23 | 0.47
K LH 0.56 0.59 0.62
RI 0.20 | 0.40 042 | 0.42 037 | 0.70
MB 0.34 | 0.28 | 0.28 | 0.21 |0.28 |0.26 | 0.36 | 043 | 0.27
Na LH 0.85 0.76 0.85
RI 0.63 | 0.70 041 | 0.45 0.67 | 0.78
MB 0.56 | 0.69 | 054 | 0.54 |0.70 | 0.33 | 045 | 0.52 | 0.59
BC LH 0.69 0.71 0.79
RI 0.24 | 0.44 034 | 0.36 0.55 | 0.58
MB 0.28 | 0.30 | 047 | 031 |0.37[0.34 |043 | 0.21 | 0.38
Radon | LH 0.91 0.81 0.94
RI 0.77 | 0.79 0.51 | 0.59 0.74 | 0.72
MB 0.67 | 0.66 | 0.69 | 0.53 |0.60 | 0.39 | 0.52 | 048 | 0.68

Group 1 events occurred more frequently in summer and
spring, whereas Group 2 events were most common in autumn
and winter. Average aerosol mass and average elemental concen-
trations for these groups are presented in Table 4.

Total aerosol mass increased from Group 1 to Group 2 at all
sites, confirming that majority of the aerosols observed had terres-
trial origins. The observed relative mass change with fetch (Gp2/
Gpl1 ratio) was the least at WW and MB. Both of these sites are very
close to strong point sources so changes in fetch may have a re-
duced influence due to the local mixing that occurs within each

Table 3

Seasonal mean radon (Bq/m?) at each site (derived only from days on which aerosol
samples were available). Values can be compared to an activity of 0.1 Bq/m?, typical
of “background” oceanic air [40].

Warrawong Lucas Heights Richmond Muswellbrook
Autumn 2.58 2.42 8.71 9.92
Winter 2.46 2.42 7.33 7.38
Spring 1.79 1.88 4.96 5.50
Summer 1.46 1.46 3.92 4.42

airshed. The largest ratio was at RI, consistent with a strong local
aerosol source west of this site (most likely BC from domestic
burning, supported by the high BC concentration).

Mostly, the Gp2/Gp1 ratio for marine markers (Na-Cl) decrease
gradually from the coastal to inland sites. For Cl, however, the ratio
was unexpectedly high at RI, which could be due to local sources of
Cl (also identified in Section 3.1.2)

The Gp2/Gp1 ratio of soil markers (Si-Ti) was high at LH and RI,
as expected with the contrast in terrestrial influence. The ratio was
lower at WW, however, and lowest at MB, reflecting the influence
of the local point sources on the seaward side of these sites. The
low ratio at MB indicates that distant soil sources have a relatively
low contribution at that site. It should be noted though that the
transport of mineral dust and sea-spray depends not just on fetch,
but on other factors such as wind speed [41,42].

The comparatively low ratios for BC and K at WW and MB high-
light the existence of significant sources in the coastal regions east
of these sites. The high ratios at RI emphasise the strong site-spe-
cific smoke sources west and south-west of this site.

The high Zn ratio at MB indicates that the Zn source lies to the
west and south-west. The lower ratios of industrial markers at WW
are consistent with the local industrial source. The majority of
strongly stable nocturnal conditions (which would concentrate
these emissions), occur in autumn and winter, when fetch is not
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Average concentration (ng/m>) of each marker element for Group 1 (mostly marine) and Group 2 (mostly terrestrial) aerosol samples, and the Group 2 / Group 1 ratio, at each site.

Warrawong Lucas Heights Richmond Muswellbrook
Gpl Gp2 Ratio Gpl Gp2 Ratio Gpl Gp2 Ratio Gpl Gp2 Ratio
Mass 5305 7913 1.49 3443 6467 1.88 3468 11,088 3.20 4954 7159 145
Na 529 304 0.57 384 234 0.61 261 110 0.42 376 122 0.32
Cl 514 130 0.25 356 61 0.17 157 124 0.79 250 39 0.16
Si 32 71 2.22 12 70 5.83 14 91 6.50 114 176 1.54
Ti 2 4 2.00 1 3 3.00 1 4 4.00 3 5 1.67
K 43 61 1.42 21 43 2.05 26 120 4.62 30 50 1.67
BC 583 968 1.66 360 869 241 426 1322 3.10 534 915 1.71
S 392 619 1.58 254 508 2.00 281 387 1.38 414 438 1.06
Fe 160 279 1.74 22 44 2.00 15 44 293 29 59 2.03
Zn 29 35 1.21 4 11 2.75 4 11 2.75 1 5 5.00
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Fig. 10. Time series of daily mean radon concentration (Bq/m?), for those days of 2007 and 2008 on which aerosol samples were available, for the four sites. Note the
difference in the y-scale for RI and MB.
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Fig. 11. Correlation coefficient between radon and elemental concentration of selected marker elements for all the data (a), summer only (b) winter only (c), autumn only (d)
and spring only (e).

directly over the adjacent industrial complex. This could be why
the Gp2/Gp1 ratio of industrial markers is low at WW.

Of the four sites, LH is expected to receive the lowest levels of
urban/industrial emissions. LH exhibits the highest Gp2/Gp1 ratio
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of secondary sulphate. The S delivered to this site under the stron-
gest terrestrial influence is likely to be derived from distant precur-
sor sources. Ratios are lower at all other sites, consistent with
significant sources of secondary sulphate precursors in the more
heavily urbanised coastal regions east of these sites.

3.7. Site specific correlation between radon and selected elements

Correlations between radon and the selected elements at a gi-
ven site, calculated for those days on which aerosol measurements
are available, are summarised in Fig. 11. The degree of correlation
can be verified visually by comparing Fig. 10 with Figs. 4-8. Corre-
lations of elements with radon can be interpreted in the following
way: the sign of the correlation indicates whether the elemental
source is primarily terrestrial (positive correlation) or oceanic
(negative correlation), and the larger the correlation, the more sim-
ilar the characteristics of the elemental source are to radon (i.e.
widespread, spatially and temporally uniform). This is due to the
terrestrial radon flux being about three orders of magnitude larger
than the marine radon flux. Since air parcels analysed at the sites
are, to various degrees, affected by both land and marine sources,
the resulting radon signal is always dominated by the land compo-
nent (see Section 3.2 and Table 1). Hence, a negative correlation
between marine aerosols and radon is to be expected in all but
few observations where the land component becomes relatively
small with the corresponding correlation coefficient approaching
zero. These two cases are illustrated by the correlation between ra-
don and Na in Fig. 11c and in Fig. 11Db, respectively.

For most elements a better correlation was seen in winter
which indicated that in winter air masses pass over regions where
the sources are spatially distributed and of more constant emission
rate. In summer the best correlations with radon were with the soil
markers. For most other elements though, correlations in summer
are low, suggesting that sources in the urbanised coastal region
east of the sites are variable either spatially and/or temporally.
Spring is a time of mixed fetch and this was reflected with the
low correlation of aerosols with radon (Fig 11e).

The correlation of Si and Ti with radon for the entire data set is
the lowest for MB indicating that the soil source was spatially and/
or temporally variable. However, when seasonal correlation is
examined, a higher correlation of Si and Ti in summer, winter
and autumn indicated less variability in their sources for these sea-
sons. The slightly lower correlation of Si and Ti with radon for sum-
mer in WW is consistent to the source being more variable during
the summer fetch (see Fig. 2d). For the inland sites the lowest cor-
relation was seen in spring whereas for LH there was a similar cor-
relation for all seasons.

For K and BC the correlation was higher in winter when more
distributed sources from domestic heating were present, whereas
in summer the correlation was low for sites other than LH. At LH
there was little seasonal difference in the correlation of K and BC
with radon. From Section 3.1.3 the correlation of BC between sites
was low which together with the current results indicates that the
BC source is reasonably uniform locally to the site (other than in
summer) but there is little mixing between sites.

CI at RI shows a slight correlation with radon, which together
with the results in Section 3.1.2 point to the possibility of a local
source of Cl at RIL.

Secondary sulfate (S) showed low correlations with radon at all
sites indicating the possibility that the dominant sources are less
distributed than the radon source.

Fe and Zn at WW showed low correlation with radon which was
an indication of a spatially heterogeneous source and the low neg-
ative correlation in summer was due to the location of the indus-
trial site to the east of the site, also supported by the higher
average concentration recorded in summer (Fig. 9i).

The Rn-Mass correlation at WW was low but positive; indicat-
ing that the majority of aerosol mass at this site was of terrestrial
origin. The low correlation indicated that the spatial and temporal
source distribution of this aerosol mass was quite different to that
of radon. A variable terrestrial based source of aerosol mass at WW
was consistent with the nearby heavy industry.

RI showed a high, positive Rn-Mass correlation, indicative of a
terrestrial based source that was spatially distributed and tempo-
rally constant and more so in winter. BC made up a large propor-
tion of the RI aerosol mass.

The Rn-Mass correlation at LH was low indicating that the tem-
poral and spatial distribution of sources was not uniform. At MB
the overall Rn-Mass correlation was lower than that at RI, indicat-
ing that the dominant sources spatial and temporal distribution
were not as uniform as at RL

4. Conclusions

We have employed a new method to quantify the degree of spa-
tial distribution and temporal consistency of PM, s terrestrial and
marine sources using multi-elemental IBA techniques combined
with radon gas measurements and correlation analysis.

Radon was well correlated with BC and K and particularly dur-
ing winter when domestic heating constitutes a distributed source
specific to the sites. However, in summer and spring the correla-
tion of radon with BC and K was poor indicating that the distribu-
tion of these sources varies over the summer fetch region, with the
exception of LH which showed similar correlation in summer and
winter.

Radon was positively correlated with Si and Ti, but the correla-
tion coefficient for the entire data set was smaller than for BC. For
summer and winter, when fetch regions were constrained by the
prevailing meteorology, Si and Ti showed good correlation with ra-
don. Overall correlations between elements and radon were the
smallest in spring, when a mixed fetch is represented.

Clear seasonal cycles were identified in many of the key marker
elements, with the lowest S and Na concentrations in winter.
Trends associated with the increasing distance of each site from
the coast (3-130 km) were also characterised and discussed. Site-
to-site correlation of the elements showed that Si was well corre-
lated for three of the sites, indicative of a regional source for these
sites (WW, LH and RI) and a site-specific source for the fourth site
(MB). S was well correlated at all sites in winter. BC and K showed
low correlation between sites indicative of site-specific sources.

Combining the site-to-site correlation results and the correla-
tions between elements and radon at each site we can conclude
that BC and K emissions are specific to the sites but within the sites
they are distributed (for seasons other than summer). On the other
hand Si and Ti are overall regional and distributed for LH, RI and
WW (other than summer for WW), and for MB they are site-spe-
cific and variable. We have demonstrated that including radon in
the analysis has given us the ability to quantify the degree of dis-
tribution of sources.

The above findings are typical for a large coastal city in the tem-
perate zone where the lower atmosphere was affected by a range
of natural and anthropogenic sources. Clearly the results detailed
here for the Sydney region can be directly applied to other major
urban and industrial areas with significant land sea interactions.
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