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Sea salt is one of the major aerosols in the atmosphere in both the fine and coarse size ranges. Newly formed sea
salt particles have a similar composition to seawater; including elements such as Na, Cl, Mg, S, Ca, Br and K.
However, once in the atmosphere sea salt particles can undergo chemical reactions with other airborne pollutants, resulting in a loss of chlorine (whereas Na is conservative). The modified aerosol is commonly referred to
as aged sea spray or aged sea salt.
Fine aerosols from two sites in the Sydney Basin were analysed for source fingerprints with components that
may have originated from the ocean (i.e. fresh and aged sea spray). At Lucas Heights, 18.4 km from the nearest
coast, the average source fingerprint concentrations of fresh and aged sea spray were 0.47 ± 0.02 and
1.08 ± 0.03 μg/m3, respectively. At Richmond, 58 km from the coast, the average fingerprint concentrations of
fresh and aged sea spray were 0.26 ± 0.01 and 0.87 ± 0.02 μg/m3, respectively. At Lucas heights, fresh and
aged sea spray contributed to 11% and 21% of PM2.5, respectively. At Richmond fresh and aged sea spray
contributed to 4.8 ± 0.35 and 16 ± 0.5% of the PM2.5, respectively.
The Cl/Na ratios of aged sea spray at Lucas Heights and Richmond were 0.72 and 0.87, respectively, in
comparison to 1.54 for fresh sea salt. At Richmond the corresponding Ca/Na and K/Na ratios were both 0.037
(close to that of seawater), and at Lucas Heights, the corresponding ratios were 0.038 and 0.026, respectively.
Back trajectory and Radon-222 analysis demonstrated that the largest concentrations of aged sea spray occur
when the air masses had travelled over regions of anthropogenic sources. This confirms an interaction between
anthropogenic precursors and sea spray that liberates chlorine enabling it to contribute to other chemical reactions in the atmosphere, e.g. resulting in an increase in the formation of ozone.

1. Introduction
Sea salt is one of the major aerosols in the atmosphere both in the
fine and coarse size ranges (Prijith et al., 2014). The rate of sea salt
aerosol formation (usually represented by the atmospheric columnar
aerosol optical depth; AOD) has been found to follow a linear relationship with ocean surface wind speeds (slope = 0.0053 AOD
day−1m−1s, intercept = 0.0163 AOD day−1; Prijith et al., 2014).
Newly formed sea salt particles have effectively the same composition
as seawater; including elements such as Na, Cl, Mg, S, Ca, Br and K
(Adachi and Buseck, 2015; and references therein). Once in the atmosphere sea salt particles undergo chemical reactions resulting in loss of
chlorine to the gaseous phase (Pio and Lopes, 1998; Song and
Carmichael, 1999). This chloride loss is attributed to reactions with
chemicals such as SO2, H2SO4 and NHO3, which result in the de-gassing
of HCl, or interactions with NO2, N2O5, HOBr and O3, which result in
the release of NOCl, HONO, ClNO2, Cl2 and BrCl (Pio and Lopes, 1998
and references therein). After chlorine depletion Na and Mg (which are
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conservative) can be used as tracers of aged sea salt (i.e. Cl depleted sea
salt; Adachi and Buseck, 2015) and in particular the Cl/Na ratio is a
good measure of the extent of Cl depletion (Foltescu et al., 1996).
Furthermore, higher percentage of Cl depletion appears to occur in the
fine aerosol fraction (Feng et al., 2017).
Some initial chlorine depletion of the sea salt aerosol can take place
near the coast and over the ocean due to interactions with dimethyl
sulphide (DMS). DMS, linked to phytoplankton dynamics, is emitted
into the atmosphere shortly after production and subsequently undergoes a sequence of gas phase oxidation reactions, the products of which,
in turn, react with sea salt aerosols (Hopkins et al., 2008). However,
chlorine depletion near the coast due to DMS is far less than that attributable to reactions with anthropogenic emissions (Quinn and Bates,
2005). Gondwe at al. (2003), using version 3 of the 3-D global Chemical
Transport Model (Tracer Model 3), estimated that in the Sydney Basin
the maximum contribution from DMS to SO4−, over the vertical
column, to be in the order of 25%. The displacement of chloride from
sea spray in a coastal environment subsequently affects ozone
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concentrations (Gantt et al., 2015). According to Riedel et al. (2013),
the displaced Cl atoms are highly reactive and have higher rate constants for reaction with volatile organic compounds (VOC) than hydroxyl radicals (OH). Hence, the presence of Cl can reduce the VOC
concentration resulting in a higher availability of OH, which is then free
to contribute to additional ozone production. Keene et al. (1990) found
that losses of Cl were typically associated with elevated concentrations
of anthropogenic combustion products. Thus, fresh and aged sea salt
aerosols can cause an increase in the aerosol concentrations over
coastal urban cities, particularly as air masses pass over anthropogenic
pollution sources.
Coastal recirculation can also cause an increase of air pollution in
coastal locations (e.g. Levy et al., 2009; and references therein). Recirculation events are known to occur in the Sydney Basin (Barros,
2001), due to the surrounding topography. Crawford et al. (2017)
found that the highest aged sea air concentrations occurred at Lucas
Heights under regional recirculation conditions. Also in the Sydney
Basin, using measurements at the Westmead Air Quality Station (36 km
inland), Emmerson et al. (2013) found that the sea salt component
accounted for around 36% of the PM2.5 total mass, of which 64% was
from fresh emissions and 36% was aged particles (bound with nitrate or
sulfate). Their model also showed that sea salt particles from as far
away as the Southern Ocean could influence sea salt levels at Westmead. Gimsenius (1996) during a study of fresh sea salt concentrations
in the atmosphere of New South Wales, Australia, showed a decrease
further inland with a concentration of 2,004 ng m−3 at 0.1 km from the
coast, which reduced to 87 ng m−3 at 199.4 km from the nearest coast.
The aims of this study are to identify the extent of sea spray impact
on PM2.5 in the coastal urban environment of the Sydney Basin. In
addition, we quantify the fresh sea salt component and the component
that is affected by Cl loss (i.e. the aged sea spray component). We
further, identify the fetch regions and Sydney locations, causing the
highest chlorine depletion. This is particularly important for the Sydney
Basin, as it has been found that chlorine emissions from sea salt aerosols
can enhance coastal urban ozone concentrations (Knipping and
Dabdub, 2003). Similar impacts are likely at other Australian coastal
urban sites.
We use data from a 20-year PM2.5 time series (Feb-1998 to Feb2017) from two sites in Sydney, Richmond and Lucas Heights. Positive
Matrix Factorisation (PMF; Paatero and Tapper, 1994) together with
Radon-222 (radon) concentrations (Chambers et al., 2011) to identify
source fingerprints with marine origins.

Fig. 1. Location of the Richmond and Lucas Heights sites (●) in NSW.

1.2. Aerosol sampling, elemental analysis and source fingerprint
determination
Twenty-four-hour (midnight-to-midnight) continuous PM2.5 samples have been collected twice a week (i.e. on Wednesday and Sunday)
at both Richmond and Lucas Heights since 1991. A PM2.5 sampler based
on the IMPROVE cyclone system is used which samples at a flow rate of
22 L/min and a 25 mm diameter stretched Teflon filter is used for
sample collection. The total PM2.5 is measured using a Mettler Toledo
MX5 microbalance under laboratory conditions of 22 °C ± 2 °C and
relative humidity of 50% ± 5% with an accuracy of ± 5 μg, precision
of ± 1 μg and a repeatability ± 0.8 μg. Following this accelerator-based
ion beam analysis (IBA) techniques; proton induced X-ray emission
(PIXE), proton induced gamma-ray emission (PIGE), proton elastic
scattering analysis (PESA) and Rutherford backscattering (RBS) are
used to non-destructively determine the elemental composition of the
PM2.5 filters collected (Cohen et al., 1996). From the IBA analysis the
concentration of the following elements; H, N, Na, Al, Si, P, S, Cl, K, Ca,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Br and Pb are obtained. The
concentrations of black carbon (BC) are determined by using HeNe laser
absorption techniques. The value of the absorption efficiency depends
on the chemical composition of the measured aerosol particles, their
size distribution, and the mixing state of the aerosol particles. A study
undertaken by ANSTO to determine the most appropriate absorption
coefficient for the aerosols measured at ANSTO concluded that an absorption coefficient of 7 m2/g was most appropriate (Taha et al., 2007)
for our regions.
PM2.5 measurements between February 1998 and February 2017
were selected for use in this study, however when Radon-222 was used
for the analysis the data between January 2006 to December 2009 was
used, which corresponded to the period for which radon was available.
Positive matrix factorisation (PMF; Paatero and Tapper, 1994) was
used to obtain the source type fingerprints (or factors). When using PMF
the user needs to specify the number of source types to be determined,
and typically, a number of different solutions are considered. The optimum solution is selected based on the errors of the fit (contained in
the Q value) and how well the fingerprints represent known source
types. When using PMF the following equation is solved:

1.1. Study sites
The two study sites are located in the Sydney Basin. Lucas Heights is
located near the southern end of the Sydney Basin (34°03′S, 150°59′E;
151 m above sea level; asl) at about 30 km southwest of the Sydney
CBD, and 18.4 km from the nearest coast (Fig. 1). Topography of the
Lucas Heights region is complex, with 150 m changes in elevation
within a 1 km radius of the site, primarily associated with a river valley
east of the site. Land use in the vicinity is a mixture of suburban and
natural vegetation.
Richmond (33°37′S, 150°45′E) is located 51 km northwest of
Sydney's Central Business District (CBD), at 24 m asl and at about 58 km
from the nearest coast (Fig. 1). Land use to the east of Richmond is
urban-residential while a rural zone is located to the west. Richmond is
only 10 km from the foothills of the Great Dividing Range that form the
western boundary of the Sydney Basin.
These two study sites were selected because of their increasing
distances from the coast, enabling the progression of the sea salt
aerosols to be studied. Furthermore, Radon-222 measurements were
also available at both sites.

X = GF + E

(1)

or
p

x i, j =

gi, k fk, j + ei, j
k=1
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Where rows of xi,j represent the elemental composition of each
samples and the columns are the separate samples. The matrix F contains the fingerprints, G is the corresponding contributions and E contains the errors of the fit. The indices i, j, k represent the number of
samples, the number of element and the number of fingerprints, respectively. The optimisation process minimises the function, Q, while
the resolved factor elements, of F and G, remain non-negative:
n

m

Q=
i=1 j=1

specified, back trajectory starting height at the sampling location (i.e.
the altitude at which the air mass arrived at the sampling site), the
length in time for which the back trajectories are tracked and how often
the 3D locations of the back trajectories (latitude, longitude and altitude) are to be recorded. Here the back trajectories were tracked for 5
days and their location was recorded every 30 min. Back trajectories
were calculated from two starting elevations (300 and 500m a.s.l.), but
very little difference in the results was obtained. We therefore chose to
use the results from the 300m starting heights, since this elevation
would be more representative of a larger number of boundary layer
events at night (for each 24 h period) when mixing near the surface is
not as deep. Given that there are changes in terrain elevation in the
vicinity of the Lucas Heights site in excess of 100m, we thought it best
not to use a trajectory starting height any lower than 300m.
Along the 5-day back trajectories, averages of selected variables
available from the meteorological data files were calculated, including:
altitude of the back trajectory, rainfall amount, relative humidity, solar
radiation, wind speed, and the time that the air mass spent over land.
Averages were calculated at the air mass’ altitude, not at surface level.
Back trajectory density maps were generated for the region using a
0.1° by 0.1° resolution grid. If a back trajectory passed over a grid cell a
counter was incremented. Since the atmospheric boundary layer over
land can reach heights of 2,300 m (Anthes, 1978), if the back trajectory
height was above 2,000 m at a given location the cell counter was not
incremented.
The concentration weighted trajectory method (CWT; Hsu et al.,
2003) was used to determine regions that potentially contributed to
high concentrations at the measurement site. In the CWT method, each
grid cell gets a weighted concentration obtained by averaging sample
concentrations corresponding to trajectories that crossed that grid cell:

ei2, j
si2, j

(3)

where si,j is a specified error of the form (Cohen et al., 2010):

si, j = MDLi, j + Errori, j max( x i, j , yi, j )

(4)

where MDLi,j is the minimum detectable limit, Errori,j is the statistical
error, and yi,j is the fitted value i.e. Y = GF.
For PM2.5 samples in the Sydney Basin, seven or eight source types
are normally sufficient. Here between five and eight fingerprints were
examined and it was found that the total PM2.5 mass was consistently
best explained by seven fingerprints. The fingerprinting method and
composition of each source fingerprint is detailed in (Crawford et al.,
2016 and 2018b), for Lucas Heights and Richmond, respectively.
The identified source fingerprints (at Richmond; Lucas Heights)
were vehicle exhaust (Autos; 18%; 26.3%), secondary sulfate (2ndryS;
24%; 23.7%), aged sea air mixed with industrial sources (IndSaged;
16%; 20.6%), smoke from domestic heating or bush fires (Smoke; 31%;
13.7%), fresh sea salt (Sea; 4.8%; 10.9%), soil dust (Soil; 4.1%; 3.7%)
and other industrial releases (2.1%; 1.1%).
The elemental composition of the source fingerprints are presented
in Supplementary Figs. S1 and S2, for brevity, only the Sea and IndSaged
fingerprints will be reproduced here in the results and discussion section 2.

Cij =

1.3. Atmospheric Radon-222 measurements

1

M

M
l = 1 ijl l = 1

Cl

ijl

where, Cij is the average weighted concentration in the grid cell (i,j), τijl
is an indicator equal to 1 if a trajectory has passed through grid cell (i,j),
Cl is the measured concentration of sample l, and M is the total number
of samples.

Radon-222 (radon) is a naturally occurring radioactive noble gas
emitted from soils and rocks. The radon source term over land is well
constrained (16–26 mBq m−2 s−1; Schery and Wasiolek, 1998; Goto
et al., 2008) while over the ocean the source term is 2–3 orders of
magnitude lower. As a result radon is widely used as a tracer of recent
terrestrial influence (2–3 weeks) on air masses in atmospheric transport
studies (e.g. Balkanski et al., 1992; Zahorowski et al., 2004; Zhang
et al., 2008; Chambers et al., 2009, 2014; 2016; Koffi et al., 2016).
Radon measurements at Lucas Heights and Richmond began in
2006; and measurements at Lucas Heights are ongoing. A description of
the Lucas Heights radon detector is given in Chambers et al. (2011). In
this study we use radon, when available, to identify the degree of terrestrial influence on air masses. 24-hour averaged radon measurements
were used in the analysis, corresponding to the 24-hr PM2.5 measurement window.

2. Results and discussion
Elemental compositions for the full set of source fingerprints are
presented in the supplementary information and have been discussed in
detail in Crawford et al. (2016 and 2018b, for Lucas Heights and
Richmond, respectively). In this study, we were mainly concerned with
identifying anthropogenic sources contributing to the aged sea salt
fingerprint (IndSaged), although we present both the fresh Sea and IndSaged fingerprints for completeness (Fig. 2).
The explained variation of each element by each fingerprint
(Paatero, 2004) is presented in Tables S1 and S2 of the supplementary
information. The variation of the fresh sea salt fingerprint explains a
large proportion of the variation in Cl (97% and 99% at Lucas Heights
and Richmond, respectively), whereas the variation in the IndSaged
fingerprint explains a large proportion of the variation of Na (56% and
85% at Lucas Heights and Richmond, respectively). The fresh sea salt
and IndSaged fingerprint accounted for 20% of the variation in K at
Lucas Heights, whereas at Richmond 22% of the variation in K was
accounted for by the IndSaged fingerprint. At Lucas Heights, 1.1% of the
measured K was allocated to the fresh sea salt fingerprint, 6.3% to the
IndSaged fingerprint and 87.6% to the Smoke fingerprint. At Richmond,
K was absent from the fresh sea salt fingerprint, however, an uncertainty in K was recorded in the fingerprints (Figs. S1 and S2 in the
supplementary information). This indicates some loss of K from the
fresh sea salt fingerprint with distance from the coast.
At Lucas Height 2.5% of the nitrogen was allocated to the fresh sea
salt fingerprint. No nitrogen was present in the IndSaged fingerprint at

1.4. Back trajectory analysis and concentration weighted trajectories
For each day on which PM2.5 samples were available, 24 back trajectories were generated (one for each hour corresponding to the
duration of sample collection). The back trajectories were generated
using HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory; Draxler et al., 2016; Stein et al., 2015), which requires
meteorological datasets. The 1° by 1° meteorological datasets generated
by the global data assimilation system (GDAS) model which is run by
the National Weather Service's (NWS) National Centre for Environmental Prediction (NCEP; available at ftp://arlftp.arlhq.noaa.gov/
archives/gdas1) were downloaded and used. However, these datasets
are available from 2000 onwards; hence, back trajectories were generated for this period only.
When generating back trajectories a number of options need to be
54
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Fig. 2. Elemental composition of the fresh Sea and IndSaged fingerprints at Richmond and Lucas Heights.

either site, although the PMF reconstruction indicated that this was not
absolute zero, as an uncertainty was reported in the fingerprints; see
Supplementary Figs. S1 and S2. Pio and Lopes (1998) found that reactions with sulfur-containing pre-cursors were responsible for greater
loss of chlorine from fine particles, whereas nitrogen-containing precursors were more responsible for chlorine loss in the coarser particles.
However, Bondy et al. (2017) reported that, during inland transport of
sea salt, sulfate-containing particles were present in the 0.5–5 μm particle range and particles containing nitrate were mostly in particles
above 1 μm. An explanation of the mechanisms of formation is presented in Bondy et al. (2017; and references therein): the accumulation
of sulfate in sea spray aerosol by reaction with SO2 is diffusion limited.
Thus it occurs most readily in PM2.5 particularly accumulation mode
particles. “Additionally, sulfate may accumulate in small particles because H2SO4, acid formed from the aqueous-phase or gas-phase oxidation of SO2 in deliquesced particles and droplets, dissociates instantly
to HSO4−, H+, and SO4− and stays in the particle phase after uptake or
formation, as opposed to the higher vapour pressure HNO3.” Deposition
of particles may also play role in the depletion of nitrogen containing
aerosols with transport from the coast to inland sites, as the larger
particles would deposit earlier. Giorgi (1988) shows an increase in
deposition velocities for particles with diameter greater than 0.1 μm.
Average concentrations of fresh and aged sea spray at Cape Grim are

also presented below for comparison; a full description of the source
fingerprints at Cape Grim has been presented in Crawford et al.
(2018a). Cape Grim is a coastal station located on the north-western tip
of Tasmania and, due to its location, is directly affected by fresh oceanic
air for a large proportion of the year.
At both, Richmond and Lucas Heights, sulfur was absent from the
fresh sea salt fingerprint, although an uncertainty is reported by the
PMF process (see Supplementary Figs. S1 and S2). However, at Cape
Grim 10% of the sulfur was allocated to the fresh sea salt fingerprint.
Assuming that the composition of oceanic air masses near Cape Grim
and off the Sydney coast are the same, this would indicate loss of sulfur
from the fresh sea salt fingerprint over land.
The concentrations of fresh Sea and IndSaged sources for the three
sites, which have increasing distances from their respective coasts, are
presented in Table 1. A decrease in the fresh Sea salt concentration as
well as its fractional contribution to the total PM2.5 was seen further
inland. The IndSaged component shows higher concentrations at 18 km
from the coast than that at 58 km from the coast (about a 20% decrease
over 39 km). The location of Cape Grim is such that little impact is seen
from anthropogenic releases from the Australian mainland for a large
proportion of the year, hence the low IndSaged component. The direct
influence of the Southern Ocean on this site is responsible for the high
fresh Sea salt component.

Table 1
Average concentrations (μg m−3) and fraction of total PM2.5 for fresh and aged sea salt at sites located 0.1, 18, and 58 km from coast.
Source

Distance to coast (km)
Sea μg/m3
IndSAged μg/m3
Percentage of total PM2.5
% total marine aerosols
Fresh
Aged

Cape Grim

Cape Grim

Lucas Heights

Richmond

Richmond

(1998–2016)

(2001–2009)

(2001–2009)

(1998–2017)

(2001–2009)

0.1
3.26 ± 0.05
0.61 ± 0.01

0.1
3.16 ± 0.05
0.65 ± 0.01

18
0.47 ± 0.02
1.08 ± 0.03

58
0.26 ± 0.01
0.87 ± 0.02

58
0.23 ± 0.01
0.83 ± 0.02

69
57
12

69
56
13

32
11
21

21
4.8
16

18
4
14
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available) is presented in Fig. 3. The power function fit had an exponent
of −0.41, which is close to that of Gustafsson and Franzén (2000). A
better R2 value (0.89 as opposed to 0.78 for the power function) was
obtained if the natural log functions were used in the fitting process.
Although the two data points from this study plot closer to the curve
generated using the power function fit than to the data presented in
Gimsenius (1996).
2.1. Aged sea salt composition
Foltescu et al. (1996) pointed out that sodium is a conservative
element and that the Cl/Na ratio is a good measure of chlorine depletion. In this study, the Cl/Na ratios at Lucas Heights and Richmond
were 0.72 and 0.87, respectively in comparison to 1.54 for fresh sea
salt. This indicates a general loss of chlorine away from the coast, but a
larger chlorine loss at Lucas Heights compared with Richmond despite
the latter site being further from the coast. This may be connected with
the generally higher IndSaged concentrations seen at Lucas Heights
compared to Richmond (Table 1). Hallal et al. (2013) analysed elemental composition of aerosol particles in the greater Sydney region in
2002–2003, and found excess sodium, which they concluded was in
part as a result of chlorine depletion. They found a reduction in the Cl/
Na ratio with distance from the coast, indicating less fresh sea salt
further inland.
McInnes et al. (1994), in studying the chloride depletion in individual sea salt particles, found that the elemental ratios of Ca/Na,
Mg/Na, and K/Na remain fairly constant between particles of various
sizes for more than 85% of the particles examined. From Marine Science
(2018), in seawater the following ratios hold: Ca/Na = 0.039 and K/
Na = 0.036. For the IndSaged fingerprint, at Richmond, the Ca/Na and
K/Na ratios were both 0.037; at Lucas Heights, the corresponding ratios

Fig. 3. Average fresh sea salt concentration with distance from the nearest coast
(adapted from Gimsenius, 1996). The black line shows the power fit
(1434x−0.411) and the red dashed line is the ln fit (−281.9 ln(x) + 1445). The
solid squares are the results from this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Gustafsson and Franzén (2000) found that the decreasing concentration of fresh sea salt with distance inland could be approximated
using a power function (c/cs = 2.29D−0.46; where c was the sea salt
concentration in air at a downwind distance D from the coast and cs was
the sea salt concentration at the coast). In New South Wales, the trend
in fresh sea salt with distance from the coast (using annual average data
for 1993 from Gimsenius, 1996; where data for 26 locations was

Fig. 4. Fresh Sea salt and IndSaged fingerprint concentration at Lucas Heights (LH) and Richmond by month of year, for the study period.
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Fig. 5. Concentrations of fresh sea salt and IndSaged, by season and by sector, at Lucas Heights (LH) and Richmond (RI). The plot was generated using the R package
openair (Carslaw and Ropkins, 2012).

were 0.038 and 0.026, respectively. The lower ratio of K/Na at Lucas
heights indicates some K loss (as the Ca/Na ratio was close to 0.039).
Further, in the IndSaged fingerprint, the S/Na ratio at Richmond was
0.39 and at Lucas Heights it was 0.43 (compared to 0.06 for seawater)
and about 26% of the measured sulfur was allocated to the IndSaged
fingerprint. Mg concentrations were not available through the IBA,
hence could not be considered here.
In this study, higher IndSaged concentrations were measured at
Lucas Heights. However, from Table 1, the ratio of the IndSaged concentration to the fresh sea salt (Sea) concentration was 2.3 at Lucas
Heights and 3.3 at Richmond (for 1998 to 2017, and 3.6 for 2001 to
2009; corresponding to the time span for Lucas Heights), indicating
overall a larger conversion from fresh to aged sea salt further inland.
The elemental ratios in the IndSaged fingerprint indicate more Cl and K
loss at Lucas Heights than at Richmond and alternatively a higher S
composition at Lucas Heights than at Richmond. Possible contribution

to this could be the meteorology and/or differences in the anthropogenic sources over which the air masses have travelled before sampling at the sites (as seen and further investigated in section 2.4).
2.2. Seasonal concentrations and fetch regions
In general, atmospheric concentrations of the sea salt aerosol exhibit
a seasonal variation, with differences in winter and summer estimates a
factor of 2–3, mainly due to the seasonal variations of the wind speed
(Erickson et al., 1986) and direction.
The seasonal variation in concentration of fresh Sea salt and
IndSaged is presented in Fig. 4. The corresponding polar concentration
plots are presented in Fig. 5. Higher wind speeds were seen in summer
and more often from the east side (the direction of the closest coast),
corresponding to higher summer concentrations of fresh Sea salt, at
Lucas Heights and IndSaged, at both sites (Fig. 4). That is, in Sydney in
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Fig. 6. CWT of Fresh Sea salt at (a) Lucas Heights and (b) Richmond. Location of Lucas Heights and Richmond marked with a black triangle.

summer months a large proportion of the fetch is from the ocean
whereas in winter months a higher proportion of the fetch is from
continental Australia (western side). In addition, the variability in
concentrations would be affected by the wind speed, as can be seen in
Fig. 5 where the higher concentrations occur when the wind speeds are
higher. In winter, there is a small peak of fresh Sea salt at Richmond,
and correspondingly a low concentration of IndSaged, which could be
an indication of a lower conversion rate from fresh to aged sea salt.
The impact of the fetch region is particularly obvious in the summer
polar concentration plots of the IndSaged fingerprint in Fig. 5. Due to
their locations, the Lucas Heights site receives higher concentrations
from the north and southeast. This is the result of air mass passage over
populated regions before arriving to the Lucas Heights measuring location. On the other hand, Richmond receives higher concentrations
from the south-east in the direction of the major population and little
from the north in the direction of natural vegetation.

east quadrant under high wind speed in summer (Fig. 5). This is in the
relative location of the Sydney central business district (CBD). Furthermore, for each sampling day the time spent overland by an air mass
before arriving at the sampling site was estimated. The highest concentrations of fresh Sea salt occurred within 1 h at Lucas Heights and
about 2 h at Richmond. On the other hand, the highest concentrations
of IndSaged occurred between 4 and 6 h at Lucas Heights and 8 h at
Richmond (presented in Supplementary Figs. S3 and S4). This is examined further in the following section.
2.4. Relationship between radon and aerosols concentrations
Radon is a good indicator of the degree of terrestrial influence on an
air mass – the higher the radon concentration the more terrestrially
influenced the air mass. The results in Fig. 8 confirm that the precursors
to IndSaged originate from the ocean as the concentrations decrease
with increasing radon, at both sites. The concentrations in the summer
months are higher, as presented by the green stars in Fig. 8.
To examine the variations in fresh Sea salt and IndSaged concentrations under low land fetch conditions, the samples with the
bottom 10% of radon were identified (38 samples for Richmond and 29
samples for Lucas Heights), from which four groups were formed; top
and bottom 15% of fresh sea salt and top and bottom 15% of aged sea
salt (5 and 6 samples in each group at Lucas Heights and Richmond,
respectively). Twenty-four back trajectories were generated for each
sample in each group (i.e. one corresponding to each hour of the PM2.5
sampling day) and average values of a number of variables were

2.3. Concentration weighted trajectory (CWT) maps
Concentration Weighted Trajectory (CWT) maps of fresh Sea salt
and IndSaged are presented in Fig. 6 and Fig. 7, respectively. At both
sites, the highest concentrations of fresh Sea salt were reported when
fetch was from the south-east sector, corresponding also to the higher
wind speeds (Fig. 5). At Richmond, the highest concentrations of IndSaged occur when the air masses were arriving from the south-east
quadrant; however, at Lucas Heights high concentrations of IndSaged
were also recorded when the air masses were arriving from the north-

Fig. 7. CWT of Aged Sea Air at (a) Lucas Heights and (b) Richmond. Location of Lucas Heights and Richmond marked with a black triangle.
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Fig. 8. Fresh Sea salt and IndSaged concentrations against radon at Lucas Heights and Richmond. Black and green stars represent summer and winter data, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

calculated (Table 2) and the corresponding back trajectory density
maps are presented in Fig. 9 and Fig. 10, for Lucas Heights and Richmond, respectively.
Both at Lucas Heights and at Richmond, the difference between the
two groups of fresh sea salt was that for periods when lower concentrations of fresh sea salt was measured; the air masses were arriving
from the south-east (Figs. 9a and 10a) at a higher altitude (Table 2) and
the air masses had spent less time overland and were mostly arriving

directly from the east coast under higher wind speed. Higher wind
speed would have resulted in more sea salt aerosol formation (Prijith
et al., 2014) and the lower travel time would have resulted in lower loss
due to either chemical reactions or deposition.
The difference between the two groups of IndSaged samples was that
for periods when higher IndSaged concentrations were measured, the
majority of air masses had passed over the populated urban Sydney
Basin. These events occurred between October and January (Figs. 8d

Table 2
Average values of selected variables, for each of the four different groups (for both Lucas Heights and Richmond). The first five columns contain the average values of
the parameter along the back trajectory.

Lucas Heights
Low Sea
High Sea
Low IndSaged
High IndSaged
Richmond
Low Sea
High Sea
Low IndSaged
High IndSaged

Altitude (m)

Rainfall (mm/
h)

Relative Humidity
(%)

Solar Radiation
(watts/m2)

Wind Speed
(km/h)

Time over
Land (h)

Aged Sea Conc.
(ng/m3)

Fresh Sea Conc.
(ng/m3)

Average Radon
(Bq/m3)

170
154
227
114

0
0.2
0
0

72.5
69.2
74.7
71.9

232
241
157
339

6.5
10.3
8.7
7

3.3
2.4
1.3
3.1

1378
17078
3388
3069

206
1899
710
1250

536
431
378
562

415
344
234
380

0.1
0.1
0.3
0.1

77.1
73.8
77.2
73.7

262
207
137
279

8.8
14.4
11
12.1

9.4
6.7
11.2
5.6

1239
2749
269
2959

14
2093
139
1353

1343
1130
1304
1226
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Fig. 9. Back trajectory density plots at Lucas Heights (a) Low Sea, (b) High Sea, (c) Low IndSaged, (d) High IndSaged. Black triangles mark suburbs and the blue circles
are reserves. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

and 10d; also corresponding to periods of highest solar radiation, thus
increased reaction rates, Keene et al., 1990). For Lucas Heights, the
fetch region was to the northeast in the direction of the Sydney CBD. In
addition, for Lucas Heights some back trajectories had also arrived from
the south east, in the direction of nearby towns (Heathcote and Waterfall) and the Princes Highway (the main road linking southern urban
regions to Sydney, with an average daily vehicle count of about 24,300;
Road and Maritime Services, 2018). In addition, this is also in the direction of Wollongong with significant industry including steelworks. In
the case of Richmond, the fetch region was south-east, indicating that
vehicle exhausts and releases from small industries (e.g. metal and coal
product manufacturing, bricks and pavers production in Schofields) in
this region had an impact on the IndSaged concentrations.
On the other hand, low IndSaged occurred when a large proportion
of air masses were arriving from the south at Richmond and south-east
at Lucas Heights. At Lucas Heights the majority of air masses had passed
over the Royal National Park reserves directly south-east of the site
(Fig. 9c; yellow region and blue circle markers). The air masses were
traveling at a higher altitude under low solar radiation conditions
(Table 2). At Richmond the air masses had passed over the less polluted
regions south of Richmond on the outskirts on the Sydney Basin
(Fig. 10c). No major industry is located in this sparsely populated region. In addition low solar radiation conditions prevailed and the air
masses had spent more time over land, i.e. further removed from the
oceanic source region (Table 2).

3. Conclusions
The concentrations of fresh and aged sea salt (or IndSaged), were
determined from PMF analysis of our long-term elemental data set
spanning the period 1998 to 2017 at two sites in the Sydney basin with
varying distance from the nearest coast. At Lucas Heights, located at
18.4 km from the nearest coast, the average concentrations of fresh and
aged sea spray were 0.47 ± 0.02 and 1.08 ± 0.03 μg/m3, respectively. At Richmond, located at 58 km from the coast, the average
concentrations of fresh and aged sea spray were 0.26 ± 0.01 and
0.87 ± 0.02 μg/m3, respectively. At Lucas heights, fresh sea spray
contributed to 11% of the PM2.5 and aged sea spray contributes to 21%
of PM2.5. At Richmond, fresh and aged sea salt contributes to 4.8 and
16%, respectively.
Generally, higher IndSaged concentrations were found at Lucas
Heights compared to Richmond, despite the latter site being further
from the coast. This was accompanied with a greater loss of chlorine
and potassium from the sea salt sampled at Lucas Heights, and higher
sulfur levels. Back trajectory and radon analyses indicated that these
effects are as a result of different local fetch regions for the sea air
sampled at the two sites, with sea air arriving at Lucas Heights in
summer passing more frequently over the Sydney CBD and industrial
areas to the south.
The difference between two groups, of low and high concentrations,
of IndSaged samples was that for periods when higher IndSaged

60

Atmospheric Environment 207 (2019) 52–62

J. Crawford, et al.

Fig. 10. Back trajectory density plots at Richmond (a) Low Sea, (b) High Sea, (c) Low IndSaged, (d) High IndSaged. Black triangles mark suburbs and the blue circles
are reserves. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

concentrations were measured, the majority of air masses had passed
over the populated urban Sydney Basin, indicating that more chlorine
loss occurred over the urban regions. This is particularly important, as it
has been found that chlorine emissions from sea salt aerosols can enhance coastal urban ozone concentrations (Knipping and Dabdub,
2003). Similar impacts are likely at other coastal urban sites, indicating
that the geographic locations of some industries should be reconsidered.
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