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We discuss 15 years (2000e2015) of daily-integrated PM2.5 samples from the Cape Grim Station. Ion
beam analysis and positive matrix factorisation are used to identify six source-type fingerprints: fresh
sea salt (57%); secondary sulfate (14%); smoke (13%); aged sea salt (12%); soil dust (2.4%); and industrial
metals (1.5%). An existing hourly radon-only baseline selection technique is modified for use with the
daily-integrated observations. Results were not significantly different for days on which >20 hours were
below the baseline radon threshold compared with days when all 24 hours satisfied the baseline criteria.
This relaxed daily baseline criteria increased the number of samples for analysis by almost a factor of two.
Two radon baseline thresholds were tested: historic (100 mBq m�3), and revised (50 mBq m�3). Median
aerosol concentrations were similar for both radon thresholds, but maximum values were higher for the
100 mBq m�3 threshold. Back trajectories indicated more interaction with southern Australia and the
Antarctic coastline for air masses selected with the 100 mBq m�3 threshold. Radon-only baseline se-
lection using the 50 mBq m�3 threshold was more selective of minimal terrestrial influence than a
similar recent study using wind direction and back trajectories. The ratio of concentrations between
terrestrial and baseline days for the primary sources soil, smoke and industrial metals was 3.4, 2.6, and
5.5, respectively. Seasonal cycles of soil dust had a summer maximum and winter minimum. Seasonal
cycles of smoke were of similar amplitude for terrestrial and baseline events, but of completely different
shape: peaking in autumn and spring for terrestrial events, compared to summer for baseline conditions.
Seasonal cycles of industrial metals had a summer maximum and winter minimum. A significant fraction
of the Cape Grim baseline smoke and industrial metal contributions appeared to be derived from long-
term transport (>3 weeks since last terrestrial influence).

Crown Copyright © 2018 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Particulate matter (PM) in the atmosphere can affect climate
either directly, through the scattering and absorption of short and
long wave radiation, or indirectly, by modifying cloud properties
(Rotstayn et al., 2009). Knowledge of trends in the PM concentra-
tion of earth's atmosphere is therefore important in climate change
studies.

Atmospheric PM can arise from either natural sources (e.g. sea
salt, soil dust, emissions from volcanoes) or anthropogenic sources
(e.g. coal-burning, metal smelting and vehicle emissions) (Fleming
e by Haidong Kan.
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et al., 2012; Liang et al., 2016). To help determine trends in PM
concentrations some measurement sites are situated close to
sources of particular interest (e.g., adjacent to roads or point
sources in urban areas; over oceans, in forests or peat bogs for
marine, rural or biogenic emissions; Flemming et al., 2012). How-
ever, long term changes in PM concentrations of aged, well-mixed
air masses, and long-range PM transport, are also of considerable
interest, for which background or “baseline” sites are required.

Atmospheric PMmeasurement programs have been established
at global “baseline” stations (WMO/GAW, 2017) with the aim of
characterising the long-term trends of regional background atmo-
spheric PM pollution (WMO, 1978). Given the contrasting physical
settings of the various WMO GAW baseline stations, an important
component of these measurement programs are tools and tech-
niques that enable a distinction to be made between air masses

mailto:Jagoda.Crawford@ansto.gov.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2018.08.043&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2018.08.043
https://doi.org/10.1016/j.envpol.2018.08.043
https://doi.org/10.1016/j.envpol.2018.08.043


J. Crawford et al. / Environmental Pollution 243 (2018) 37e4838
representative of the well-mixed background atmosphere, and
those that have been influenced “recently” (e.g. within the past 2e3
weeks) by localised sources.

Traditionally, “baseline” (aged, well-mixed air) selection tech-
niques have relied upon combinations of meteorological conditions
and statistical tools (e.g. Thoning et al., 1989; Galbally and Schultz,
2013; Hyslop et al., 2013; Chambers et al., 2013). At the Cape Grim
Baseline Air Pollution Station (CGBAPS), for example, baseline air
masses have mainly been selected according to wind direction (the
sector between 190� and 280�) and wind speed (�20 km/h; Ayers
and Ivey, 1988; Molloy and Galbally, 2014). Galbally and Schultz
(2013) provided a more comprehensive list of criteria that could
be used to identify representative air masses for tropospheric
ozone measurements, which include: wind speed and direction;
particle number concentration; radon concentration; air mass back
trajectories; mole fractions of other trace species, notably CO;
tracer/tracer mole fraction ratios; criteria based on statistical time
series analyses.

Fleming et al. (2012) undertook a review of methods used to
determine the origin and pathway of air masses sampled at a
pollution monitoring location (e.g., wind roses, synoptic weather
systems, back trajectories and dispersion modelling). They point
out that the main disadvantage with the use of wind roses is that
one cannot assume that the wind direction measured at a point is
consistent with the synoptic scale flow. Using back trajectories to
calculate the average atmospheric motion of an air mass offers an
improvement over wind roses, however their accuracy is affected
by the resolution of the meteorological data used for their calcu-
lations, and these errors increase with the hind-cast distance.
Particle dispersion models, which trace multiple particles, aremore
accurate; however in both cases a decision needs to be made on the
length of time for which to trace the back trajectory.

An alternative to traditional baseline selection techniques that is
gaining acceptance is the use of the terrestrial tracer species Radon-
222 (radon); either alone (Griffiths et al., 2016; Chambers et al.,
2016; Giemsa et al., 2017), or in conjunction with back trajectory
analysis (e.g. Zahorowski et al., 2013; Chambers et al., 2014; Molloy
and Galbally, 2014). Radon is a naturally occurring radioactive gas
originating exclusively from the earth's surface. Being a noble gas,
with a well-distributed, relatively consistent source function, it has
been widely used as a sensitive, unambiguous indicator of recent
terrestrial influences on air masses (e.g. Liu et al., 1984; Polian et al.,
1986; Chambers et al., 2014, 2016; and references therein). The
radon terrestrial source function (for unsaturated/unfrozen condi-
tions) is 2e3 orders of magnitude greater than that from extensive
water bodies (e.g. Wilkening and Clements, 1975; Schery et al.,
1989). With a half-life of 3.8 days, it can be used to indicate the
recent (2e3 week) history of an air mass, but does not accumulate
in the atmosphere for longer timescales.

Chambers et al. (2016) demonstrated that at CGBAPS, where the
lower limit of detection for radon is currently <10 mBq m�3

(Williams and Chambers, 2016), an appropriate radon concentra-
tion threshold for the identification of baseline air masses is 40
mBq m�3. It should be noted, however, that a correction to the
CGBAPS primary radon detector's flow meter since this publication
has resulted in a revision of this threshold value to ~50 mBq m�3.
Using this detection threshold, and an appropriately sensitive de-
tector, radon alone can be effectively used as a baseline selection
tool. The operational characteristics of prior models of radon de-
tector operating at CGBAPS necessitated a radon threshold of 100
mBq m�3 to be adopted; a threshold that needed to be applied in
conjunction with traditional baseline selection tools (e.g. Molloy
and Galbally, 2014).

Crawford et al. (2017) characterised 24-h integrated PM2.5
concentrations associated with baseline air masses at CGBAPS
selected using a combination of wind direction and back-trajectory
analysis. In this study we modify the radon-only baseline selection
approach, based on hourly observations (Chambers et al., 2016), for
application to daily-integrated PM2.5 measurements, and compare
our findings with the back-trajectory method of Crawford el al.
(2017). A similar approach can be used to develop a technique
applicable at other baseline stations as well as coastal sites.

2. Study site and methods

2.1. Study site

Cape Grim Baseline Air Pollution Station is located at the north
western tip of Tasmania (40�410S, 144�410W), an island about
200 km south of the Australian mainland. The station is located on
top of a 94m high cliff, overlooking the Southern Ocean to the
south-west. Meteorological, trace gas, and atmospheric radon
concentrations are monitored from an adjacent 70m telecommu-
nications tower (Cleland, 2014), whereas all PM observations are
made from a platform on the roof of the station 94m above ground
level (Station Specification, 2014).

2.2. Aerosol sampling and elemental analysis

ANSTO has collected discrete filter samples of PM2.5 at Cape
Grim since 1998 using an IMPROVE PM2.5 cyclone system (Cohen
et al., 1996). This system employs a 25mm diameter Teflon filter
and typically samples at a flow rate of 22 L/min. Twenty-four-hour
(midnight-to-midnight) continuous PM2.5 samples are collected
twice a week (Wednesday and Sunday). After sample collection,
accelerator-based ion beam analysis (IBA) is used to determine the
elemental composition of the PM2.5 samples (Cohen et al., 1996).
The concentrations of 22 elements are determined for each sample
(H, N, Na, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Br
and Pb). Additionally, a laser HeNe absorption system, assuming a
mass adsorption coefficient of 7m2/g is used to determine the black
carbon (BC) concentrations.

Source type fingerprints were determined using PMF (Paatero
and Tapper, 1994), which solves the standard bi-linear factor
analysis model. The PMFmethod can result in a number of possible
solutions which the user has to choose from based on errors of the
fit (Q value) and how well the factors represent known source
types. In this application, between four and seven source finger-
prints were examined and it was found that the solution with six
source fingerprints best explained the known source types. The
expected Q value is the degrees of freedom of the problem; i.e. nm-
p(n þ m) (Paatero and Tapper, 1994). Here n (the number of data
points) was 1708, m (the number of elements) was 23 and selected
solution had a p (number of source types to be resolve) of 6. This
implies an expected Q of 28,898; however the final Q was 13411
(about 46% of the expected Q), which would indicate that perhaps
too many fingerprints were resolved. However, this was not sup-
ported as there was no correlation between the resolved finger-
prints. Hence, six fingerprints were used for the analysis, details of
which are provided in Crawford et al. (2017). To summarise, fresh
sea salt (Sea) contributed to 57% of the measured PM2.5 mass;
secondary sulfate and nitrates (2ndryS), smoke from biomass
burning (Smoke), aged sea air (SeaAged; the product of NaCl re-
actions with SO2), soil dust (Soil), and industrial metals (Indmetals),
contributed to14, 13, 12, 2.4 and 1.5% to the measured PM2.5 mass,
respectively.

2.3. Radon measurements and daily baseline definition

Direct, hourly atmospheric radon concentrations at Cape Grim
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are measured using the dual-flow-loop, two-filter method (e.g.
Whittlestone and Zahorowski,1998; Chambers et al., 2014; Griffiths
et al., 2016). There have been many changes to the atmospheric
radon detection system at Cape Grim since measurements began in
1980, all of which have been summarised in Williams and
Chambers (2016). The performance and operational characteris-
tics of the present detection system have been discussed in
Zahorowski et al. (2013) and Williams and Chambers (2016).

In February 2017 an adjustment was made to the calibration of
the primary Cape Grim radon detector's flow meter, resulting in a
revision of the 20e40 mBq m�3 radon concentration range for air
masses thought to have been in long-term equilibrium with the
Southern Ocean (see Chambers et al., 2016), up to 30e50 mBq m�3.
Air masses with radon concentrations <30 mBq m�3 are thought to
be admixtures of marine boundary layer (MBL) with tropospheric
(or stratospheric) air (Chambers et al., 2018), or air recently trans-
ported from Antarctic regions (e.g. Zahorowski et al., 2013). As
demonstrated by Chambers et al. (2015), this revised 50 mBq m�3

radon baseline threshold for CGBAPS observations constitutes a
significant improvement over the previously employed threshold
of 100 mBq m�3 to help characterise baseline concentrations of
atmospheric trace species (e.g. Molloy and Galbally, 2014). A recent
analysis of 4 years of hourly radon and carbon dioxide observations
at CGBAPS and Macquarie Island by Williams et al. (2017) also
highlighted the potential influence of vestigial terrestrial influences
(radon concentrations as low as 80e100 mBq m�3) on would-be
baseline observations.

Whilst CGBAPS baseline studies have generally utilised ob-
servations with hourly temporal resolution, the intention here is
to analyse 24-h integrated PM2.5 samples from the ANSTO
IMPROVE system. While the twice-weekly PM2.5 data is available
from 1998 to 2016, a 15-year subset of this data (2000e2015) has
been chosen for this investigation, as this corresponds to the
period of availability of excellent quality data from the modern
generation of high sensitivity 5000L radon detectors at Cape Grim
(“HURD2&3”) with high efficiency measurement heads and
LLD < 10 mBq m�3 (Williams and Chambers, 2016). Over this
period there were a total of 1493 valid daily PM2.5 samples
collected and analysed.

Given the PM2.5 data was available on a daily basis we sought to
determine the minimum number of hourly samples each day that
had to satisfy our “baseline” criteria (based on the radon thresh-
olds) in order for the entire day's PM2.5 sample to be considered
representative of baseline conditions. This analysis was required in
order to maximise the number of PM2.5 samples that could be
analysed under baseline conditions and thus improve the associ-
ated statistical analysis. This was achieved by considering the eight
distinct categories below:

Category #0: 0 of 24 h in baseline (full continental influence)
Category #1: <4 of 24 h in baseline
Category #2: 4e8 of 24 h in baseline
Category #3: 8e12 of 24 h in baseline
Category #4: 12e16 of 24 h in baseline
Category #5: 16e20 of 24 h in baseline
Category #6: >20 of 24 h in baseline
Category #7: 24 of 24 h in baseline (full baseline)

where “baseline” is simply defined as a radon concentration below
a given threshold. A 4 h grouping was used to ensure sufficient data
was available within each group to carry out statistical analyses. To
highlight the difference between the historical (100 mBq m�3) and
recent (50 mBq m�3) radon concentration thresholds used for
baseline identification, we will duplicate our analyses to present
results based on both thresholds.
2.4. Back trajectory analysis

Back-trajectories for the current study were generated using
HYSPLIT v4.0 (HYbrid Single-Particle Lagrangian Integrated Tra-
jectory; Draxler et al., 2016; Stein et al., 2015), and a starting height
of 300m above ground level (intended to be well within the typical
extent of the MBL inversion in this region, ~400e600m;
Zahorowski et al., 2013). Source data for the trajectory modelling
was the 1ox1o meteorological dataset generated by the global data
assimilation system (GDAS) model run by the National Weather
Service's (NWS) National Centre for Environmental Prediction
(NCEP; available at ftp://arlftp.arlhq.noaa.gov/archives/gdas1). Due
to the period for which the meteorological data was available, back
trajectory plots were generated only from January 2001 onwards.

Regarding the presentation of back-trajectories in this study, 10-
day back-trajectories were generated for each of the 24 h of each
day of PM2.5 sampling. Back-trajectory density maps were then
generated, for which the horizontal position of the back-trajectory
(or trajectory endpoint) was determined every 30min. The region
was sub-dividend into grid cells of 0.5� by 0.5� dimension, and if a
back-trajectory endpoint landed in the grid cell, a grid cell counter
was incremented.

3. Results and discussion

3.1. Initial baseline selection

A total of 1493 PM2.5 samples were available. Strictly imposing
the rule that all 24 hourly radon concentrations for each aerosol
sampling day had to be below the 100 mBq m�3 baseline radon
threshold reduced the number of PM2.5 samples remaining for
analysis to 285. Then in the second case where the baseline radon
threshold of 50 mBq m�3 was used, the number of samples was
reduced to 90. To determinewhether it was possible to improve the
robustness of our baseline statistics, without seriously compro-
mising the quality of our baseline characterisation, we performed a
sensitivity analysis of the total PM2.5 (and each source fingerprint)
for each of the eight categories of sampling event outlined in Sec-
tion 2.3.

A paired t-test was performed to test the significance of the
difference in mean values between all 8 data categories (for each
source fingerprint). Differences were significant for all combina-
tions of categories except between category 6 and category 7
events. Due to these sensitivity tests, only the statistics for category
0, 6 and 7 events are summarised in Tables 1a and 1b alongside the
corresponding statistics for all data.

Relaxing our baseline requirement from 24 h in baseline (cate-
gory 7) to >20 h in baseline (category 6) for each aerosol sampling
day increased the number of available samples for the 100 mBq
m�3 radon threshold from 285 to 382 without a statistically sig-
nificant change in the resulting baseline concentrations. When the
baseline radon threshold of 50 mBq m�3 was used, the number of
samples was increased from 90 to 173. Based on this result it is
evident that in cases where insufficient data is available from
category 7 events (24 h in baseline), then measurements of cate-
gory 6 events (>20 h in baseline) should enable suitable charac-
terisation of baseline PM2.5 concentrations.

Consequently, final baseline statistics for aerosol samples will be
prepared based on category 6 daily events.

Assuming radon concentration to be a suitable proxy for
terrestrial influence on an air mass, a relative indication of the
degree of terrestrial influence on the 24-h integrated PM2.5 samples
collected within our measurement categories 1e6 (i.e. not
including full terrestrial or full baseline categories) was determined
by calculating distributions of radon concentration of the

ftp://arlftp.arlhq.noaa.gov/archives/gdas1


Table 1
Statistics for different sources (aerosols in mg/m3 and radon in mBq/m3; the number of samples is given in brackets).

Table 1a: when an Rn threshold of 100 mBq/m3 was used for baseline conditions

Source All data (1493) 24 h terrestrial (459) >20 h in baseline (382) 24 h in baseline (285)

Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Rn 579.2 0 5922.8 1293.1 138 5922.8 42.2 0 178.3 37.1 0 73.1
PM2.5 (all) 5.58 0.62 16.95 5.4 0.62 16.08 5.45 0.78 14.12 5.42 0.78 14.12
Sea 3.28 0 12.98 1.95 0 9.25 4.19 0.64 12.48 4.16 0.64 10.67
2ndryS 0.8 0 7.47 1.19 0 7.47 0.56 0 3.77 0.54 0 2.78
SeaAged 0.6 0 4.93 0.88 0 4.93 0.33 0 1.45 0.32 0 1.45
Smoke 0.7 0 5.98 1.05 0 5.98 0.38 0 4.26 0.38 0 4.26
Soil 0.13 0 2.04 0.17 0 0.8 0.05 0 0.29 0.05 0 0.29
Indmetals 0.07 0 1.16 0.14 0 1.16 0.02 0 0.57 0.02 0 0.57

Table 1b: when an Rn threshold of 50 mBq/m3 was used for baseline conditions

Source All data (1493) 24 h terrestrial (732) >20 h in baseline (173) 24 h in baseline (90)

Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Rn 579.2 0 5922.8 971.6 64.63 5922.8 27.9 0 178.3 22.3 0 41.4
PM2.5 (all) 5.58 0.62 16.95 5.57 0.62 16.95 5.07 0.78 13.42 4.86 0.78 11.44
Sea 3.28 0 12.98 2.54 0 11.58 3.91 0.64 12.48 3.8 0.7 9.13
2ndryS 0.8 0 7.47 1.01 0 7.47 0.54 0 2.28 0.5 0 2.28
SeaAged 0.6 0 4.93 0.78 0 4.93 0.35 0 1.32 0.33 0 1.32
Smoke 0.7 0 5.98 0.92 0 5.98 0.35 0 0.93 0.36 0 0.93
Soil 0.13 0 2.04 0.17 0 2.04 0.05 0 0.29 0.05 0 0.29
Indmetals 0.07 0 1.16 0.11 0 1.16 0.02 0 0.57 0.03 0 0.57
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remaining hours each day that were not in baseline (see Fig. 1). For
example, for Category #1, if the hourly radon measurements were
less than the baseline threshold for 3 h or less out of 24, the radon
distribution for the reaming hours (i.e. for those hours when the
measured radon was greater than the threshold) are presented in
the first entry of Fig. 1a and b. This entry contains the highest radon
measurements, as air masses would have received a terrestrial in-
fluence for a large fraction of the day.

By this method, the degree of terrestrial influence on our daily
PM2.5 samples was observed to reduce markedly from category 1 to
category 6 events (i.e. with increasing time in baseline). The
reduction in daily terrestrial influence was greater and more rapid
in the case of the 50 mBq m�3 radon threshold (Fig. 1b). The fact
that the radon concentration of non-baseline air masses each day
reduced as the number of baseline air masses on that day increased
is an indication that the transition from full baseline to full conti-
nental events is often gradual.
Fig. 1. Radon concentration distributions for non-baseline hours of category 1e6 events fo
boxes 1st and 3rd quartiles, dashed lines 10th and 90th percentiles, “X” represents the mea
Despite the large, monotonic decline in terrestrial influence
evident for category 1e6 events, no comparable trend was evident
in the total PM2.5 concentration distributions calculated for corre-
sponding events (Fig. 2). This is evidence of the substantial
contribution to the total PM2.5 loading at CGBAPS from non-
terrestrial sources, and highlights the necessity of a more detailed
analysis of individual source fingerprints at this site. Figs. 3 and 4
replicate the analyses of Fig. 2(a and b) for each of the 6 identi-
fied source fingerprints (soil, smoke, industrial metals, fresh sea
salt, aged sea salt, and secondary sulphur).

In the case of category 6 events (>20 h in baseline) the average
radon concentration of non-baseline hours each daywas >200mBq
m�3 on only 10 (of 382) occasions (~3%) when using the 100 mBq
m�3 threshold, compared to ~1% (2 of 173) when using the 50 mBq
m�3 threshold. This minimal level of terrestrial influence on these
days is clearly reflected in the low concentrations and compact
distributions of the PM2.5 contributions from primary sources of
r radon baseline thresholds of (a) 100 mBq m�3, and (b) 50 mBq m�3 (line is median,
n, and n is the number of samples).



Fig. 2. Distributions of total PM2.5 concentration in category 1e6 events for radon threshold values of (a) 100 mBq m�3, and (b) 50 mBq m�3 (symbols as for Fig. 1 with outliers
represented by open circles).
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predominantly terrestrial origin (i.e. soil, smoke, and industrial
metals) shown in Fig. 3. As was the case for radon, concentrations of
these PM2.5 contributing species demonstrate a large and relatively
consistent decrease with decreasing terrestrial influence.

Similar to the behaviour of the terrestrial sources, concentra-
tions of the aged sea salt marker (SeaAged; Fig. 4) also decreased
substantially (approximately factor of two from category 1 to 6
events) and relatively consistently with reducing terrestrial influ-
ence. By contrast, concentrations of secondary sulphates (2ndryS;
Fig. 4) were fairly similar for all but the most strongly terrestrially
influenced events. It is known that gaseous dimethylsulfate
(CH3SCH3; DMS) enters the marine atmosphere from the ocean
(Ayers et al., 1997), where it undergoes a number of photochemical
reactions. One of the intermediates is SO2 which is then converted
to sulfate aerosols. It has been estimated that anthropogenic and
the emission of DMS from the oceans accounts for 70% and 25%,
respectively, of the SO2 precursors leading to the formation of
secondary sulpfate (Faloona, 2009). However the DMS estimates
have a large uncertainty.

As expected, the contribution to total PM2.5 by fresh sea salt
(Fig. 4) progressively increases from category 1 to category 6 events
(reducing terrestrial influence) for the radon threshold of 100 mBq
m�3. Interestingly, however, in the case of the 50 mBq m�3

threshold there is a slight reduction in the median fresh sea salt
contribution going from category 5 to category 6 events. This is
possibly due to an increased proportion of tropospheric MBL
intrusion events that are typically characterised by radon concen-
trations between 0 and 30 mBq m�3 (Chambers et al., 2015).

The difference in the means between the different categories
was more significant for those samples when air masses were
arriving from the baseline for 16e20 h of the sampling day (Cate-
gory 5) to those when all 24 h were identified as baseline air
masses, with the difference in the means of Smoke being significant
at 95% level and the others at a slightly lower confidence level.

A further paired t-test was applied to means when either 100 or
50 mBq m�3 was used for baseline conditions. This test indicated
that category means for all PM2.5 source components were not
significantly different based onwhether a radon threshold of 100 or
50 mBqm�3 was used. A corollary of this result is that in the case of
mean values of 24-h integrated PM2.5 observations radon-derived
baseline selection can be made equally effectively using either a
100 or 50 mBq m�3 baseline threshold. However, for some PM2.5
source contributions (e.g. secondary sulphur and smoke),
maximum observed values were much higher when the 100 mBq
m�3 radon threshold value was used than with the 50 mBq m�3

value.
Based on the more stringent 50 mBq m�3 radon baseline

threshold, the ratio of mean source concentrations between cate-
gory 0 (fully continental) and category 6 events (Table 1b) was: 3.4,
2.6, 5.5, 2.2, 1.9, and 0.7, for Soil, Smoke, Indmetals, SeaAged, SndryS,
and Sea, respectively. The largest contrasts were seen for industrial
metals, soil and smoke.

The values in Table 1b compare well to those reported in Table 2
of Crawford et al. (2017) which were generated by using only wind
direction and back trajectories as baseline indicators. However, the
radon method produced lower median values for soil and aged sea
air (see Section 3.4 for details).

3.2. Fetch analysis of baseline events

Back-trajectory density maps showing the fetch history of
hourly Cape Grim air masses beneath the concentration thresholds
of 100 and 50 mBq m�3 are presented in Fig. 5a and b and cate-
gories 0 to 5 in Fig. 5c. In the case of air masses below the 100 mBq
m�3 threshold (Fig. 5a), frequent interaction with NW Tasmania is
evident, as well as occasional interaction with the southern fringes
of mainland Australia. By contrast, density maps prepared accord-
ing to the 50 mBq m�3 radon threshold showed only occasional
interaction of air masses with NW Tasmania, greatly reduced
interaction with southern parts of Australia, and less frequent
interaction with coastal Antarctic regions (where there can be
exposed rock emitting radon). The combined categories 0 to 5 show
more fetch from the Australian mainland.

3.3. Seasonal distribution of PM2.5 sources

The distributions of concentrations, by season, for the more
terrestrially affected and least terrestrially affected air masses are
presented in Figs. 6 and 7, respectively.

The seasonal cycle of the PM2.5 soil source contribution based on
dayswith significant terrestrial influence (Fig. 6a) had an amplitude
of 0.07 mgm�3 (based on median values), characterised by a sum-
mer maximum and winter minimum, corresponding to a higher
degree of local Tasmanian fetch in summer (identified by back



Fig. 3. Distributions of source fingerprint concentrations of category 1e6 events for baseline radon concentration threshold values of 100 mBq m�3 and 50 mBq m�3 (symbols as for
Fig. 2).
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trajectory studies in Crawford et al., 2017). By contrast, seasonal
cycles of median concentrations for smoke and industrial metals
showed peak values in autumn, secondary peak values in spring,
with lower values in both summer and winter. The timing of these
peaks seems to be more closely associated with anthropogenic
biomass burning cycles (either of agricultural origin or related to
prescribed burning for hazard reduction; Sustainable Timber
Tasmania, 2017; and also from mainland sources, e.g. Victoria),
rather than natural bushfires (which would produce a maximum in
summer).

The seasonal cycle of the soil component of PM2.5 within the
baseline category (Fig. 7a), had an amplitude of 0.02 mgm�3 (based
on median values), roughly 30% of the amplitude for terrestrial
events, but also characterised by a summer maximum and winter
minimum. This cycle appears to be similarly tied to the southern
hemisphere growing season/soil moisture cycle but, based on
Fig. 5b, is likely attributable to long-range transport. Li et al. (2008)
indicate that the dust in the southern hemisphere originatesmainly
from Australia and Patagonia and some inter-hemispheric trans-
port. Weller et al. (2013) also reported higher dust concentrations
at the German Antarctic Station Neumayer in summer.

Regarding the smoke component of PM2.5 within the baseline
category (Fig. 7b), the seasonal cycle has a similar amplitude, but
completely different shape to that observed for the significantly
terrestrially influenced days. The baseline smoke seasonal cycle
was characterised by a summer maximum and winter minimum.
Unlike the days with significant terrestrial influence, the baseline
smoke concentration appears to be more closely tied to the
southern hemisphere bushfire cycle (e.g. Mari et al., 2008).

Under baseline conditions the seasonal cycle of median



Fig. 4. Distributions of source fingerprint concentrations of category 1e6 events for baseline radon concentration threshold values of 100 mBq m�3 and 50 mBq m�3 (symbols as for
Fig. 1).
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concentrations of smoke, was characterised by a summer and
spring maximum and winter minimum (Fig. 7c; a difference of
0.1 mgm�3, or 28% of the summer median value). For significant
terrestrial fetch the largest median value was recorded in autumn
and the smallest in summer (Fig. 6c, a difference of 0.12 mgm�3, or
20% of the autumn median value).

For predominantly terrestrial air masses the seasonal cycle of
aged sea air had an amplitude of 0.4, and was characterised by a
summer maximum and winter minimum. The seasonal cycle was
similar under baseline conditions, but lower variability within
seasons. Ayers et al. (1999) undertook a study of Chloride (Cl�) and
Bromide (Br�) loss from sea-salt particles in the Southern Ocean air,
and found amaximum deficit of Br� in summer. This was attributed
to the condensation of acid sulfur species onto the sea-salt aerosol,
which has a summer peak which is well correlated with DMS
emission flux. However, in their study the Cl� loss was low.
Little consistent seasonal cycle is evident in secondary sulphur

species for the predominantly terrestrial air masses. Under baseline
conditions the seasonal cycles of median values and maximum
values appear to oppose one another.

Contributions of fresh sea salt were largest in winter and spring
for both the primarily terrestrial and baseline categories, but me-
dian values were typically higher under baseline conditions (due to
the oceanic source term for this aerosol type).
3.4. Differences between radon-only and trajectory-derived
baseline

A comparison of the distributions of baseline source-type fin-
gerprints for Cape Grim PM2.5 aerosols, as determined by wind



Fig. 5. Five day back trajectory density maps of hourly events corresponding to radon thresholds of (a) 100 mBq m�3, (b) 50 mBq m�3, and (c) for those days corresponding to
Category 0 to 5 events.

J. Crawford et al. / Environmental Pollution 243 (2018) 37e4844
direction/back trajectory analysis (Crawford et al., 2017) and by the
radon-only baseline threshold (50 mBq m�3) for category 6
(>20 h d�1 baseline) and category 7 (all baseline), are presented in
Fig. 8.

Both radon-only baseline categories show higher concentra-
tions of fresh sea salt, and lower concentrations of aged sea air and
soil than the trajectory-based selection approach (Fig. 8). This gives
credence to the (relaxed; i.e. category 6) radon-only baseline
selection method, and demonstrates that baseline selection based
predominantly on back trajectory analysis is not as selective at
removing small amounts of terrestrial influence (presumably due
to limitations in accuracy of the back trajectory calculations).
However, this is not thewhole story as the radon-only categories do
not exhibit the narrower distributions that would be expected if
they were excluding all the residual terrestrial effects. Interestingly,
the soil, smoke, and industrial metals source fingerprints also



Fig. 6. Seasonal distributions of PM2.5 source concentrations for category 0e5 events (�20 h in baseline; or more terrestrially affected air masses) with the 50 mBq m�3 baseline
radon threshold (symbols as in Fig. 1). (a) Soil, (b) SeaAged, (c) Smoke, (d) 2ndryS, (e) Indmetals, and (f) Freash Sea Salt.
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exhibit notably higher “extreme” (outlier) events associated with
the radon-selected baseline samples than for the trajectory-
selected samples (even for the category 7 events). Since radon is
an unambiguous indicator of terrestrial influence, the most likely
explanation for these observations is that a significant contribution
to the smoke and industrial metal source fingerprints within Cape
Grim baseline air masses derive from long-range transport (i.e. >3
weeks since last land contact).

A 10-day back-trajectory analysis of extreme smoke and in-
dustrial metal events (not shown) indicated that the outlier event
air masses typically travelled at a lower altitude over the Southern
Ocean than air masses for lesser magnitude events in the baseline
category. However, due to increasing errors associated with the
accuracy of back trajectories with duration (distance), these events
were not traceable back �3 weeks in time to investigate potential
origins of these signals.
4. Conclusions

An existing radon-only “baseline” air mass selection technique,
based on hourly observations, was modified for use with daily-
integrated PM2.5 aerosol observations made by ANSTO at the
Cape Grim Air Pollution Station between 2000 and 2015. To
improve the compatibility of these results with previous studies
two separate radon baseline selection threshold concentration
values were used: 100 mBq m�3, which has been used for decades
(e.g., Gras and Whittlestone, 1992); and 50 mBq m�3 (Chambers
et al., 2016; this study). Median aerosol concentrations were
similar for both radon threshold values, but maximum concentra-
tions were higher for air masses selected with the 100 mBq m�3



Fig. 7. Seasonal distributions of PM2.5 source concentrations for category 6 events (>20 h in baseline; i.e. baseline samples) with the 50 mBq m�3 baseline radon threshold (symbols
as in Fig. 1). (a) Soil, (b) SeaAged, (c) Smoke, (d) 2ndryS, (e) Indmetals, and (f) Freash Sea Salt.
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threshold. Back trajectory analyses demonstrated more frequent
fleeting contact with southern Australia and Antarctic coastal re-
gions (where there is exposed rock) for air masses selectedwith the
100mBqm�3 threshold. The daily-integrated aerosol concentration
statistics were not found to be significantly different when the
baseline requirement was relaxed from all 24 h per day to >20 h d�1

beneath the radon baseline threshold concentration. This slight
relaxation in baseline selection requirements increased the number
of viable baseline aerosol sample days by almost a factor of two.

IBA and PMF techniques identified six contributing source-type
fingerprints for the Cape Grim PM2.5 aerosol: fresh sea salt (57%),
secondary sulfate (14%), smoke (13%), aged sea salt (12%), soil dust
(2.4%) and industrial metals (1.5%). Based on the 50 mBqm�3 radon
baseline threshold concentration, the ratio of concentrations be-
tween terrestrial and baseline fetch conditions was 0.6, 1.9, 2.2, 2.6,
3.4, 5.5 for fresh sea salt, secondary sulphur, aged sea air, smoke,
soil and industrial metals, respectively.

Radon-only baseline selection of the source-type fingerprints
using the 50 mBq m�3 threshold was found to be more selective of
minimal terrestrial influence than a similar recent study usingwind
direction and back trajectories to select baseline events (Crawford
et al., 2017). Seasonal cycles of soil dust for both terrestrial and
baseline fetch had a summer maximum andwinter minimum, with
a median amplitude that reduced from 0.07 mgm�3 under terres-
trial fetch to 0.02 mgm�3 under baseline conditions. Seasonal cycles
of smoke were of similar median amplitude for terrestrial and
baseline events, but of completely different shape: peaking in
autumn and spring for terrestrial events, compared to summer for
baseline conditions. Seasonal cycles of industrial metals had a
summer maximum and winter minimum, with a baseline



Fig. 8. Distributions (box and whisker plots as for Fig. 2) source-type fingerprints for the Cape Grim PM2.5 aerosol under baseline conditions compared between the trajectory
method of Crawford et al. (2017), and category 6 and 7 events of this study.
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amplitude around a factor of 4 less than for terrestrial air masses. A
significant fraction of the Cape Grim baseline smoke and industrial
metal contributions appeared to derive from long-term transport
(>3 weeks since last terrestrial influence).
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