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Abstract. Little overlap exists in the required capabilities of
222Rn (radon) monitors for public health and atmospheric
research. The former requires robust, compact, easily trans-
portable instruments to characterise daily to yearly variabil-
ity > 100 Bq m−3, whereas the latter requires static instru-
ments capable of characterising sub-hourly variability be-
tween 0.1 and 100 Bq m−3. Consequently, detector develop-
ment has evolved independently for the two research com-
munities, and while many radon measurements are being
made world-wide, the full potential of this measurement net-
work can’t be realised because not all results are comparable.
Development of a monitor that satisfies the primary needs
of both measurement communities, including a calibration
traceable to the International System of Units (SI), would
constitute an important step toward (i) increasing the avail-
ability of radon measurements to both research communi-
ties, and (ii) providing a means to harmonize and compare
radon measurements across the existing eclectic global net-
work of radon detectors. To this end, we describe a proto-
type detector built by the Australian Nuclear Science and
Technology Organisation (ANSTO), in collaboration with
the EMPIR 19ENV01 traceRadon Project and Physikalisch-
Technische Bundesanstalt (PTB). This two-filter dual-flow-
loop radon monitor can be transported in a standard vehicle,
fits in a 19′′ instrument rack, has a 30 min temporal resolu-
tion, and a detection limit of ∼ 0.14 Bq m−3. It is capable of
continuous, long-term, low-maintenance, low-power, indoor
or outdoor monitoring with a high sensitivity and an uncer-
tainty of ∼ 15 % at 1 Bq m−3. Furthermore, we demonstrate
the successful transfer of an SI traceable calibration from this
portable monitor to a 1500 L two-filter radon monitor under
field conditions.

1 Introduction

1.1 Background

The unique physical characteristics of 222Rn (radon) make
it a health risk as well as a powerful tracer of atmospheric
mixing and transport processes. As such, it has long been
a species of interest to the radiological protection, air qual-
ity and climate change research communities. Direct health
risks associated with radon have been documented for around
500 years (Jacobi, 1993), and it is still responsible for about
half of the radiation dose to most people. Consequently, the
identification of high radon priority areas is an ongoing con-
cern, and the World Health Organisation recommends mit-
igation if there is risk of prolonged exposure in dwellings
or workplaces to radon concentrations exceeding 100 to
300 Bq m−3 (WHO, 2009; see also BSSD, 2013; IAEA SSS,
2015) Regarding indirect risks, near surface radon, and the
washout of radon progeny, constitute a large source of un-
certainty in radiological emergency early warning networks
(Melintescu et al., 2018).

Shortly following its formal discovery in 1898, radon
was recognised as a powerful tracer of terrestrial influ-
ences on air masses (Satterly, 1910; Wright and Smith,
1915). Radon’s utility as a tracer of vertical mixing has
been demonstrated through numerous surface-atmosphere
exchange (Moses et al., 1960; Hosler, 1968; Kirichenko,
1970; Fontan et al., 1979; Fujinami and Osaka, 1987; Pors-
tendörfer, 1994; Williams et al., 2011, 2013) and urban pol-
lution/urban climate (Perrino et al., 2001; Sesana et al., 2003;
Kikaj et al., 2020; Chambers et al., 2019b) studies. Its effi-
cacy as a tracer of long-distance transport has been demon-
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strated in studies seeking to characterise multi-annual trends
in hemispheric-mean values of greenhouse gases (GHGs)
and ozone depleting substances (Williams and Chambers,
2016; Chambers et al., 2016). Furthermore, the combination
of radon’s unique physical characteristics makes it a valu-
able tool for evaluating the mixing and transport schemes of
regional- to global-scale chemical transport models (Zhang
et al., 2008; Locatelli et al., 2014; Chambers et al., 2019a;
Zhang et al., 2021), for improving the accuracy of regula-
tory dispersion modelling, and providing a top-down con-
straint on local- to regional-scale emissions of GHGs using
the radon tracer method (Levin et al., 1999, 2021; Grossi et
al., 2018).

Within the atmospheric boundary layer (ABL), average
radon concentrations for inland regions typically vary be-
tween 5 and 15 Bq m−3. As radon emissions move upwards
away from their source at the terrestrial surface, concentra-
tion drops across the daytime surface layer (∼ 100 m) are
typically < 0.5 Bq m−3 (Chambers et al., 2011; Levin et al.,
2020). In contrast, at night strong thermal gradients can trap
large amounts of radon near the surface leading to strong
gradients across the nocturnal inversion (located at heights
of ∼ 20–200 m a.g.l., depending on local meteorological and
geographical conditions). Throughout the remainder of the
ABL/Residual Layer above, vertical changes are generally
small due to vigorous mixing within thermals during the day
followed by quiescent conditions at night. In the free tro-
posphere above the ABL, radon concentrations can reduce
to 0.01 Bq m−3 or less (Liu et al., 1984; Kritz et al., 1998;
Williams et al., 2011). In the remote marine boundary layer,
on the other hand, mixing in the absence of a significant sur-
face radon source tends to result in minimal vertical radon
gradients, and concentrations can fall below 0.05 Bq m−3

(Balkanski et al., 1992; Polian et al., 1996; Zahorowski et
al., 2013; Chambers et al., 2018).

Clearly, the concentrations at which radon is considered
a health risk, and those at which it is typically employed as
a tracer in atmospheric research, vary by orders of magni-
tude. Consequently, measurement techniques employed by
the different research communities have evolved quite in-
dependently, driven by vastly different requirements. Since
high concentrations and extended exposure are of most con-
cern to public health, portability, low cost, and ease of opera-
tion for daily to yearly timescales have been the primary de-
velopment considerations. By contrast, highly sensitive mon-
itors (0.01 to 100 Bq m−3) with fast response times (10 to
60 min) have been the primary goal for atmospheric and en-
vironmental applications.

A complaint common to all radon-related research com-
munities is that more radon measurements are required glob-
ally to help constrain their respective problems. With this
need in mind, increasing the number, traceability, and ac-
cessibility of radon observations across Europe is a key goal
of the EMPIR 19ENV01 traceRadon Project (Röttger et al.,
2021). Potentially, this goal could be achieved faster with a

radon detection system that is usable in multiple contexts. To
address this need, we introduce a portable radon monitor ca-
pable of long-term autonomous operation, 30 min temporal
resolution, with the ability to reliably measure radon con-
centrations within the range 0.1 to 1000 Bq m−3 for which
a calibration traceable to the International System of Units
(SI) has been developed. We also demonstrate its suitability
to be used as a calibration transfer device to harmonise radon
measurements across monitors in the European measurement
network (Whittlestone and Zahorowski, 1998; Perrino et al.,
2001; Levin et al., 2002; Schmithüsen et al., 2017; Grossi et
al., 2020), and globally (Pereira, 1990; Wada et al., 2010).

For over twenty years the two-filter dual flow-loop tech-
nique has provided the most sensitive, high temporal reso-
lution radon observations in the world (Whittlestone and Za-
horowski, 1998; Williams and Chambers, 2016; Chambers et
al., 2018), despite the hitherto lack of a calibration traceable
to the SI. Introduction of a second flow-loop to earlier two-
filter detector designs (Thomas and Leclare, 1970; Schery et
al., 1980; Whittlestone, 1985) and improving the efficiency
of the sensing head have resulted in the most significant im-
provements. However, since the detection limit (DL) of the
two-filter dual flow-loop technique is inversely proportional
to detector size (volume), to date, these instruments have not
been readily portable. This has posed significant logistical
challenges for installation at remote sites and limited their
uptake for environmental research applications.

1.2 State-of-the-art in contemporary atmospheric
radon detection

A variety of commercial “active” radon monitors (capable
of resolving diurnal changes) have been developed for pub-
lic health studies (Table 1) but reported DLs of the leading
commercial detectors are between 2 to 4 Bq m−3. Through a
combination of radon’s terrestrial source and daily changes
in ABL depth, the diurnal cycle of radon at typical inland
sites is characterised by a morning maximum between 10
and 50 Bq m−3 and afternoon minimum between 0.5 and
2 Bq m−3. As such, outdoor radon concentrations are often
below the DLs of commercial radon detectors for 30 %–40 %
of each day.

Two kinds of non-commercial (i.e., “research grade”) ac-
tive radon monitors have been developed to satisfy the high-
sensitivity and high-temporal-resolution requirements of out-
door monitoring: (i) “indirect” monitors, which sample am-
bient radon progeny, and (ii) “direct” monitors which sam-
ple ambient radon gas. Indirect monitors use a single filter
to collect ambient radon progeny (for α or β counting) as a
proxy for radon concentration (e.g., Schmithüsen et al., 2017;
Perrino et al., 2001). While these instruments are fast and
compact, the relationship between radon and its progeny (the
“equilibrium factor”) changes with height in the lowest 50
to 100 m of the ABL (Jacobi and André, 1963). The mea-
surement may be further influenced by the ambient aerosol
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Table 1. A selection of contemporary radon monitors in order of their reported sensitivity to 222Rn.

Detector Type Principle of operation Sensitivity Further information
min−1 (Bq m−3)−1

RTM 2200 Commercial Electrostatic Deposition 0.007 SARAD “Radon and Thoron
Measurement System”, https:
//www.sarad.de/product-detail.php?
lang=en_US&cat_ID=_1&p_ID=25
(last access: 17 May 2022)

RADIM 3AT Commercial Electrostatic Deposition 0.0083 TESLA, https://www.tesla.cz/en/
radim-3at-2/ (last access: 17 May 2022)

RAD7 Commercial Electrostatic Deposition 0.013 DURRIDGE, https://durridge.com/
products/rad7-radon-detector (last
access: 17 May 2022)

ATMOS Commercial Pulse Ionisation Chamber 0.02 RADONOVA, https://radoninstrument.
com/en/product/atmos/ (last access:
17 May 2022)

Mi.am Radon Mapper Commercial Scintillation Cell 0.035 Mi.am (Microelectronics for the Ambi-
ent), https://miam.it/en/company/ (last
access: 17 May 2022)

AB7 Portable Radia-
tion Monitor

Commercial Scintillation Cell 0.0367 PYLON, https://
pylonelectronics-radon.com/monitors/
(last access: 17 May 2022)

AlphaGUARD PQ2000
PRO

Commercial Pulse Ionisation Chamber 0.05 BERTIN, https://www.
bertin-instruments.com. (last ac-
cess: 17 May 2022)
Reported 222Rn DL 2–3 Bq m−3.

AIST/MRI 16.8 L Research Electrostatic Deposition 0.32 Wada et al. (2010, 2012).
222Rn DL ∼ 0.20 Bq m−3.

ARMON 20 L Research Electrostatic Deposition 0.36 Grossi et al. (2012), Curcoll et
al. (2021). Vargas et al. (2015)
Reported 222Rn DL 0.2–0.25 Bq m−3.

INPE Research Electrostatic Deposition 0.38 Pereira (1990), Tositti et al. (2002).
Reported DL 0.001 Bq m−3.

AIST/MRI 32 L Research Electrostatic Deposition 0.53 Wada et al. (2010, 2012).
Reported 222Rn DL ∼ 0.16 Bq m−3.

ANSTO 200 L Research Two-filter dual-flow-loop 2.19 Chambers et al. (2021); Röttger et al.
(2021).
Theoretical 222Rn DL ∼ 0.14 Bq m−3;
prior to correcting plumbing of thoron
delay, DL ∼ 0.2 Bq m−3.

ANSTO 700 L Research Two-filter dual-flow-loop 8–10 Chambers et al. (2018).
222Rn DL 0.04–0.05 Bq m−3.

ANSTO 1500 L Research Two-filter dual-flow-loop 18-21 Griffiths et al. (2016), Williams and
Chambers (2016) and Chambers et
al. (2018). 222Rn DL ∼ 0.025 Bq m−3.

Heidelberg Radon
Monitor (HRM)

Research one-filter > 20 Levin et al. (2002).
222Rn DL ∼ 0.06 Bq m−3.

LSCE Research one-filter ∼ 160 Polian (1986), Biraud (2000)
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loading, the atmospheric mixing state, humidity, rainfall, and
tube loss effects (Levin et al., 2017). Consequently, while
high-precision relative changes in radon concentration can
be reported by these monitors under most conditions, calibra-
tion traceability can be problematic. By contrast, direct radon
monitors operate by first removing all ambient radon progeny
and allowing only radon gas and aerosol-free air to enter a de-
lay chamber. Within this chamber, new progeny form under
controlled conditions, which are then captured and counted
(with varying degrees of efficiency depending on detector de-
sign). The requirement of a sample delay chamber makes
direct radon monitors larger than indirect monitors and in-
creases their response time. However, the calibration trace-
ability of direct radon monitors is generally less problematic.
For this reason, direct radon monitors are the main focus of
Table 1, in which instruments have been ranked according
to their reported sensitivity. Further detail regarding indirect
monitors can be found in Schmithüsen et al. (2017).

The measurement uncertainty of a radon monitor is influ-
enced by: (i) the counting uncertainty, (ii) instrumental back-
ground characterisation and removal, (iii) the accuracy of the
calibration source, (iv) accuracy of the calibration method,
(v) requirements for conditioning of sample air (e.g., drying
in the case of electrostatic deposition monitors). For radon
concentrations typical of the outdoor atmosphere, the count-
ing uncertainty of a well-maintained instrument usually con-
stitutes the largest fraction of the absolute uncertainty. For
remote oceanic or high elevation sites, characterised by very
low concentrations, the instrumental background becomes
increasingly important. Together, the counting uncertainty
and background have the largest influence on a monitor’s DL.
Since background information was not available for all in-
struments in Table 1, DLs have only been included for some
monitors. Clearly, with sensitivities 1–2 orders of magnitude
greater than commercial monitors (Table 1), only research-
grade radon monitors can provide reliable, representative
radon concentration estimates across the diurnal cycle year-
round at most sites.

At the time of writing this report, the most sensitive
demonstrated radon measurements (DL 0.0016 Bq m−3) had
been made by Choi et al. (2001), using an electrostatic de-
position monitor. However, this sensitivity was achieved by
integrating measurements over a 24 h period. The most sensi-
tive high-temporal-resolution radon measurements have been
made by the unique 5000 L ANSTO two-filter dual flow-loop
detector currently operating at the Cape Grim Baseline At-
mospheric Pollution Station (Williams and Chambers, 2016).
The DL of this instrument is between 0.005 and 0.01 Bq m−3

for hourly observations. However, the most sensitive readily
available research-grade direct radon monitor is the 1500 L
ANSTO two-filter dual-flow-loop detector, of which there
are currently 32 in operation world-wide. This instrument has
a DL of ∼ 0.025 Bq m−3, is weatherproof, has low mainte-
nance requirements, a 45 min response time (correctable in
post processing; Griffiths et al., 2016), is remotely control-

lable, and is automatically calibrated in situ. However, this
monitor has a footprint of 3.0×0.9 m2, weighs∼ 120 kg, and
requires a separate 370 W stack blower to maintain its 80 to
100 L min−1 sampling rate. A truck is required to move it,
and 4 people (or a mechanical aid) to lift it into position.

1.3 Aims and scope

Our goal was to develop a portable two-filter dual flow-loop
radon monitor that could be traceably calibrated, easily de-
ployed (either for long-term stand-alone use, or campaign-
style as a calibration transfer reference device) and suit the
primary needs of both the radiation protection and atmo-
spheric science radon research communities. Design con-
straints required: (i) the monitor to be transportable with
minimal disassembly by one person in a standard vehi-
cle; (ii) quick and easy setup; (iii) vertical orientation to
minimise its footprint and enable maintenance access from
above; (iv) suitability for indoor or outdoor deployment, and
(v) a DL < 0.2 Bq m−3. Here we introduce a prototype of
the portable detector, summarise the traceable calibration
method, demonstrate its performance in the field at low radon
concentrations, and use it to transfer a calibration to a 1500 L
model two-filter detector under field conditions.

2 Methods

2.1 Overview and principle of operation

In principle, two-filter dual flow-loop radon detectors oper-
ate as follows: ambient aerosols, radon progeny and thoron
(220Rn) are removed from the sampled air, which then passes
directly into a delay chamber as part of the first flow loop
(the “external” or sampling flow loop). New radon progeny
form in the delay chamber under relatively controlled con-
ditions. A second flow-loop (the “internal” flow loop) re-
peatedly draws this air through a second filter inside the de-
lay chamber, which captures the newly formed progeny for
counting. α-decays of the short-lived 218Po and 214Po on this
filter are counted using a zinc sulphide/photomultiplier tube
(ZnS-PMT) assembly (henceforth referred to as the “mea-
surement head”), and the 30 min α-count rate related to a
radon activity concentration (by calibration with a known
source).

In practice, many factors need to be considered to ensure
optimal performance.

Sampling rate. Sample residence time in the delay cham-
ber influences both the detector response time and the iso-
tope selectivity (discussed below). Ideally, the ratio of delay
chamber volume (L) to sample flow rate (L min−1) should be
maintained at a relatively consistent value between 15 and
20 min. The opposing portability and DL constraints limited
the size of the delay chamber to 200 L, for which the appro-
priate sampling rate is between 10 and 14 L min−1.
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Instrumental background. Background counts are con-
tributed to by: (i) accumulation of 210Pb (T0.5 22.3 years) on
the second filter, (ii) cosmic radiation, (iii) radiation from the
surrounding soils, rocks and building materials, and (iv) self-
generation of radon inside the detector from trace amounts
of 226Ra. Although typically small, and relatively constant
on monthly to quarterly timescales, contributions (ii) and
(iii) above are location dependent (requiring background es-
timates to be confirmed in situ). Provided no soil dust is
permitted to enter the detector during maintenance peri-
ods, contribution (iv) is also relatively constant (226Ra half-
life= 1600 years). 210Pb accumulates gradually on the sec-
ond filter and can typically be approximated using a linear
model (see Sect. 2.3). The rate of this accumulation depends
on the long-term average radon concentration to which the
detector is exposed (including calibration events).

Radon isotope selectivity. The measurement head provides
a gross α-count, with no ability to distinguish α-particles
from non 222Rn progeny. To ensure 222Rn-specific detec-
tion, other radon isotopes (e.g., thoron: 220Rn, T0.5 55.6 s;
and actinon: 219Rn, T0.5 4 s) need to be eliminated. This is
achieved, to a reasonable accuracy, by incorporating a “dead
volume” in the inlet line to delay the air by ∼ 5 220Rn half-
lives. This is referred to as the “thoron delay”. 220Rn and
219Rn progeny that form in the thoron delay are removed by
the detector’s first (primary) filter, ensuring only aerosol-free
air and 222Rn gas enter the detector’s delay chamber.

Protecting the primary filter. If radium-containing
aerosols (e.g., soil dust) collect in the primary filter (or
thoron delay), this constitutes a separate source of 222Rn
and 220Rn directly at the inlet of the detector’s delay
volume. Since the primary filter (a Luwa JK Ultrafilter;
https://pdf.directindustry.com/pdf/luwa-air-engineering-ag/
luwa-ultra-filter-jg-jk-jp/25860-267455.html, last access:
18 May 2022) is relatively expensive and non-trivial to re-
place, a disposable coarse particle filter is installed upstream
of the thoron delay to protect the primary filter.

Minimising plate-out and decay losses. The second flow-
loop needs to be fast enough for the entire volume of air
in the delay chamber to pass through the second filter ap-
proximately once per minute. This high flow rate is required
for two reasons: (i) the half-life of radon’s first α-emitting
progeny (218Po) is short (3.1 min), and (ii) to minimise the
time for plate-out of unattached radon progeny on the inter-
nal surfaces of the detector. High flow rates, however, are
usually also associated with strong turbulent mixing, which
can increase plate-out losses. To approximate laminar (or
plug-like) flow to the measurement head along the length of
the detector’s delay chamber, air in the second flow-loop is
passed through a flow homogenising screen.

Power consumption and maintenance. Excluding ambi-
ent aerosols from the delay chamber ensures that newly
formed radon progeny remain unattached to aerosols (Pors-
tendörfer et al., 2005). As such, they can be captured effi-
ciently on a relatively open weave metal mesh filter (635

mesh, TWP Inc.) as opposed to a more traditional glass fi-
bre filter. This filter (a twill weave stainless steel mesh con-
sisting of 20 µm diameter wire with 20 µm openings) has
a very low flow impedance, enabling high flow rates to
be sustained with a low power (21 W) centrifugal blower
(PAPST RG160-28/12N; http://www.ebmpapst.com, last ac-
cess: 18 May 2022), which typically runs continuously,
maintenance-free, for over 10 years. The low sampling flow
rate required for this monitor enables the same model of
blower to be used to drive the sampling flow loop when mea-
suring near the surface. The overall power consumption un-
der normal operation can thus be limited to ∼ 100 W.

Compatibility. A variety of research-grade radon moni-
tors, based on different measurement principles and different
instrumental response times, operate at monitoring network
stations globally. Some report radon concentrations corrected
to STP (e.g., the HRM, Levin et al., 2002; 1000 hPa, 20 ◦C),
while others (e.g., Tositti et al., 2002; Wada et al., 2010;
Grossi et al., 2012) report radon activity concentration in dry
air. For greatest compatibility with other observed and simu-
lated radon concentrations, two-filter dual flow-loop radon
monitors measure the temperature, relative humidity, and
pressure in the delay volume to enable retrospective STP cor-
rection and calculation of dry air mixing ratios. A deconvolu-
tion algorithm is also available to correct for the instrument’s
response time (Griffiths et al., 2016; see also Sect. 3.1).

A schematic of the 200 L radon monitor (henceforth re-
ferred to as “the reference monitor”, due to its intended
use as a calibration transfer standard device) is presented in
Fig. 1. The detector, constructed of marine-grade stainless
steel, consists of two stackable pieces: the thoron delay, and
the main detector. The main detector consists of two insep-
arable compartments: the delay chamber and an electronics
enclosure.

The detector’s footprint was restricted to 0.48× 0.48 m2

to enable it to fit in a 19′′ instrument rack. A relative size
comparison with larger models of two-filter radon monitor is
provided in Fig. 2.

The external flow-loop blower and primary filter are in the
thoron delay, which has a total volume of 92 L, but an ac-
tive mixing volume of ∼ 70 L. If a long sampling line is re-
quired (e.g.,> 20 m), a separate stack blower (e.g., SV5.90/2
0.37 kW; Becker) may be necessary to achieve a suitable,
stable flow rate, because the PAPST blowers are not pow-
erful and flow impedance can become significant for long
sampling lines of diameter 20 mm (standard for this moni-
tor). Wind speed also increases away from the surface, such
that the venturi effect can cause large fluctuations in flow rate
when sampling from tall towers if underpowered blowers are
used. Since radon is unreactive, the specific type of inlet line
is not critical, but high or medium density polyethylene pipe
is recommended since it is durable, UV resistant, and comes
in continuous lengths (so joins can be minimised, which is
crucial if the inlet line needs to be buried).
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Figure 1. (a) Schematic of the reference monitor, and (b) schematic of the monitor’s radon measurement head.

Figure 2. Size comparison (to scale), of three models of ANSTO two-filter dual flow-loop atmospheric 222Rn monitors.

The external flow-loop blower draws air from the sam-
pling point into the thoron delay, generating an overpres-
sure that pushes the delayed air through the primary filter.
The conditioned air then passes, via an external pipe, to a
volumetric flow meter (ABB Metering Pty Ltd model DS5
http://new.abb.com, last access: 18 May 2022), prior to en-
tering the bottom of the delay chamber, behind the flow ho-
mogenising screen. The internal flow-loop blower draws air
from the top of the delay chamber through the second filter
in the measurement head and returns this air to the bottom
of the delay chamber via a central 50 mm PVC pipe. The ho-
mogenising screen in this flow-loop results in a pressure gra-
dient along the delay chamber of 100 to 150 Pa, which helps
sampled air to exit the delay chamber via the exhaust line.
A valve is located at the end of the exhaust line that can be
constricted to maintain an overpressure at the top of the delay
chamber (relative to ambient) of 100 to 200 Pa, to minimise
the chance of any near-surface external air directly entering
the detector should any leaks develop.

The second filter in the measurement head is angled at ap-
proximately 5◦ to the air flow (Fig. 1b). While the 20 µm
openings of the mesh filter are large compared with the di-
ameter of the unattached radon progeny, the charged particles
are highly mobile and attach to the mesh with high efficiency.
The mesh surrounds a 1.3 L cylindrical volume, the outer sur-
face of which consists of clear polyester sheet coated with
silver activated zinc sulphide (SGC-200-1475, DTect Innova-
tion Pty. Ltd.) supported by an aluminium frame. The angled
mesh filter is maintained at a distance of between 1–7 mm
from the ZnS(Ag) to minimise the number of α-particles
stopped in air prior to impacting the ZnS(Ag). A propor-
tion of the α-particles emitted by the captured 222Rn progeny
strike the ZnS(Ag), resulting in fluorescence. Technically, α-
particles from radon decay can also directly contribute to ob-
served counts, but this is only possible for radon atoms that
decay while inside the small volume between the detector
head casing and the scintillation material (Fig. 1b), assum-
ing their α-particles are emitted in the direction of the scin-
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tillation material and are not stopped by the mesh filter. In
practice, this contribution is very small.

The bottom of the head volume is coated with a highly
reflective polyester film to reflect light emitted in that di-
rection back to the top, an open viewing window for a 5′′

photomultiplier tube (9330B, ET Enterprises). The capture
and counting efficiency of the head is accounted for in the
calibration procedure (see Sect. 2.4). In contrast to the larger
model detectors, the measurement head in the reference mon-
itor is mounted vertically and held securely in place with a
padded collar. As such, the reference monitor can be operated
on moving platforms more reliably and transported between
sites without the need to remove the delicate measurement
head.

For short-term (weeks-to-months, “campaign-style”) use,
the reference monitor can be calibrated prior to deployment,
and the monitor can run completely autonomously requiring
only mains power (∼ 140 kB data per month, 8 MB of logger
memory). All data is stored in the non-volatile (but circular)
memory of the internal Campbell Scientific data logger. For
longer-term deployments (years to decades), a controlling
computer is connected to the logger via serial link or Blue-
tooth. Monitoring software on the computer downloads data
from the logger every 30 min to small (∼ 140 kB) monthly
data files and enables remote access to the data stream, as
well as full remote control of a separate calibration and back-
ground module, which can be connected to the monitor via a
USB link and 4 mm tubing.

The compact nature of the reference monitor, compared
to the larger models, enables it to fit inside a large (e.g.,
20 m3) controlled climate chamber of the kind operated
by Physikalisch-Technische Bundesanstalt (PTB, Braun-
schweig, Germany). This has enabled an SI traceable cali-
bration to be developed for a two-filter dual flow-loop radon
monitor for the very first time (see Sect. 2.4). Furthermore,
the low sampling flow rate enables field calibration and back-
ground estimates to be made using radon-free compressed
gas, rather than having to calibrate on top of the ambient sam-
pling flow, substantially reducing uncertainty compared with
existing two-filter monitors.

2.2 Construction and commissioning tests

Small differences in the quality of consumable materials (i.e.,
filter mesh and scintillation paper), and tolerance of elec-
tronic components, result in a unique set of characteristics
for each detector. The most important characteristic to deter-
mine for each new (or refurbished) detector is the “working
voltage” (WV); i.e., the high voltage (HV) supplied to the
PMT. The WV is determined through joint optimisation of
the background and detector sensitivity to radon.

At a given time and location, the background count
changes as a function of the HV supplied to the PMT
(Fig. 3a). For a given radon concentration, the same is true
of the detector’s sensitivity (Fig. 3b). Temperature sensitivity

of the electronic components that comprise the PMT power
supply can result in diurnal and seasonal variability in the
nominally constant HV supplied to the PMT of amplitude
between 1 and 10 V. Consequently, the first consideration for
the WV is for it to be within a range of HV settings for which
the detector’s rate of change in sensitivity with HV is low
(e.g., between 650 and 725 V, Fig. 3b). Of the HV settings
well within this range (e.g., 675 to 700 V), the voltage yield-
ing the lowest instrumental background should be chosen.
Based on the characteristics shown in Fig. 3, a WV of 675 V
is most appropriate for this particular monitor.

For ANSTO-built radon monitors the DL is arbitrarily de-
fined to be the radon concentration at which the relative
counting error reaches 30 %. Based on the background and
sensitivity information provided in Fig. 3 (valid for one point
in time, usually when the detector is assembled or first com-
missioned), it is possible to estimate the relative counting
error at each HV setting for a range of hypothetical radon
activity concentrations (see Chambers et al., 2014, for de-
tails). Assuming a working voltage of 675 V, Fig. 4 indi-
cates that the reference radon monitor has a detection limit
of ∼ 0.14 Bq m−3. To keep abreast of the detector’s perfor-
mance, it is important to regularly monitor the instrumental
background and detector sensitivity (as discussed in the fol-
lowing sections), since they change slowly with time.

2.3 Instrumental Background Determination

For short (campaign-style) deployments (e.g., ≤ 3 months),
it is sufficient to take the average of background checks be-
fore and after the measurement period. For long-term (semi-
permanent) installations, however, the background should be
checked every 3 months. As shown in Fig. 5, for deployments
> 6 months, a monitor’s background can usually be approxi-
mated with a linear model. For optimal detector performance,
refurbishment of the measurement head (which includes re-
placement of the mesh filter and scintillation paper) is rec-
ommended when the background count reaches 10 min−1, or
every 5 years (whichever comes first), since the integrity of
the ZnS(Ag) scintillation material also degrades with time.

For the reference monitor, one of two methods can be used
to track changes in the instrumental background:

Method 1. Turn off the external flow loop blower while
leaving the internal flow loop blower running. Using a large
(e.g., 7.2 m3 at STP) cylinder of radon-free compressed gas
(e.g., aged compressed air, or instrument air), establish a
flow of 10 L min−1 through the detector for a 12 h period.
Given radon’s 3.8 d half-life, industrial compressed air bot-
tled > 1 month ago (i.e., “aged”) would not contain signifi-
cant amounts of 222Rn. When analysing the resulting 30 min
count data, ignore the first 6 h when the delay chamber will
be flushing and the initial collection of short-lived radon
progeny on the detector’s second filter will be decaying. De-
rive the background estimate from the average of the last
6 h of 30 min counts. The standard error of these values will
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Figure 3. Example (a) instrumental background, and (b) sensitivity response, as a function of HV supplied to the counting assembly at a
constant radon concentration (in this case 190 Bq m−3).

Figure 4. Relative counting error as a function of HV for a range of
hypothetical radon activity concentrations.

provide an indication of the uncertainty associated with this
background estimate. This method will account for all factors
contributing to the instrumental background.

Method 2. If radon-free gas is not available, turn off the
internal and external flow loop blowers. Close the detector’s
inlet valve. Place a flexible seal (e.g., balloon or partially in-
flated plastic or Teflon bag) over the detector’s exhaust valve
to relieve pressure changes associated with diurnal changes
in temperature and preventing back diffusion of potentially
high ambient radon concentrations at night along the exhaust
line into the delay chamber. Leave the detector measuring in
this state for 24 h (e.g., Fig. 5b). When analysing the results
ignore the first 5–6 h, during which time short lived progeny
will be decaying on the detector’s second filter. The back-
ground estimate is then calculated as the average of the last
18 h of 30 min observations. Note that this method will not

account for possible of ingrowth of radon from 226Ra inside
the detector (since there is no flow of air through the second
filter). There may also be a slight dependence of the back-
ground estimate on the radon concentration inside the detec-
tor at the time that the blowers were shut down.

The contribution of radon ingrowth to the background sig-
nal is essentially constant in time. Consequently, if this has
been determined once (e.g., by comparing methods 1 and 2),
it can be added to future background estimates determined
using method 2. The ingrowth contribution will be unique
to each instrument, since each batch of material for mak-
ing components will have unique levels of trace contami-
nation of 226Ra. Tests conducted in the PTB controlled cli-
mate chamber on the reference monitor described here indi-
cated that 40 %–45 % of the instrumental background signal
of 1.86 min−1 (when the materials in the measurement head
quite new), was attributable to radon ingrowth. A background
check using method 2 prior to shipping the detector to PTB
indicated a value of (1.07±0.139) min−1, which is consistent
with this estimate given that ingrowth is unaccounted for.

In post-processing the linear model of instrumental back-
ground as shown in Fig. 5a is removed from the raw counts
before calibrating the net half-hourly counts to activity con-
centrations.

2.4 Calibration

The field calibration procedure for two-filter dual flow-loop
radon monitors was designed for the larger model detectors
(non-portable, with high sampling flow rates), for which cal-
ibration on top of the sampling flow was the only option.
The procedure involves injecting radon from a flushed, well-
characterised calibration source (Pylon Electronics, https:
//pylonelectronics-radon.com/radioactive-sources/, last ac-
cess: 18 May 2022) upstream of the flow meter for 5–6 h
while the detector operates normally. For a 1500 L detector
the sampling rate is ∼ 90 L min−1 and the source flush rate
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Figure 5. Example (a) 7-year background record with linear model, for a 1500 L two-filter dual-flow-loop detector sampling from 2 m a.g.l.,
∼ 55 km inland near Sydney, Australia, and (b) a single 24 h instrumental background check under field conditions. Regarding (a), the annual
average radon concentration at this site was 6.8 Bq m−3, afternoon minimums were typically between 0.8–2.2 Bq m−3, and peak nocturnal
values in late autumn were 23± σ14 Bq m−3.

0.1 to 0.15 L min−1 (∼ 0.2 % of the sampling rate). Ideally,
aged (radon-free) air is used to flush the source. However,
for calibrations during the day, when the atmosphere is well
mixed, using ambient air from≥ 2 m a.g.l. does not introduce
a large uncertainty (typically < 0.1 %); but this air needs to
be dried to prevent moisture accumulation in the calibration
system, which can reduce the source’s emanation rate near
saturation. Following a calibration injection, it takes ∼ 5 h
for the radon concentration in the detector to return to ambi-
ent values (Fig. 6a).

The detector’s calibration factor is determined as the ratio
of the net peak count rate at the end of the injection period
to the concentration of radon inside the detector (calculated
from the radon delivery rate and flow through the detector).
Note that for a 5 h injection the net peak count rate should
be scaled slightly (by around +1 %) because the radon con-
centration in the detector would not yet have reached equi-
librium. To estimate the net peak count rate it is necessary to
assume a linear change in ambient radon over the 10 h cali-
bration period (see dashed blue line in Fig. 6a). This assump-
tion is the largest source of uncertainty in the field calibra-
tion process since, unless conditions are windy (well-mixed)
or air mass fetch is predominantly over the ocean, ambient
radon in the ABL can change substantially over 10 h. The rel-
ative uncertainty introduced to the net peak count of Fig. 6a
on calm vs. windy days at Lucas Heights (Sydney, NSW) by
assuming a linear change in ambient radon over the 10 h cal-
ibration window is shown in Fig. 7a.

Because of the uncertainty associated with individual cal-
ibration events of the large model detectors, they are usually
calibrated monthly (through automatic software scheduling),
and then a linear calibration model is developed based on
≥ 1 year of observations (e.g., Fig. 7b). The scatter about the
trend in Fig. 7b is relatively small (±1.5 %), because it is a
remote oceanic site with limited local land fetch. For inland

sites, the scatter about the long-term calibration trend is typ-
ically ±4 % to 6 % (when using a 20 kBq 226Ra source). The
larger the source used, the smaller the relative uncertainty in
net peak count estimates introduced by diurnal radon vari-
ability. Consequently, for detectors monitoring near surface
air at inland sites, calibrations are usually performed using
50 to 100 kBq 226Ra sources.

Linear calibration models for two-filter detectors typically
show a consistent (but site dependent) reduction in detector
sensitivity of between 0.5 % to 1.5 % per year. This gradual
reduction in sensitivity is attributable to the degradation of
the consumable materials inside the detector head (i.e., the
ZnS scintillation material and 20 µm stainless steel mesh fil-
ter), and is largest under humid conditions (e.g., coastal or
island sites). It is advisable to replace the consumable mate-
rials in the measurement head at least every 5 years. Gener-
ally, when a large calibration source is used, and a long cal-
ibration history is available, the uncertainty associated with
the detector’s linear calibration model is relatively small. If
only a few calibration events are available however, the un-
certainty in absolute calibration of the large model detectors
can be quite significant. Clearly, a calibration method with
better traceability is required for these detectors.

The compact reference monitor offers more calibration op-
tions. Its low sampling rate enables calibrations to be per-
formed using radon-free air (not ambient), provided com-
pressed gas can be transported to the site. Instrument air, or
other compressed gases would also be suitable (but less eco-
nomical) options.

Calibrating on radon-free air (e.g., Fig. 6b) is achieved by
establishing a 12 L min−1 flow of radon-free air for ∼ 3 h
to flush the delay chamber, followed by a 5 to 6 h radon
injection to this flow. This process requires < 7000 L of
gas (i.e., it can be completed with a single bottle of indus-
trial compressed gas). After the calibration excess radon can
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Figure 6. (a) Example of a standard field calibration injection on top of the ambient sampling flow, and (b) an example of a calibration
injection on a flow of radon-free air.

Figure 7. (a) Comparison of error in net peak count rate estimate associated with assuming a linear change in ambient radon concentration
over a 10 h calibration window on a calm vs. windy day, and (b) example of the deterioration of sensitivity to radon with time for a 700 L
two-filter dual flow-loop detector operating at Macquarie Island, in the mid-Southern Ocean.

be flushed from the detector using ambient air. Using this
method, an accurate net peak count rate can be obtained sim-
ply by removing the detector’s background signal from the
peak count rate. Furthermore, flushing the source with dry
compressed gas reduces humidity variability in the calibra-
tion system (another source of uncertainty). Calibrations us-
ing radon-free air show a greatly reduced scatter about the
long-term calibration trend. Reducing the uncertainty of in-
dividual calibration events enables a reduction in calibra-
tion frequency (from monthly to quarterly or half-yearly).
In turn, this reduces (i) the rate of increase in instrumental
background, and (ii) instrument down time. Furthermore, for
campaign-style measurements, there is less uncertainty in ab-
solute calibration when only 1–3 calibration events are avail-
able.

In addition to superior field calibrations of the reference
monitor, its compact size enables it to be operated within a
controlled climate chamber. In April 2021 the reference mon-
itor was setup inside the PTB controlled climate chamber. A
combination of SI traceable low activity calibration sources

(Mertes et al., 2021, 2022a, b) were introduced over the fol-
lowing months; one example is provided in Fig. 8. A trace-
able calibration was determined for the reference monitor by
optimising the comparison of observed and simulated radon
concentrations within the climate chamber. The low noise of
the reference monitor at these low activity concentrations,
even at 30 min temporal resolution, is demonstrated in Fig. 9.

The PTB climate chamber tests resulted in a
background estimate of (0.03107± 0.00015) s−1,
and a calibration factor (detector sensitivity) of
(0.038460± 0.0013) s−1 (Bq m−3)−1. By comparison,
the background and calibration determined at ANSTO be-
fore shipping the reference monitor to PTB were 0.0178 s−1

and 0.0384 s−1 (Bq m−3)−1, respectively. As previously
mentioned, the background estimate at ANSTO did not
account for self-generation of radon inside the detector. It
should be noted, however, that for the reference monitor
calibration at ANSTO a second radon detector operating in
parallel was used to estimate the ambient radon concentra-
tion at the time of peak count rate, rather than assuming a
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Figure 8. Comparison of measured and calculated count rate
in the PTB climate chamber based on a well characterized
radon emanation source. Emanation source no. 2018–1121: A(Ra-
226)= (1136±5) Bq produces an equilibrium activity concentration
of (18.09± 0.17) Bq m−3 in the climate chamber of PTB.

Figure 9. Relative deviation between measured count rate of the ref-
erence monitor and calculated count rate from the emanation source
2018–1121 at 30 min temporal resolution shown as a histogram.
The natural behaviour proves the correctness of the model, while
the narrow width stresses the good statistics (low noise) of the de-
tector even at these low activity concentrations (below 20 Bq m−3).

linear change in ambient radon over the calibration period,
which improved the accuracy of the calibration.

3 Results

3.1 A key radon dataset requiring
correction/harmonization

One year of observations (meteorology, air quality and
radon), starting in April 2019, were made at the Liverpool
Girl’s High School (LGHS), around 25 km west of Sydney,
Australia. The school is situated between three arterial roads
(A22, A28 and A34). The aim, of what will be a separate
study, is to investigate the diurnal, synoptic and seasonal
variability in public exposure to traffic-related emissions us-
ing radon as a tracer of mixing and transport processes, as

Figure 10. A 1-month example of hourly observations of (a) wind
speed, (b) radon, (c) CO and (d) NO, on campus at the Liverpool
Girl’s High School for May 2019 (Chambers et al., 2022).

demonstrated by Williams et al. (2016). While strong simi-
larities are evident between the diurnal behaviour of the pas-
sive tracer radon and traffic-related emissions due to advec-
tion and vertical mixing (Figs. 10 and 11), some weeks after
completing the campaign a problem was identified with the
calibration of the 1500 L two-filter dual flow-loop radon de-
tector employed for this study. Unless corrected, this error
could significantly impact the findings of the intended study,
as well as prevent the subsequent combination of this data
with other radon observations in the Sydney Basin region (at
Lucas Heights, Lidcombe, and Richmond) for regional mod-
elling studies. This presented an opportunity to investigate
the feasibility of transferring a calibration from the reference
monitor (calibrated at PTB) to a different model radon mon-
itor under field conditions.

Radon detector calibrations for the LGHS campaign were
conducted on the sampling flow (see Sect. 2.4), and back-
ground checks were performed according to method 2
(Sect. 2.3), which does not consider radon ingrowth. Since
the detector was installed on a high school campus, safety
regulations prevented the calibration unit (containing the
226Ra source) being setup permanently on site for automatic
calibrations. Consequently, a makeshift calibration unit was
brought to site every 3 months, placed on the ground, and
covered from view of the students for the duration of the
6 h injection period. A summary of the resulting calibration
peaks is provided in Fig. 12a.

Usually, radon concentrations in the detector reach a near
constant value after ∼ 4 h of radon injection. An example of
this behaviour for a 1500 L detector operating at Baring Head
(New Zealand) is shown in Fig. 12b (red curve). Since differ-
ent magnitude sources were used to calibrate the LGHS and
Baring Head radon detectors, the Bearing Head calibration
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Figure 11. Correlation of bin-mean radon concentration with distributions (10th, 50th, 90th) of (a) NO, (b) CO and (c) PM2.5, in Autumn
(March–May) 2019, between the hours of 18:00 and 08:00 AEST (Australian Eastern Standard Time, UTC+10) each day, for predominantly
stable nocturnal conditions (see Chambers et al., 2019a, for details of stability classification method). Each bin (except the last) contained 50
hourly samples.

curve in Fig. 12b was scaled to match the initial radon build-
up of the mean calibration injection for the LGHS detector.

Rather than reaching a near-constant value after 4 h, the
LGHS calibration curves indicated that radon concentrations
continued to rise. The LGHS calibration unit had been placed
on the ground, such that the ambient air inlet to flush the
calibration source was only ∼ 5 cm from the ground. Fur-
thermore, the unit was covered while operating, essentially
forming a radon accumulation chamber from which air was
being drawn to flush the source. Consequently, the calibra-
tion factor derived for the LGHS detector was too large, but
by an unknown amount (see variability in Fig. 12a). After
5.5 h of injection, the ratio of net peak counts of the scaled
Baring Head calibration curve to the mean LHSG calibration
curve (Fig. 12b) was 0.8923.

3.2 Field comparison of reference and 1500 L radon
monitors

The reference and LGHS radon monitors were setup in
an air-conditioned workshop in which the temperature was
maintained at (26.5± 0.05) ◦C. The monitors were operated
in parallel for 2 weeks, both sampling ambient outdoor air 3
m above ground level (a.g.l.) from inlets separated by sev-
eral metres. Sampling was conducted on eastern side of a
3-storey building at ANSTO (−34.0526◦ N, 150.9857◦ E). It
should be noted that the combination of building wake tur-
bulence and inlet separation may contribute to small short-
term differences in observed radon concentrations between
the instruments under poorly mixed nocturnal conditions.
Calibrated radon concentrations for both detectors are shown
separately and combined in Fig. 13.

Bearing in mind the low radon concentrations over
the comparison period (predominantly between 0.2 and
5 Bq m−3), Fig. 13c indicates that both instruments tracked
relative changes in radon concentration quite reliably.
The average absolute difference between the referece and
1500 L monitors (1Rn =RnREF−Rn1500) was 0.22 Bq m−3

(Fig. 13d). Comparing Fig. 13c and d, 1Rn appears corre-
lated with the absolute radon concentration (e.g., days 317–
320), likely attributable to the suspected calibration problem
with of the LGHS radon monitor.

A closer inspection of comparative detector output
(Fig. 14a) indicates at least two other factors contributing to
1Rn: (i) a higher counting uncertainty of the reference mon-
itor (sample to sample variability) due to its smaller delay
chamber, and (ii) a faster response time of the reference mon-
itor.

Ideally, two-filter radon detector results should be re-
sponse time corrected prior to interpretation according to
Griffiths et al. (2016). However, a problem with the config-
uration of the thoron delay volume of the reference monitor,
which was only diagnosed and rectified after this compari-
son was performed, prevented these corrections from being
made. COVID-19 restrictions delayed the repair of the thoron
delay and prevented the intercomparison being repeated prior
to the submission deadline for this study.

Numerical models were devised for both monitors (as per
Griffiths et al., 2016), assuming optimal configuration of
both detectors and delay volumes, and used to simulate their
respective response to a radon pulse. As evident from the nor-
malised simulated count rate in Fig. 14b, the reference mon-
itor responds more rapidly than the 1500 L model to a 1 min
radon spike. This faster response time leads to an increase in
amplitude of relatively quick changes in ambient radon con-
centration.

Regressing the output of the 1500 L and reference mon-
itors (Fig. 15a) indicates only a small calibration offset
(A0 = 0.0505 Bq m−3) but a substantial underestimate of the
calibration gain (A1 = 0.8917), the value of which closely
matched the ratio of calibration peaks (0.8923; Sect. 3.1,
Fig. 12b). Concentration ratios (Rn1500/Rn200; Fig. 15b)
were largest below radon concentrations of ∼ 0.3 Bq m−3,
which is approaching the detection limit of the reference
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Figure 12. (a) Summary of 4 calibration events for the 1500 L radon monitor, and (b) comparison of the mean LGHS calibration event with
a scaled calibration event of matching duration for a 1500 L radon detector operating at a coastal site in New Zealand.

Figure 13. 30 min time series of calibrated radon concentrations
from (a) the reference, and (b) the 1500 L monitors. All valid ob-
servations are directly compared in (c) and (d) shows the difference
in radon concentration between the reference and 1500 L monitors
(Chambers et al., 2022).

monitor. It should also be noted that ratios are poorly defined
between very small values.

3.3 Transferring the reference monitor calibration to
the 1500 L detector

The offset of 50.5 mBq m−3 between the 1500 L and refer-
ence monitor (Fig. 15a) corresponds to an background contri-
bution of ∼ 0.85 min−1, which was ∼ 34 % of the estimated
1500 L monitor background of (2.5± 0.37) min−1. This is
reasonably consistent with the PTB background tests which
indicated that the contribution of self-generated radon within
a detector may contribute a significant fraction of the overall
background count. However, the uncertainty in the 1500 L
monitor background estimate (i.e., σ ± 0.37 min−1) would
also be a contributing factor. The background contribution

arising from radon ingrowth is expected to vary randomly
from one detector to the next (arising from batch to batch
variability in trace 226Ra contamination of construction ma-
terials). Historically this contribution has been neglected for
the larger model (1500 and 700 L) two-filter monitors since it
was not readily quantifiable. However, it appears that this can
be rectified when transferring a traceable calibration from a
reference monitor.

The more significant discrepancy between the two mon-
itors is indicated by the regression slope, A1 = 0.8917
(Fig. 15a). Considering the highR2 value (0.98), and similar-
ity of the slope to the estimated calibration error in Sect. 3.1,
it is likely the discrepancy is entirely attributable to the incor-
rect calibration of the LGHS 1500 L monitor. Fortunately, it
appears that even this short (2-week) field intercomparison is
sufficient to transfer a calibration from the reference monitor
to a larger model similar detector, to correct the problematic
calibration, and harmonize radon observations with other ob-
servations in the Sydney Basin region.

Based on Fig. 15a, the output of the LGHS radon
monitor was scaled by 1/A1 = 1.1214 and an offset of
−0.0505 Bq m−3 was applied. Results of the subsequent re-
gression between the reference monitor and corrected LGHS
output are presented in Fig. 16a, which indicates a successful
transfer of the calibration from the reference monitor.

The majority of high values for the LGHS to reference
monitor ratio (Fig. 16b) occurred during the day, when mix-
ing was strongest and ambient radon concentrations lowest
(Fig. 17a). This suggests that the larger counting uncertainty
and faster response time of the reference monitor likely con-
tribute more to the R2 < 1 in Fig. 16a than the separation be-
tween the detector inlets for the duration of the intercompar-
ison. Following the calibration transfer, differences between
the two instruments (which had not been response time cor-
rected) were distributed more evenly about zero, with an ab-
solute magnitude typically < 0.5 Bq m−3 (Fig. 17b). This is
unsurprising given the difference in estimated DLs for the
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Figure 14. (a) Expanded view of direct comparison between the reference and 1500 L monitors at 30 min temporal resolution, and (b) nor-
malised simulated response of the reference and 1500 L monitors to a 1 min radon injection.

Figure 15. (a) regression of 1500 L and reference monitor radon observations, and (b) dependence of the 1500/200 L ratio on absolute radon
concentration as measured by the reference monitor.

two monitors, 0.2 and 0.025 Bq m−3, for the reference and
LGHS monitors, respectively.

4 Discussion

The primary advantages of the new reference monitor are
its portability and low flow rate, which enable (i) traceable
calibration under laboratory conditions, (ii) more accurate
field calibrations, and (iii) simpler comparison with, and cal-
ibration transfer to, existing radon monitors. This capabil-
ity will enhance efforts to harmonise radon measurements
across European monitoring networks, a key goal of the
19ENV01 traceRadon Project. The main disadvantage is the
higher DL (∼ 0.14 Bq m−3) compared to larger model detec-
tors (0.025 Bq m−3). However, this would not impact obser-
vations at most inland sites.

The vertical orientation and secure mounting of the refer-
ence monitor’s measurement head enables transport without
the need to remove the head. This improves calibration stabil-
ity, simplifies operation, and improves monitor suitability for
use on mobile platforms (provided the DL is fit for purpose).

Based on the gradual, but approximately linear, changes in
sensitivity and background of two-filter radon monitors, the
reference monitor’s calibration should be checked in a cli-
mate chamber over a 4 to 6-week period at least every two
years, to verify (or “nudge”) the field calibrations.

Here we demonstrated that a 2-week comparison period
is sufficient to transfer a calibration to a similar instrument.
When transferring a calibration to a monitor operating by a
different measurement principle, however, a longer compari-
son period (≥ 1 month) would be prudent, to cover a broader
range of meteorological conditions.

The reference monitor used in this study was a prototype,
for which the empirical DL was ∼ 0.2 Bq m−3. After cor-
recting the plumbing of the thoron delay, and optimising
the speed of the internal flow loop, the theoretical DL of
∼ 0.14 Bq m−3 should be achievable. To be suitable for re-
mote “baseline” studies a radon monitor requires a DL of
≤ 50 mBq m−3 (Zahorowski et al., 2013; Chambers et al.,
2016). The best opportunity to improve the DL of this moni-
tor is through improving the counting efficiency of the mea-
surement head (Fig. 1b). Based on the detector model pre-
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Figure 16. (a) regression of corrected 1500 L radon monitor observations with reference monitor observations, and (b) ratio of corrected to
reference observations as a function of ambient radon concentration.

Figure 17. (a) Median and 90th percentile values of the LGHS to reference monitor ratio over a composite diurnal cycle formed from the
whole 2-week measurement period, and (b) corrected and uncorrected concentration differences between the montors.

sented by Griffiths et al. (2016), a more efficient head design
has the potential to increase counting efficiency by a factor
of 3–4. If realised, this will greatly increase the range of re-
search applications for the new portable radon monitor.

5 Conclusions

We introduce and describe a prototype 200 L two-filter dual
flow-loop 222Rn monitor for which a calibration traceable to
the SI has been established for the first time. Portable mon-
itors of this kind can make direct radon measurements at
30 min temporal resolution with a detection limit (defined as
the radon concentration at which the counting error reaches
30 %) of ∼ 0.14 Bq m−3. We summarise the first field trials
of this monitor and use the results to demonstrate its suit-
ability for use as a calibration transfer device for existing
radon detectors in global monitoring networks to harmonise
their output. In conjunction with improved radon flux maps
(Röttger et al., 2021; Levin et al., 2021), this capability has
the potential to reduce uncertainty in local- to regional-scale
greenhouse gas emissions estimates presently being made us-

ing the Radon Tracer Method. The compact nature of this
monitor, compared with existing models of two-filter de-
tectors, makes high quality, high temporal resolution radon
concentration measurements accessible for a much broader
range of sites where space and power restrictions have previ-
ously presented an obstacle. With anticipated advancements
in measurement head design, this portable instrument will
achieve a detection limit suitable for even remote “baseline”
monitoring.
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