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Abstract: Atmospheric radon measurements assist in many aspects of climate and meteorological
research, notably as an airmass tracer and for modelling boundary layer development, mixing
heights and stability. Daughter products from radon decay are sometimes incorporated into the
particle pollution measurements of commercially available beta-attenuation monitors (BAM). BAMs
incorporating radon measurements are used in air quality monitoring networks and can supplement
traditional radon measurements. Here we compare in-situ radon measurements from Thermo Fisher
Scientific (Franklin, MA, USA) BAM instruments (Thermo Scientific 5014i, Thermo Scientific 5030
SHARP, Thermo Anderson FH62C14) at two air quality monitoring stations in New South Wales,
Australia. Between systems we find strong correlations for hourly measurements (r = 0.97-0.99); daily
means (r = 0.97-0.99); hour of the day (r = 0.84-0.98); and month (r = 0.82-0.98). The regression analysis
for radon measurements between systems showed strong linear responses, although there are some
variations in the slopes of the regressions. This implies that with correction BAM measurements can be
comparable to standard measurement techniques, for example, from the Australian Nuclear Science
and Technology Organisation (ANSTO) dual flow loop monitors. Our findings imply that BAM
derived radon measurements are precise, although their accuracy varies. BAM radon measurements
can support studies on boundary layer development or where radon is used as an atmospheric
transport tracer.

Keywords: radon; beta attenuation monitor (BAM); air quality monitoring networks

1. Introduction

Radon (**?Rn) is a radioactive gas that occurs naturally. It is a product of the uranium
decay chain, the immediate product of radium decay (>*°Ra, t; /, = 1600 y) and has a half-life
(t1/2) of approximately 3.82 days. Radium is found in the Earth’s crust, soil and rocks and
is hence emitted continuously over land, but the magnitude of its emissions flux varies
across time and space [1].

The German scientists Hans Geitel and Julius Elster discovered radioactive elements
in the atmosphere in 1901 and identified in 1904 that “radium emanation” from the soil
was their source [2]. The recognition of radon’s potential for atmospheric applications
has grown since the 1990s. It is used as an airmass tracer [3-5] in many research fields,
such as evaluating the global climate model (GCM) [6-8] and chemical transport model
performance [9]; boundary layer meteorology research [10-13]; air pollution and urban
climate research [14-17]; and greenhouse gas emission source identification and quantifica-
tion [18-20].

Radon impacts directly on human health. It is inducive to gene mutations and chro-
mosomal aberrations and hence it is carcinogenic [21]. Radon exposure is a leading cause
of lung cancer [22] and amplifies the health impacts of particle air pollution [23].

Continuous radon measurements occur within some monitoring networks, such as
the Global Atmosphere Watch (GAW) network of the World Meteorological Organisation
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(WMO) [24] and the Integrated Carbon Observation System (ICOS) [25]. These networks
are often focussed on specific techniques, and hence there is limited harmonisation of
measurements and measurement methods [26].

Continuous radon measurements typically are made using one of three methods:
(1) dual flow-loop, twin filter detectors measuring radon directly via fluorescence [27],
(2) collecting particles on a single filter paper and measuring the decay of radon progeny
attached to the particles [28], and (3) electrostatic precipitation [29,30]. The Australian
Nuclear Science and Technology Organisation (ANSTO) twin filter, dual flow-loop system,
provides low minimum detection limits and high-precision [31-33] and is the primary
radon instrument at many GAW and ICOS stations.

Radon measurement techniques have been compared in several studies. A study
at a south-western Germany mountaintop site [34] showed high correlations (R? in the
range of 0.68-0.90) between a single filter monitor and the ANSTO monitor. Another study
compared the ANSTO monitor and single filter monitors at three locations in Europe and
compared different single filter monitors at another six European locations [35], finding that
measurements from different systems were comparable. A study that compared the three
main techniques at two sites near Paris [36] showed high correlations between instruments
(R? of 0.90-0.93), although that study was only for a relatively short period (2 months and
3 weeks).

In contrast to radon specific monitors, beta-attenuation monitors (BAM) are designed
to principally measure atmospheric particle pollution, with radon measurements a sec-
ondary measurement stream in some BAMs. The BAM technique for estimating particle
mass measures the attenuation of beta radiation by particles collected on a filter [37] which
is in effect the same technique as the radon specific single-filter method.

A recent study comparing radon measurements from an ANSTO monitor and a
BAM in Sydney, Australia [38], found strong correlations between systems for hourly
measurements (R? = 0.91), daily means (R? = 0.95), hour of day (R? = 0.72-0.94) and by
month (R? = 0.83-0.94). This study demonstrated that there is potential for using BAMs
to obtain networked radon measurements and to supplement high-grade radon specific
monitors. However, the study utilised a single BAM instrument at a single site and only
for a single year.

BAM radon measurements have been used to describe atmospheric stability in Rome,
Italy [39], and in Lanzhou and Jinhua, China [40,41]. Outside Italy and China, there have
been few studies utilising BAM radon measurements, and there have been none that we are
aware of that compare the relative performance of radon measurements between different
BAM instruments.

Our motivation for this study is to extend the work of Riley et al. (2023) [38] by
comparing the performance of radon measurements from different commercially available
BAMSs. If the radon measurements from the different instruments can be shown to be
similar, this will further support the use of BAMs for radon measurements in air quality
monitoring networks, assisting to fill existing gaps in radon measurements regionally
and globally.

If the instruments are shown to be precise, and there are no systematic biases due to the
prevalent weather or seasonal conditions, then we hypothesize that radon measurements
from BAMs could be used for boundary layer development studies at individual locations
and across regions, particularly in urban environments. This is of interest to researchers
interested in urban boundary layer development such as urban climatologists and air
pollution meteorologists.

2. Materials and Methods
2.1. Site Locations
Measurements were conducted at two locations in New South Wales (NSW), Australia

as part of a series of instrument acceptance testing for PM2.5 monitors within the NSW Air
Quality Monitoring Network (AQMN) [42].
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The first series of tests were undertaken at Chullora (Figure 1a,c), a suburb of Sydney
(population~5.3 m). Sydney is in the mid-latitudes (34° S, 151° E) with a Koéppen—Geiger
climate classification of Cfa, with humid sub-tropical traits such as cool winters and warm
and hot summers. The greater city occupies a coastal basin that is bounded by the Pacific
Ocean to the east, the Blue Mountains (reaching an altitude of 1189 m.a.s.l.) to the west,
the Hawkesbury River to the north and by the Georges River and Woronora Plateau to the
south. The geology of the Basin is dominated by sandstone and Triassic shales with two
major soil types, sandy loams and alluvium [43].
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Figure 1. Study locations showing positioning with respect to the Sydney CBD (a,b) and photographs
of the Chullora (c) and Muswellbrook (d) monitoring compounds.

The suburb of Chullora is about 15 km west of the CBD (Figure 1a). It is a major
hub of transport and logistics and houses commercial, educational and light-industrial
facilities. The NSW Government Department of Planning and Environment (DPE) Chullora
air quality monitoring station is at 33.89° S, 151.05° E (Figure 1c). The site monitors local
meteorology, and air pollutants, including O3, NO,, NO, NOx, SO,, CO, PM10, PM2.5,
black carbon and visibility.

Measurements were also conducted at Muswellbrook, a small town in the Upper
Hunter Valley region of NSW. Muswellbrook has a population of 16,000 people and is
located approximately 110 km NW of Newcastle (pop. 400,000) and 180 km NNW of
Sydney (Figure 1b). Muswellbrook has the same climate classification as Sydney (Képpen—
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Geiger, Cfa, humid subtropical). The average mean temperature is ~17 °C and annual mean
precipitation is ~630 mm.

The town is in a region with extensive opencut and underground coal mining activ-
ity. Two large coal fired power stations (Liddell—2000 MW, Bayswater—2640 MW) are
located approximately 15 km SSE of the town. Liddell ceased operations in April 2023.
Agricultural industries including grazing, dairying, equestrian and viticulture are also
significant contributors to the local economy. Geologically, the Upper Hunter Valley is a sub
region of the Sydney Basin, dominated by sandstone and Triassic shales. The Upper Hunter
region features three major soil types; clay (from shales and volcanic rocks), alluvium
along the Hunter River floodplain and sandy soils (which originate from the Hawkesbury
sandstone) [43].

2.2. Study Period

The Chullora station has been used as a primary location for instrument intercompari-
son studies and acceptance testing within the NSW AQMN. Intercomparisons of multiple
PM2.5 measurement techniques at Chullora commenced in 2010 and were completed in
2019. Our focus is on the 12-month period from 1 June 2011-31 May 2012, in which multiple
BAMs logging radon data were operated during the PM2.5 comparison study. This period
saw above-average temperatures and average or above-average rainfall [44,45].

The second comparison occurred at Muswellbrook. Here we report results from a
36-month period (1 September 2015 to 31 August 2018) in which a BAM PM2.5 inter-
comparison occurred. The period saw average to below-average rainfall and very much
above-average temperatures [46,47].

2.3. Instrumentation

This is a comparison of convenience, building off data that was acquired during
intercomparison studies of various PM2.5 measurement techniques and different BAM
instruments. These comparisons were focussed on the assessment of the relative perfor-
mance of the instruments in measuring PM2.5 and were not specifically designed for radon
inter-comparisons.

The Chullora study compared several BAMs from different manufacturers, but not all
instruments measure or log radon data. The three instruments that did acquire radon data
are all from the same family of instruments from Thermo Fisher Scientific (Franklin, MA,
USA). The Thermo Scientific BAMs (5014i, 5030 SHARP (Synchronized Hybrid Ambient
Real-time Particulate), and FH62C14), each have similar sampling techniques, but with
some minor variations (see below).

The Muswellbrook comparison was between the Thermo Scientific 5014i and 5030
SHARP monitors.

All instruments were configured to sample PM2.5. Inlet heights are about 4 m above
ground level. For each instrument, sample air was drawn at a 16.7 L/min volumetric flow
rate through a Very Sharp Cut Cyclone (VSCC™) sampling head. The instruments were
housed in temperature-controlled buildings (Figure 1c,d).

The beta attenuation measurement technique is common across all instruments. The
technique measures the attenuation of beta radiation (1*C source < 3.7 MBq) by solid
particles collected on a filter tape. The amount of radiation attenuated is exponentially
dependent on the particle mass alone [48]. However, the 1*C source is not the only source of
beta radiation within the sample system. 22Rn and its progeny can be attached to airborne
particles and these particles continue to decompose when collected on the BAM sample
filter, with the radiation released during decay interfering with the PM2.5 mass estimates.

To control for interferences from radon decay, Thermo BAMs incorporate a radon
measurement estimate from a proportional X-ray a—p—Y detector (LND4335, LND Inc.,
New York, NY, USA). The detector estimates radon through changes in the proportion of o
and P particles collected on the BAM filter tape. The « particles from >’Rn a 218Po a 21Pb
are related to the (B particles from the 21*Pb a 214Bi a 2!4Po decay chain.
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The activity concentration (Cg,) of ?*’Rn is given by
1 ny — ac())
Crn=|— 1
R (€a2> < QT2 @

€42 = detection efficiency of « particles

&y, = gross « particle count rate [s ']

ao = background « particle count rate (unloaded filter) [s~!]

Q = air flow [m3 s71]

T2po = 4550 s; equilibrium constant for 222Rn daughter nuclides

where

Equation (1) is applied by the instrument when radiological equilibrium of the ?Rn
decay is reached. In the instrument manual (https://tools.thermofisher.com/content/sfs/
manuals/EPM-Model5014i-Manual.pdf, accessed 1 November 2023), the manufacturer
states it as ~90 min after a filter change. We note the stated equilibrium time (90 min, 5400 s)
differs from the equilibrium constant of 4550 s in (1).

Each instrument was configured to meet United States Environmental Protection
Agency (EPA) PM2.5 equivalence requirements (5014i: EQPM-1102-150, FH62C14: EQPM-
1102-150, 5030: EQPM-0609-184). This requires the filter tape to advance every 8 h or if the
filter becomes overloaded. Tape advances were set to occur at 0000 h, 0800 h and 1600 h
local time at Chullora. At Muswellbrook the tape advance times for the 5030 SHARP were
set as per Chullora, but the 5014i, they were set at 0400 h, 1200 h and 2000 h.

Temperature, humidity, flow and pressure sensors are calibrated at least quarterly. The
proportional o/ 3 detector is calibrated annually.

All BAMs use the same beta attenuation monitoring system design, but the 5030 SHARP
integrates a nephelometer with the BAM measurement system. All instruments implement
radon measurements and corrections as described above. However, the firmware of each
instrument varies, and the logging and reporting of radon measurements differs between
instruments. In the standard configuration, communications protocols for the FH62C14 and
5030 report radon as the “EEC activity concentration”, that is, the equilibrium equivalent
concentration, together with the alpha activity from the G-M counter. The EEC for radon is
defined as [49]

EECg; = 0.105C; +0.516C;, + 0.379C3 )

where

C; = activity concentration of 2'8Po
C; = activity concentration of 214Pb
C3 = activity concentration of 2!4Bi

We note that the instrument manufacturer does not state the details on the EEC
calculations, nor any assumed equilibrium factors. It is inferred in the instrument manual
that the proportional alpha-beta-gamma detector can discriminate between the activity of
the sources of the radon daughter nuclides. The 5014i in standard configuration returns
only one radon channel but can be configured to match the communications protocol of
the FH62C14/5030. In this study, the 5014i communications were not configured to return
the EEC radon activity concentration, and only returned the default radon measurement.
Without further information from the manufacturer, we have assumed that the radon values
returned are equivalent for each instrument, noting that the 5014i can be configured to
return the EEC if the user chooses to do so.

Meteorological measurements included 10 m horizontal wind measured by sonic
anemometer (MetOne 50.5, MetOne Inc., Grants Pass, OR, USA) and temperature and
humidity using a platinum resistance thermometer and thin-film capacitance, respectively
(Vaisala HMP45 or HMP155, Vaisala Oyj, Vantaa, Finland), housed in a non-aspirated
radiation shield approx. 2.5 m above ground level.
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2.4. Data Handling and Analysis

At Chullora, the study period covered 26 August 2010-8 June 2012, where all three
instruments were in operation. However, during this time there were several periods where
one or more instruments suffered faults. We therefore focus on the 12-month period (1 June
2011-31 May 2012) where the data return across all three instruments was maximised while
giving a full year of data for analysis (Figure 2). At Muswellbrook, we focus on the data
collected between 1 September 2015-31 August 2018, where the data recovery was greatest.
This also delivers three complete years of data across all seasons.
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Figure 2. Time series data for the Chullora comparison.

We first compile a time series of hourly radon measurements, excluding all data that
failed quality control checks and data flagged for removal due to scheduled maintenance
and calibration activities. The resulting data recovery rates were 80-85% at Chullora and
81-86% at Muswellbrook (Table 1).

Table 1. Details of the BAM instruments, their installation and removal, and raw data recovery rates
for each study period, 1 June 2011-31 May 2012 at Chullora and 1 September 2015-31 August 2018
at Muswellbrook.
Site Instrument Serial Number Data Capture, Raw (h, %) Data Capture, Infilled (h, %)
Chullora 5014i CM09360200 7061, 81% 7958, 91%
5030 SHARP E-327 7272,83% 8223, 94%
FH62C14 E-1757 7471, 85% 8511, 97%
Muswellbrook 5014i CM14491004 21,158, 81% 24,910, 95%
5030 SHARP E-323 22,555, 86% 25,606, 97%

These “raw” data recovery rates exclude data immediately after the scheduled filter
tape progression, which occurred every 8 h in accordance with US EPA requirements. After
the filter tape advance and while the newly exposed tape reaches radiological equilibrium,
radon data are considered invalid. Riley et al. (2023) [38] found that after a filter change
radon data for the following hour were anomalous when compared to a high-quality
ANSTO instrument. Here we follow their approach and fill the gaps due to these systematic
sampling issues by excluding records for the hour of a filter tape advance and the hour
following the tape advance and then infilling the excluded data points by cubic spline
interpolation. Infilling greatly increases the availability of data for comparison (Table 1).

Hourly, diurnal, daily, weekly and monthly comparisons are made based on the
hourly time series. Daily averages are only included where 75% or greater of the hourly
measurements in the day are valid. Our analysis focusses on simple descriptive statistics
with the assessment of the coefficients of determination (r, R?) and linear regression to infer
correlations between instruments and goodness of fit for linear models.
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3. Results

We analyse results from Chullora first, assessing mean concentrations and the dis-
tributions of data from the different instruments. Following this we examine diurnal
and monthly variations between instruments and explore if there are any instrument spe-
cific variations due to environmental conditions (temperature, humidity and wind). The
approach is repeated for the Muswellbrook data.

3.1. Annual and Monthly Mean Concentrations and Data Distributions—Chullora

The data distributions (histograms) are similar between instruments, although the
5014i records significantly more observations near zero (Figure 3). All instruments return a
high number of observations below 1 Bqm~3, which is likely an artifact of the relatively
high minimum detection limit of the instruments. Overall, hourly observations infer clear
linear relationships between the instruments, with strong correlations (r = 0.94-0.97).

5014i 5030s FHB2
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Figure 3. Hourly radon observations (Bqm~2) Chullora: scatterplot, distributions and correlation (r).

*** represents statistical significance at p < 0.001.

The data distribution for different instruments can be illustrated at the monthly level,
with boxplots in Figure 4 and in terms of descriptive statistics in Table 2. The distributions
of the hourly observations are also similar across all instrument’s individual months. Monthly
means vary between 0.57 Bqm 3 (December, 5014i) to 3.47 Bqm 3 (May, FH62) with the 5014i
returning values that are consistently lower than the other instruments (Table 2). Overall, the
annual means range from 1.31 qu’g’ (5014i) to 1.64 qu’g’ (FH62) for the study period.
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Figure 4. Monthly radon box plots Chullora: 5014i (a), 5030 (b) and FH62 (c).
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Table 2. Summary statistics by month (Bqm—3).
Percentiles
Mean ? 25th Median 75th 95th
5014i 5030 FH62 5014i 5030 FH62 5014i 5030 FH62 5014i 5030 FH62 5014i 5030 FH62 5014i 5030 FH62
Jan. 061 064 075 074 069 09 004 021 017 037 040 040 089 080 1.02 211 209 272
Feb. 072 079 092 072 069 084 017 029 032 055 060 069 105 1.09 128 220 212 264
Mar. 068 087 090 087 095 105 006 023 021 043 056 057 08 117 119 245 286 3.04
Apr. 152 171 194 152 139 170 044 061 061 1.02 141 150 227 247 289 510 449 525
May 270 293 347 183 200 240 125 131 147 232 247 296 379 421 491 611 6.63 8.02
Jun. 145 183 185 142 155 182 043 071 044 095 139 143 219 253 268 422 497 579
Ju. 171 190 216 157 164 182 066 073 080 127 160 179 226 252 288 515 520 588
Aug. 202 231 276 186 206 242 037 055 066 164 185 233 313 350 411 580 625 7.67
Sep. 142 161 145 137 149 135 045 056 042 107 121 101 201 220 215 434 4.88 4.07
Oct. 110 127 142 114 121 141 027 037 037 073 09 098 161 181 209 325 3.69 411
Nov. 1.07 116 136 094 097 113 028 037 046 085 087 102 173 192 217 293 283 3.39
Dec. 057 057 059 066 063 075 0.00 014 011 036 037 032 084 073 078 182 186 220
Ann. 131 147 164 144 153 178 027 036 035 082 098 100 187 209 234 445 478 541

40

30

We also examined the distribution of the daily mean radon concentrations (derived
from hourly data). Again, the overall data distributions (histograms) are similar across
instruments, with strong correlations and linear relationships also observed (r = 0.97-0.99)
(Figure 5).
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Figure 5. Daily mean radon (qu*3) at Chullora: scatterplot, distributions and correlations (r).

*** represents statistical significance at p < 0.001.

3.2. Diurnal, Weekday-Weekend and Monthly Variability Comparisons—Chullora

Radon levels vary throughout the day and across seasons (months) [12,38,48,50-52].
All three instruments at Chullora demonstrate similar responses to the natural diurnal
and seasonal variability in radon concentrations (Figure 6). In general, higher radon levels
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radon concentrations (Bqm-3)
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I 14 =4
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R-squared of the linear model
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0.5
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are recorded for cooler months (April-September) and in the early morning. Studies
elsewhere showed that the higher radon levels indicate lower mixing layer heights, as the
stable conditions as well as constrained convective mixing during the cooler months and
overnights reduce radon dispersion and therefore higher ground-level mixing ratios [50-53].
Over the diurnal scale, the radon concentrations are highest in the early morning, coinciding
with a well-developed nocturnal stable boundary layer, and they are lowest in the late
afternoon/early evening, when the convective mixed layer is at its greatest depth.

== ==FH62 — 5014i
5030s

02 46 810121416 182022 M T W Th F S Su 123 456 7 8 910112

(a)

hour weekday month

(b) (c)
Figure 6. Mean radon concentrations (Chullora) by hour (a), weekday (b) and month (c).

We note that the distinct maximum in May is also identified in other studies for
Sydney [12,38,48], and is likely a result of longer fetch over land for air masses at this
time [12], often associated with the transition of the sub-tropical ridge [14]. As expected,
different instruments identified no apparent variations across days of the week (weekend
vs. weekday).

We further examine the between-instrument correlations by performing linear re-
gression analyses for each instrument pair by month and by hour of the day. Figure 7
shows the slope and the R-squared of the linear model fitted to each paired instrument
comparison by month and by hour of the day. For the 5030 vs. FH62 comparison, the
correlation remains very strong throughout the year (0.85 < R? < 0.97, 0.92 < r < 0.98) with
the poorest correlation in September. Comparisons with the 5014i are weaker; however,
even the weakest correlation of R? = 0.70 (r = 0.84) in February, is still a strong result.
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Figure 7. R-squared values of the linear regression models fitted for each pairwise comparison at
Chullora by month (a) and by hour (b).
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The strong linear correlations for measurements between instruments are further
confirmed at the diurnal level, i.e., for each hour of the day (Figure 7). Again, the 5030 vs.
FH62 comparison is strongest (0.84 < R?2<096,092<r< 0.98), with the poorest correlation
during the late afternoon. Like other results [38], comparisons with the 5014i are relatively
weaker, with the weakest correlations of R? = 0.67-0.75 (0.82 < r < 0.87), during the late
afternoon and early evening (14:00-19:00 AEST).

3.3. Environmental Dependencies—Chullora

The strong correlations of the hourly measurements between instruments indicates
that temperature, humidity or wind are unlikely to induce significant variation between
the instruments. Nevertheless, given the variation in the correlations across hours of the
day and months (Figure 7), we undertake linear regression analyses for hourly radon
measurements on four meteorological variables—temperature, relative humidity, wind
speed and sigma theta (the standard deviation of wind direction in an hour)—to explore if
there are any systematic instrument variations due to these environmental factors (Table 3,
Figures 51-56). We assess the radon instruments’ response to each of these variables by
assessing the correlations against each variable's decile ranks. This allows us to assess
which (if any) environmental extremes may influence the radon measurements.

Table 3. Correlations (r) between the hourly radon observations from three instruments at Chullora,
segmented by the deciles of selected environmental variables.

Deciles
Comparison/Variable

1 2 3 4 5 6 7 8 9 10
5030 vs. FH62
Temperature 0.97 0.97 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.95
Relative humidity 0.90 0.94 0.95 0.96 0.97 0.97 0.98 0.98 0.97 0.98
Wind speed 0.97 0.97 0.97 0.97 0.97 0.96 0.95 0.93 0.92 0.90
Sigma theta 0.97 0.96 0.97 0.97 0.96 0.96 0.97 0.97 0.97 0.96
5030 vs. 5014i
Temperature 0.94 0.95 0.93 0.94 0.93 0.91 0.91 0.89 0.88 0.85
Relative humidity 0.83 0.89 0.89 0.93 0.94 0.95 0.95 0.95 0.95 0.96
Wind speed 0.94 0.95 0.94 0.95 0.94 0.93 0.91 0.85 0.82 0.73
Sigma theta 0.92 0.93 0.94 0.94 0.93 0.93 0.94 0.94 0.93 0.93
FH62 vs. 5014i
Temperature 0.95 0.96 0.96 0.95 0.95 0.93 0.92 0.89 0.88 0.88
Relative humidity 0.87 0.91 0.91 0.95 0.95 0.96 0.96 0.96 0.96 0.96
Wind speed 0.94 0.96 0.96 0.96 0.96 0.94 0.93 0.88 0.84 0.79
Sigma theta 0.94 0.94 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.94

The results show strong between-instrument correlations across the spectrum of
observed temperatures (0.85 < r < (0.97) within all paired comparisons. The 5030 and FH62
show consistently strong correlations across all deciles (0.95 < r < 0.97), while the 5014i
comparisons give relatively weaker (although still strong) correlations (0.85 < r < 0.96).
Together these comparisons indicate that the relative performance of the instruments are
not temperature-dependent.

Strong between-instrument correlations (0.83 < r < 0.98) are observed across deciles
of relative humidity. Again, the 5030 and FH62 correlations are strongest (0.90 < r < 0.98),
with the weakest correlations involving the 5014i for deciles 1-3 (0.83 < r < 0.91). Like the
temperature analysis, this indicates that the responses of the instruments are not heavily
influenced by humidity.

We note that the poorest (weakest) correlations are during the hottest and driest
periods of the year. These conditions are often associated with strong insolation during the
summer months where convective mixing is greatest and hence the radon mixing ratios are
at or near their minima.
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FHB2

To investigate any potential wind induced variations, we assess the instrument re-
sponses against the hourly vector averaged wind speed and wind direction, and a measure
of stability, the standard deviation of wind direction over the hour (sigma theta). We assess
the correlations between instruments segmented by individual deciles for wind speed and
sigma theta (Table 3, Supplementary Figures S7-512) and segmented by cardinal points for
wind direction (Figure 8, Supplementary Figures 513 and S14). The analysis shows that
between-instrument correlations were strong across all wind directions (0.83 <r < 0.97,
0.69 < R? < 0.94) and cases of sigma theta (0.94 <r < 0.96). Strong correlations are observed
for all wind speed deciles (0.73 < r < 0.96), with slightly weaker correlations at higher wind
speeds. Once again, we note that the 5030 and FH62 showed the strongest correlations
across all wind parameters with the 5014i performing less robustly. In general, this analysis
indicates that there is no systematic performance impact between the instruments due
to wind.
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Figure 8. Correlations between hourly radon measurements (+, Bgm—3) from the 5030 and FH62 at
Chullora, segmented by wind direction.

3.4. Annual and Monthly Mean Concentrations and Data Distributions—Muswellbrook

At Muswellbrook, like Chullora, there was strong correlation between the 5030 and
5014i for hourly observations (r = 0.97). There was little variation from year-to-year, with
correlations r = 0.97, 0.98, 0.98 for each year (2015/2016, 2016/2017, and 2017/2018),
respectively.

The distributions of hourly observations are similar, although the 5014i records more
observations near zero (Figure 9). Monthly means of the hourly observations are similar
across all months (Figure 10), although the 5030 consistently records lower radon concentra-
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tions than the 5014i, which is the opposite of the comparison at Chullora. Monthly means
vary between 1.9 Bgqm 2 (January, 5030) and 9.2 Bqm 2 (May, 5014i). It is notable that the
mean radon concentration at Muswellbrook is higher than at Chullora. This is due to a
combination of the local geology and the location of Muswellbrook further inland than
Chullora, hence being less influenced by air masses of maritime origin, which typically
have a lower radon concentrations.
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Figure 9. Correlation and distributions of hourly observations between 5030 vs. 5014i at Muswell-
brook. *** represents statistical significance at p < 0.001.
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Figure 10. Mean radon concentrations (Muswellbrook) by hour (a), weekday (b) and month (c).

3.5. Diurnal, Weekday-Weekend and Monthly Variability Comparisons—Muswellbrook

Overall, the mean radon levels show very similar variation patterns between the two
instruments across hours of the day, days of the week and months, (Figure 10), albeit, with
the means of the 5030 slightly but consistently lower than those of the 5014i. We note that
there is some difference in the mean diurnal profiles between the instruments, with the
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1.0

maximum recorded by the 5030 occurring two hours after the peak recorded by the 5014i.
We conducted a lag analysis (not shown) to explore if this was a detector lag issue and
found no improvement in the correlations at lags of one and two hours.

Linear regression analyses for individual months and hours of the day also show
similar results to those for the instruments at Chullora. There are strong correlations across
all months (0.84 < R? < 0.97,0.92 < r < 0.96), with the weakest correlations in December
and January (Figure 11 and Figure S15). The correlations across hours are similarly strong
(0.65 < R% < 0.98,0.81 < r < 0.99), with very strong correlations of R? > 0.9 between the
hours 2000-1100.
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Figure 11. R-squared values of the linear regression models fitted for each 5030 vs. 5014i comparison
at Muswellbrook and Chullora by month (a) and by hour (b).

3.6. Environmental Dependencies—Muswellbrook

Like Chullora, the regression analyses of multi-year radon data from Muswellbrook
are performed on selected meteorological variables to assess between-instrument variation
due to environmental factors (Table 4, Figures S16-520). The results show that there is
no major variation in the correlations across relative humidity and sigma theta deciles
(0.85 <r <0.97). Strong correlations are observed across deciles 1-9 for temperature
(0.86 < r <0.97) and deciles 1-6 for wind speed (0.88 < r < 0.97). The temperature depen-
dence is similar at Muswellbrook compared to Chullora and likely due to the increased
number of observations at or near the radon MDL during the hottest hours, coinciding with
the maximum mixed layer depths and hence the lowest radon mixing ratios. There is more
variation in the correlations under high winds at Muswellbrook compared to Chullora. In
summary, these findings suggest that there little systematic variation between instruments
due to environmental factors.

Table 4. Correlations (r) between the hourly radon observations from two instruments at Muswell-
brook, segmented by the deciles of selected environmental variables.

Comparison/Variable

Deciles

1 2 3 4 5 6 7 8 9 10

5030 vs. 5014i
Temperature
Relative humidity
Wind speed
Sigma theta

0.97 0.97 0.97 0.97 0.96 0.95 0.93 0.92 0.86 0.73
0.94 0.85 0.92 0.95 0.96 0.97 0.97 0.97 0.98 0.97
0.97 0.97 0.97 0.96 0.95 0.88 0.79 0.72 0.67 0.65
0.96 0.94 0.96 0.96 0.96 0.96 0.96 0.97 0.97 0.97

4. Discussion

We have assessed the comparability of radon measurements from three commercially
available BAMs (Thermo 5030 SHARP, Thermo 5014i and Thermo Andersen FH62C) over
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a 12-month period at a site in Sydney and the comparability of radon measurements from
two of these instruments (Thermo 5014i and Thermo 5030 SHARP) over a three-year period
at Muswellbrook. As far as we are aware, this is the first time that radon measurements
from different commercially available BAMs have been compared in field conditions.

We have demonstrated that at these sites there is a high correlation between the
instruments in the hourly observations (r = 0.94-0.97) and daily means (r = 0.97-0.99).
We found some seasonal and diurnal variation in the correlations, with the diurnal cor-
relations strongest in the early morning and weakest during the afternoon (1200-1900)
when the radon levels are lower. The monthly correlations were also strong at both sites
(r = 0.84-0.98), being weakest in the warmest months (December—February).

The weaker correlations during the afternoon and the warmest months are consistent
with the results in Riley et al. (2023) [38] from a comparison between ANSTO and Thermo
5014i at Liverpool. Our results support their finding that the lower correlations are a
consequence of the higher MDLs of the radon measurements by the BAM instruments.
Riley et al. (2023) [38] also suggested that the poorer correlations may be due to their
study site having a significant coastal influence and observing more airmasses with marine
signatures. Here, we show that the correlations between instruments at Muswellbrook,
a site with less (but still some) of a coastal influence and more of a continental influence,
are similar to the correlations from sites closer to the coast during periods of lower radon
concentrations. The correlations between instruments are stronger at Muswellbrook in
conditions when the radon concentrations are higher (overnight and during the cooler
months) compared to the correlations at Chullora at similar times. At continental sites
with little to no coastal influence we might expect that the greater uncertainties and lack of
precision in radon measurements due to the BAM’s MDL may be further reduced.

Other than biases from the BAM's MDL issues, like Riley et al. (2023) [38], we find no
systematic biases in the BAM radon measurements due to environmental conditions. In
other words, the results are not dependent on temperature, humidity or wind, other than
the effects of these conditions on the actual ambient radon concentrations due to increased
convective mixing or dilution and dispersion under strong winds.

Our study's weakness lies in the fact that is is an experiment of convenience rather
than a conditioned intercomparison. While we have compared three different makes
of instruments from the same family (and five distinct instruments in total), we have
not assessed the variation between instruments of the same make and model. In a well-
designed intercomparison, at least three instruments of the same make and model should
be assessed in real-world conditions over a period of at least several months (and ideally
a complete year). This would provide a more robust assessment of the precision of the
instruments in a range of environmental conditions.

5. Conclusions

This study further demonstrates that BAM radon measurements are robust and precise
above their MDLs. BAM instruments from the Thermo family provide precise radon
measurements, particularly during periods of elevated radon concentrations. In typical
use they possess no obvious systematic issues that affect their precision, and results from
different instruments are comparable. Although the instruments are precise, they are not
particularly accurate.

For uses where absolute (accurate) radon concentrations are critical, BAMs need to be
adjusted to the appropriate standard measurements against, for example, the ANSTO twin-
filter, dual loop monitor. The precision and linear response from the BAMs suggest that
such adjustments (calibrations) are readily achievable and can be traceable to appropriate
standard methods [54,55].

The precision of the Thermo BAM radon measurements implies that even without
adjustment, the radon data from these instruments can be used “as-is” in studies where the
temporal variation in radon is more important than its absolute value. These include studies
focussed on boundary layer development, estimation of mixing height, meteorological
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model verification, and the radon tracer method of identifying and quantifying greenhouse
gas emission sources.

Our results further support the utility of BAM radon measurements. We encourage air
quality monitoring network operators to routinely log radon data from their BAM instruments.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/atmos15010083/s1, Figures S1-520: Correlations and linear regression
modelling for different meteorological conditions.
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