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Abstract. The Radon Tracer Method (RTM) is an estab-
lished, independent top-down method that can be used to
cross-check bottom-up greenhouse gas (GHG) emission esti-
mates. Furthermore, as uncertainties of Atmospheric Trans-
port Models are reduced, the RTM can provide a convenient
means of quantifying continual improvement of inversion-
based top-down GHG emission estimates. While the acces-
sibility and perceived simplicity of the RTM drive its pop-
ularity, the technique is better suited to assessing long-term
relative changes in GHG emissions than absolute changes,
due to short-term soil moisture influences on simulated radon
flux uncertainty. Considerations for applying the RTM, based
on fundamental assumptions of the technique’s development,
are application and season specific, making the development
of a “standard protocol” for its use challenging. After propos-
ing a novel alternative means of applying the nocturnal ac-
cumulation RTM, which improves interpretation of findings,
we use measurements from a range of contrasting sites to dis-
cuss the significance of the technique’s eight key considera-

tions: (i) nocturnal window definition, (ii) radon and target
gas accumulation thresholds, (iii) radon-to-target gas regres-
sion linearity thresholds, (iv) measurement height, (v) the
contributing fetch, (vi) spatial and temporal radon flux vari-
ability, (vii) RTM temporal resolution, and (viii) application
specific selection of a suitable radon monitor. The insight
provided by these examples to the flexibility (or otherwise)
of the technique’s considerations will clarify the implications
if users choose to relax or ignore them, potentially making
future RTM studies more directly comparable.

1 Introduction

Global temperatures have increased ∼ 1.5 °C over the past
150 years; mostly in the past 50 years (CSIRO, 2024). To put
this in perspective, the average rate of natural warming since
the last glacial maximum (20–25 ka BP) has been ∼ 1.0 °C
per 3500 years (Tierney et al., 2020). Ice core analyses and
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atmospheric baseline monitoring (e.g. Neftel et al., 1985;
Etheridge et al., 1998; Thoning et al., 1989; https://gml.noaa.
gov/ccgg/trends/, last access: 7 April 2025), demonstrate
that the greatest contribution to recent accelerated warming
has been anthropogenic greenhouse gas (GHG) emissions,
through processes including power generation, transporta-
tion, deforestation, agriculture (including animal farming),
waste treatment, manufacturing, and heating (Schleussner et
al., 2016).

With very low uncertainty, profound natural and anthro-
pogenic ecosystem alterations through sea level rise, extreme
weather events, increased severity of droughts and flooding,
terrestrial and aquatic biodiversity loss, and unprecedented
risks to vulnerable persons and populations through heat-
waves and loss of food security, have already been ascribed
to anthropogenic climate change (Allen et al., 2018). Left
unchecked, the United Nations Intergovernmental Panel on
Climate Change (IPCC) warns of increased severity of such
impacts.

A key objective of the United Nations Framework Conven-
tion on Climate Change’s 2015 Paris Agreement was there-
fore to hold the increase in global temperature less than 2 °C
above pre-industrial levels, and to pursue efforts to limit
warming to the ∼ 1.5 °C already observed (Bergamaschi et
al., 2018a). Key to achieving this goal is a requirement for
member countries to submit national climate action plans and
long-term low GHG emission development strategies, report
transparently on actions taken to progress climate change
mitigation and establish carbon neutrality targets.

A necessary step in demonstrating the need for, and fu-
ture efficacy of, GHG-related climate mitigation is an im-
proved understanding of local- to regional-scale GHG emis-
sions and a reliable way of tracking changes in their emis-
sion rates over the years to come. Traditionally, GHG emis-
sion estimates relied on bottom-up (BU) inventories, de-
veloped through IPCC approved methods, based on statis-
tical activity information and source specific emission fac-
tors (Bergamaschi et al., 2018a). However, large uncertain-
ties exist in these emission factors, based on the complete-
ness of knowledge about all contributing sources, the ac-
curacy of reported anthropogenic sources (Bergamaschi et
al., 2018b; Cheewaphongphan et al., 2019), upscaling of an-
thropogenic source information, and present understanding
of natural sources and feedback mechanisms associated with
ongoing climate change.

For independent assessment of BU inventories, top-down
(TD) approaches for GHG emission estimates have been de-
veloped. The combination of high-quality in situ or remote
atmospheric GHG observations with Atmospheric Transport
Models (ATMs) for inverse modelling has become a popu-
lar tool for this purpose (Witi and Romano, 2019; Petrescu
et al., 2021; Manning et al., 2021; Bukosa et al., 2025).
However, this approach requires considerable computational
resources, and large ATM uncertainties under certain con-
ditions (often associated with local-scale vertical mixing

at sub-grid resolution) limit the accuracy of results (van
der Laan et al., 2010; Levin et al., 2011; Bergamaschi et
al., 2018b; Schuh et al., 2019; Lian et al., 2021; Manning
et al., 2021; Kikaj et al., 2025a).

A less resource intensive TD technique for emission es-
timates is the Radon Tracer Method (RTM) (Levin, 1987).
Four implementations of the RTM have appeared in the liter-
ature, each targeting different spatial scales and temporal res-
olutions of emission estimates: (i) a regional-to-continental
scale approach (e.g. Levin, 1987; Levin et al., 2003; Schmidt
et al., 1996, 2001; timescale weeks to months); (ii) a regional
scale plume/event-based approach (e.g. Wilson et al., 1997;
Biraud et al., 2000; Messager et al., 2008; Wada et al., 2010;
timescale hours to days); (iii) a local-to-regional scale noc-
turnal accumulation approach (e.g. Levin et al., 1999, 2011,
2021; Schmidt et al., 2001; Hammer and Levin, 2009; Vogel
et al., 2012; van der Laan et al., 2014; Grossi et al., 2018;
timescale daily); and, (iv) a local scale profile method (e.g.
Conen et al., 2002; Martens et al., 2004; Obrist et al., 2005;
timescale daily). Here, in part fulfilment of a goal of the
EMPIR project 19ENV01 traceRadon (Röttger et al., 2021),
and in support of revising the IG3IS Urban Greenhouse Gas
Emission Observation and Monitoring Good Research Prac-
tice Guidelines (Turnbull et al., 2025), we focus exclusively
on method (iii) the local-to-regional nocturnal accumulation
implementation of the RTM (henceforth, “the RTM”), which
has been the most commonly adapted in the literature.

Since its development (Levin, 1987), the RTM has grown
in popularity due to: (i) the perceived simplicity of its appli-
cation, (ii) its accessibility (scant need of high-performance
computational hardware or excessive supporting measure-
ment infrastructure), and (iii) the increased availability of
high quality, long-term atmospheric radon observations. In
recent years, however, it has sometimes been applied to situ-
ations for which it is not well suited, often with insufficient
discussion of consequences. Also, in the hope of improving
data coverage, there has been insufficient reverence for key
data selection criteria, without suitable discussion regarding
the potential impact of these decisions on reported findings.

A “standard protocol” for application of the RTM (a goal
of the traceRadon project) would facilitate interpretation re-
sults and make findings more comparable between studies.
However, considerations for applying the RTM are strongly
site and season specific, making the development of one
standard protocol impractical. Typically, each existing RTM
study only discusses a subset of assumptions or considera-
tions for the technique that are specific to the site in ques-
tion, making it challenging for new users to fully appreciate
the strengths and weaknesses of the technique when applied
to a new situation. Here we have endeavoured to create an ex-
haustive list of assumptions and considerations for applying
the RTM based on observations from a variety of contrasting
measurement sites (note summary in Appendix A). It is our
intention that, equipped with this information, future users
will more easily develop an understanding of the flexibility
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(or inflexibility), of the underlying assumptions and consid-
erations of the technique, and be in a better position to judge
(and discuss) the impact on their results of choosing to relax,
or ignore, these considerations to suit their specific measure-
ment needs.

Compounding the occasional inconsistencies in contem-
porary RTM applications, Levin et al. (2021) challenged a
long-standing assumption of the RTM that has contributed
to its perceived simplicity: the temporal consistency and ho-
mogeneity of the terrestrial radon flux. Comparing long-
term observed radon fluxes with simulated values, Levin
et al. (2021) demonstrated large potential uncertainties in
RTM applications arising from soil moisture-related changes
in the radon flux on synoptic (days) to seasonal (months)
timescales. In the absence of long term, distributed radon
flux measurements, these findings highlight that in general
the RTM is more suitable for assessing long-term relative
changes in tracer emissions than short-term absolute values,
which is significant when comparing results from RTM and
other TD or BU techniques.

This technique review paper aims to build upon the work
of Levin et al. (2021) in outlining the strengths and weak-
nesses of the RTM. We expand the list of considerations
for applying the technique, provide more detail regarding
their significance, offer an alternative way to implement the
RTM that improves interpretation of findings, and provide
evidence of a need – in some cases – to revisit contemporary
RTM footprint determination techniques.

2 Methods

2.1 Nocturnal accumulation RTM – original derivation

As has been established (Levin, 1987; Levin et al., 1999;
Schmidt et al., 2001), any conservative trace gas with a dis-
tributed, relatively consistent, near-surface source, will accu-
mulate beneath the capping inversion of a Stable Nocturnal
Boundary Layer (SNBL) over land between sunset and sun-
rise.

To characterise this accumulation, a simplified 1-D rep-
resentation is traditionally considered: an atmospheric col-
umn of unit cross section that experiences negligible ad-
vection through its walls (equivalent to requiring homoge-
neous fluxes over the contributing fetch), with an imperme-
able “lid” at a height H above the surface. Conditions that
are most closely met under stable nocturnal conditions over
flat terrain, characterised by a strong, low, thermal inversion
and low surface wind speeds.

After sunset, the change in concentration of a target gas
(Cg), over a time interval (t), measured within the column at a
fixed height z above the surface (z < H ), is solely dependent
on its surface flux (Fg) and the height of the box.

dCg(t)

dt
=

Fg

H(t)
, (1)

When modelling this scenario however, the idealised at-
mospheric column extends to a height H ′(t), a “mixing
length scale” (closely related to H ), representative of the
height of an equivalent atmospheric layer within which the
target species emitted from the surface are assumed to mix
instantly and uniformly (Griffiths et al., 2013).

The principles that underlie Eq. (1) apply equally to any
conservative tracer with a near-surface source. 222Rn (radon)
is a naturally occurring noble gas of terrestrial origin. It is not
sufficiently soluble to be significantly impacted by rainfall or
cloud processes on shorter than diurnal timescales, is not sub-
ject to dry deposition, and has a source function that is less
spatially and temporal variable than other trace atmospheric
species. Furthermore, while radon is radioactive, with a half-
life of 3.8232(8) d, this timescale is long enough compared
with mixing timescales in the Atmospheric Boundary Layer
(ABL; ∼ 1 h) or a single night (≤ 12 h) for it often to be con-
sidered conservative. However, a decay term can easily be
included in its budget.

dCRn(t)

dt
=

FRn

H ′(t)
− λ ·CRn(t) , (2)

where FRn represents the radon flux over the base of the at-
mospheric column, and λ= 0.00755h−1 is the radon decay
constant.

In practice, it is not common for the nocturnal inversion
height to be known (since this requires costly profiling instru-
mentation or significant infrastructure, e.g. a tall tower), and
this value typically varies over the course of a night. How-
ever, after making the following assumptions:

i. the fluxes of both gases are similarly distributed and rel-
atively homogeneous across the contributing fetch,

ii. if heterogeneity does exist, it should be random, and
on small spatial scales compared with the contributing
fetch, and uncorrelated with atmospheric processes op-
erating on small temporal/spatial scales,

iii. the target gas has no significant sinks in the atmosphere
over timescales associated with the measurement, or be-
tween the point of emission and measurement,

iv. both species are acted upon by the same transport and
mixing processes from the source to the point of mea-
surement (which includes mixing to the same height),
and

v. both gases are measured at the same, constant location,
and height above ground within the SNBL,

Schmidt et al. (2001) demonstrated that the unknown
length scale H ′ can be eliminated by combining Eqs. (1)
and (2), and solving for the flux of the target species:

Fg = FRn ·
dCg(t)

dCRn(t)
·

(
1+

λ ·CRn(t)
dCRn(t)

dt

)−1

, (3)
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Assuming λCRn� dCRn/dt , which is often true for sta-
ble nights over land with shallow mixing layers since CRn is
usually 10–20 Bqm−3 and dCRn/dt1−2Bqm−3 h−1, Eq. (3)
simplifies to (e.g. Schmidt et al., 2001; Hammer and Levin,
2009):

Fg = FRn ·
1Cg(t)

1CRn(t)
·

(
1−

λ ·CRn(t)
dCRn(t)

dt

)
, (4)

where 1 here represents the enhancement of the target gas
(or radon) above an initial background value (e.g. the well-
mixed concentration in the ABL before sunset), such that
1Cg(t)= Cg(t)−CABL.

In practice, when applying the RTM over a single night (or
part thereof), the ratio of the finite differences of the target
gas and radon (1Cg/1CRn) is equivalent to the regression
slope between the observed co-accumulating gases over the
defined observation period (irrespective of their background
values), where any mixing ratios have been converted to dry-
air concentrations. The flux of the target gas is then retrieved
by scaling the estimated radon flux from the contributing
fetch by this slope.

Considering radon’s half-life and potential nocturnal ac-
cumulation period (≤ 12h), the term in brackets of Eq. (4)
results in only a small modification of the estimated flux of
the target gas. Mindful of the uncertainties already associated
with other assumptions in the development of the technique,
some researchers chose to ignore this term, adopting instead
the simplified form of the RTM (e.g. Curcoll et al., 2024b):

Fg = FRn ·
1Cg(t)

1CRn(t)
, (5)

Ignoring the fact that radon decay has occurred over
the nocturnal window effectively results in a 1Cg/1CRn
slope that is 3 %–4 % higher than it should be (Schmidt et
al., 2001). Consequently, a more accurate, and easier to im-
plement version of the RTM than Eq. (4), is to apply Eq. (5)
and then scale down the observed flux estimate by ∼ 3.5 %
(i.e. multiply by 0.965).

Traditionally, the nocturnal accumulation implementation
of the RTM assumes atmospheric stability, and the degree
of acceptable stability (usually most evident by the magni-
tude of nocturnal accumulation) has been one of the largest
differences between reported uses of this technique. Impor-
tantly, the more relaxed the requirement on stability, the more
challenging it is to define the contributing fetch region. A
well-defined contributing fetch is necessary for meaningfully
comparing results from this technique with BU approaches
(Levin et al., 2021), and other TD techniques.

2.2 Nocturnal accumulation RTM – footprint
derivation

The assumption of a well-mixed atmospheric column of
heightH(t) to represent the SNBL is usually unrealistic. Un-
der stable conditions, the concentration of surface-emitted

tracers decreases with height between the ground surface
and the thermal inversion (Vinuesa et al., 2007). Making
this assumption is a convenience, which makes the deriva-
tion straightforward, and provides a useful tool for reasoning
about the RTM. While we kept with tradition in Sect. 2.1
to derive the RTM, here we take a brief detour and re-cast
Eq. (1) in terms of a measurement footprint to show that
the well-mixed assumption is not required. The result is not
changed from Eq. (5).

Following Lin et al. (2003), discretised surface fluxes
F(xi,yj , tm) are defined on a grid in horizontal position,
(xi,yj ), and time, tm. For a passive tracer, surface fluxes are
linked to a concentration increment,1Cm,i,j (xr, tr), at the re-
ceptor point (or measurement location), at position xr and at
time tr, by (x,y, t) can be linked to a concentration increase
at a receptor point (or measurement point)1Cm,i,j such that:

1Cm,i,j (xr, tr)= f (xr, tr | xi,yj , tm)F (xi,yj , tm) , (6)

where f (xr, tr | xi,yj , tm) is the footprint of the measurement
at the receptor point at time tr. The measurement footprint en-
capsulates an arbitrary flow field, including dispersion pro-
cesses. Radioactive decay, which is neglected here for the
same reasons as in the previous section, could be accounted
for with a multiplicative term.

Introducing a background tracer concentration, C0, which
is the tracer concentration at time t = 0, then summing
Eq. (6) over the time steps between t0 and tr and over all
(xi,yj ),

1C(xr, tr)= C(xr, tr)−C0

=

∑
i,j,m

f (xr, tr | xi,yj , tm)F (xi,yj , tm) , (7)

By assuming that F is constant, and choosing not to write
the dependent variables (xr, tr) in the expression,

1C = F
∑
i,j,m

f (xi,yj , tm) , (8)

Then, considering the 1C ratio between a target gas and
radon,

1Cg

1CRn
=
Fg
∑
i,j,mf (xi,yj , tm)

FRn
∑
i,j,mf (xi,yj , tm)

=
F1

F0
, (9)

After rearranging, this yields the same result as Eq. (5),
without the need to assume steady-state conditions or a well-
mixed boundary layer. It is possible to arrive at this be-
cause the measurement footprint, f , is the same for both
species. For a well-mixed boundary layer with mixing depth
h, f ∝ h−1 and in the one-dimensional case, Eq. (8) reduces
to Eq. (1). Whether the transport and mixing in the system is
parameterised in terms of mixing height, h, or measurement
footprint, f , the use of a tracer ratio means that the transport
term cancels out in the derivation of the technique.
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2.3 Radon-based stability classification and the RTM

Radon’s unique collection of physical characteristics ensure
that measurements of changes in its near-surface concentra-
tion (or its vertical gradient) are intimately linked to the ther-
modynamic and mechanical processes controlling mixing in
the lower atmosphere (Moses et al., 1960; Jacobi and Andre,
1963; Butterweck et al., 1994; Porstendörfer, 1994; Cham-
bers et al., 2011; Williams et al., 2011, 2013). Chambers
et al. (2015) describe a classification approach for relative
changes in mean nocturnal stability conditions based on the
ranking of mean radon concentrations over a nocturnal win-
dow (Fig. 1). This technique has subsequently been refined
(Williams et al., 2016; Chambers et al., 2019a).

Briefly, a nocturnal accumulation window suitable for all
seasons (day lengths) is defined (Fig. 1a), the mean radon
concentration over this window is calculated each night (ref-
erenced to the value at the start of the window to reduce
seasonal changes in day length and fetch effects). Noctur-
nal mean radon concentrations are then ranked each sea-
son (since long term average soil moisture changes modify
the radon flux and therefore seasonal nocturnal accumula-
tion rates). Strongly negative values represent nights contain-
ing significant synoptic non-stationarity or dramatic air mass
fetch changes and are removed. Where necessary, Persistent
Temperature Inversion (PTI) events can also be identified and
removed (Kikaj et al., 2019, 2023). Depending on the appli-
cation, the remaining nights are then evenly split into 4 or
5 groups (Fig. 1b), covering the range of relative nocturnal
stability conditions (from the most well mixed to the most
stable) experienced at that site. Each group represents nights
with – on average – comparable atmospheric conditions (or
meteorological “class types”; see Chambers et al., 2019a, b)
and are assigned a “mixing classification”, which is subse-
quently applied to whole 24 h periods (afternoon to after-
noon). Meteorological and trace gas observations compos-
ited according to these categories reflect behaviour associ-
ated with these conditions (Fig. 1c). The most stable nights
exhibit the largest diel amplitudes of concentration changes
(due to shallow SNBLs), and well-mixed nights the smallest.

Since the RTM was originally formulated with an assump-
tion of nocturnal stability, and focuses on a comparable noc-
turnal window, radon-based stability classification can offer
an alternative way to apply the RTM that could assist with
interpretation of results.

Having removed nights associated with significant syn-
optic non-stationarity, individual nights within each stability
category can be interrogated in the traditional way for suit-
able radon-to-target gas correlation (R2 value) over the de-
fined nocturnal window (e.g. Fig. 2). Since the source func-
tions of target species are typically more spatially heteroge-
neous than radon’s, the range of R2 values for each nocturnal
stability category in Fig. 2 reflects how similarly distributed
the target species emissions were to radon from the contribut-
ing fetch on a given night. Nightly regression slopes and as-

sociated fetch-appropriate radon fluxes could then be deter-
mined, and mean target gas fluxes calculated for each stabil-
ity category, by month or season.

Since each stability category is associated with a distinct
range of nocturnal wind speeds and directions (e.g. synop-
tic composites in Crawford et al., 2023; Kikaj et al., 2023),
they represent a range of contributing fetch regions (decreas-
ing in extent from well-mixed to strongly stable conditions).
Contributing fetch regions indicated by a dispersion model,
derived only from the selected nights (per month or season)
within each stability category, could be used to broadly con-
strain each contributing fetch. For the more stable nights,
when simulated fetch estimates would likely have the largest
uncertainty, they could be further constrained using observed
wind speed and direction specific to that stability category
and observation height.

Combining stability classification and the RTM enables
estimated fluxes to be more clearly related to specific fetch
regions, enables flux estimates for multiple fetch regions to
be determined each month/season (rather than just a single
estimate), and nights that satisfy the RTM selection crite-
ria within each stability category can be composited prior to
performing the radon-to-tracer regression, improving corre-
lations for radon detectors that have a higher measurement
uncertainty (see Sect. 3.8). Without using this approach, flux
estimates from a potentially wide range of contributing fetch
dimensions are irreversibly averaged together, making the re-
sult harder to meaningfully interpret.

RTM estimates under the most strongly stable condi-
tions provide emissions estimates at a time when contem-
porary micrometeorological techniques and ATM inversions
fail (Mahrt, 1998; Conen et al., 2002). Furthermore, flagging
RTM estimates that occur under less stable conditions pro-
vides the ability to more readily compare them with other
techniques.

All reported times are Local Solar Time at the respective
site.

3 Results

Having outlined the derivation of the RTM, the following
sections address considerations for its application and, where
relevant, discuss potential flexibility of the underlying as-
sumptions and the impact that relaxing or ignoring these may
have on results.

3.1 Defining the nocturnal window

The RTM yields one emission estimate per suitable night.
When investigating the co-accumulation of radon and a tar-
get species, what is understood to represent “one night”
(the accumulation window, AW) will depend on (i) domi-
nant fetch characteristics (e.g. natural, rural, urban), (ii) how
conservative the target species is (i.e. spatial and tempo-
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Figure 1. (a) 5 year composite diel radon cycle and averaging window for nocturnal mean radon calculation (advective contributions to the
radon signal have been removed; Chambers et al., 2015), (b) cumulative frequency histogram of nocturnal mean radon concentration divided
by quartiles representing relative mixing category, and (c) 5 year composite diel hourly radon cycles (±σ ) grouped by nocturnal mixing
category applied to whole 24 h periods.

Figure 2. Summer 2022 radon-to-methane regression R2 values based on observations at 100 m a.g.l. on the Saclay ICOS tower (ICOS,
2018, 2025; Ramonet et al., 2025) sorted by radon-derived atmospheric mixing category; for reference an R2 threshold value of 0.7 has been
indicated with a dashed line.

ral variability of sources/sinks), and (iii) day length. Con-
sequently, the AW needs to be defined on a seasonal and
application-specific (i.e. location and measurement height)
basis. Throughout the literature AW lengths of 4–13 h have
been adopted (e.g. Schmidt et al., 2001; Hammer and Levin,
2009; Levin et al., 2011), though lengths of 8–10 h are more
common (e.g. Vogel et al., 2012; van der Laan et al., 2014;
Grossi et al., 2018).

As an example, here we compare AW definitions for
methane (CH4) and carbon dioxide (CO2) at the Cabauw
ICOS tower (https://meta.icos-cp.eu/resources/stations/AS_
CBW, last access: 29 September 2025), located in a flat,
semi-rural setting. To facilitate discussion, we selected only
2 months of data in summer, during which time sunrise was
before 06:00 LT and sunset after 21:00 LT.

Diel composite radon at 20 and 200 m above ground level
(m a.g.l.) tracked closely between 11:00 and 16:00 LT, in-
dicative of a well-mixed ABL (Fig. 3a). Concentrations at

20 m were higher, consistent with a surface source and no
short-term sinks. Concentrations diverged from 17:00 LT, as
accumulation began in the SNBL after collapse of the con-
vective boundary layer. Relatively consistent accumulation
continued until 05:00 LT, followed by a break in slope as
morning convection initiated rapid dilution. The consistency
of the 2 month average accumulation, given the variability in
summer nocturnal wind directions (typically 170–280°), in-
dicated relatively uniform radon fluxes across the contribut-
ing fetch.

Corresponding CH4 mixing ratios also tracked closely
(Fig. 3b), with higher values at 20 m, indicative of a sur-
face source and few short-term sinks. Its accumulation was
less consistent than radon’s, suggesting more spatial/tempo-
ral variability of sources over the contributing fetch. Unlike
radon, between 17:00 LT and sunset (∼ 21:00 LT) the accu-
mulation rate was higher than later in the evening, indicating
stronger CH4 emissions over the contributing fetch.

Atmos. Meas. Tech., 19, 6823–6856, 2026 https://doi.org/10.5194/amt-19-6823-2026
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Figure 3. Cabauw 2 month mean diel (a) radon, (b) CH4, and (c) CO2 at 20 and 200 m a.g.l. in July and August 2017. Note that diel cycles
have been shifted to emphasise nocturnal accumulation (ICOS, 2025; Frumau et al., 2025).

Corresponding CO2 mixing ratios (Fig. 3c) demonstrated
a balance between photosynthesis, respiration and anthro-
pogenic emissions over the diel cycle. Between 13:00 and
16:00 LT mixing ratios were lower at 20 m, indicative of a
net surface sink. In the evening, as mixing decreased, the
onset of CO2 accumulation occurred around 18:00 LT (later
than CH4 due to ongoing photosynthesis). As for CH4, un-
til sunset a higher rate of CO2 accumulation was observed
than for the rest of the night, suggesting a period of higher
CO2 emissions. Between 21:00 and 04:00 LT CO2 accumula-
tion was more consistent than for CH4, indicating a homoge-
neous source across the contributing fetch. The morning de-
crease in CO2 accumulation occurred earlier than for radon
or CH4, because immediately after sunrise there is enough
light for photosynthesis but not enough heat to initiate con-
vective mixing.

For maximum radon-to-target gas regression linearity, the
source (or sink) characteristics of the target species across
the contributing fetch should closely match radon’s (i.e. well
distributed, relatively consistent). Therefore, for CO2, all pe-
riods when photosynthesis is still active should be excluded.
That said, the remaining discussion will focus only on CH4
AW determination.

The slope and R2 value of the 2 month composite radon-
to-CH4 regression (Fig. 5a) varied with window length (e.g.
18:00–05:00 LT vs. 21:00–05:00 LT, sunset to sunrise). How-
ever, this plot represents all data, whereas the RTM was de-
veloped for stable conditions. To improve understanding of
regression sensitivity to AW length, we assigned radon-based
stability categories each night (see Sect. 2.3). Figure 4 de-
picts diel composites of radon at 20 and 200 m in each of
the 4 stability categories: (i) well-mixed, (ii) weakly stable,
(iii) moderately stable, and (iv) most stable. Note that these
categories are all relative, according to the most and least
stable conditions encountered within the limited observation
period.

Since the RTM traditionally assumes a degree of stabil-
ity, Fig. 5b–d contrast radon-to-CH4 regressions on weak,
moderate and most stable nights. Weak stability (Fig. 5b) is

characterised by moderate wind speeds, frequent cloud cover
and relatively deep SNBLs. The diel amplitude of tracers at
20 m was low under these conditions (Fig. 4) and the co-
accumulation (radon-to-CH4 regression; Fig. 5b) relatively
linear and consistent throughout the night. Notably the slope
was higher than for the 2 month average conditions (Fig. 5a).

By contrast, radon-to-CH4 regressions for moderate and
strong stability (Fig. 5c and d) depicted contrasting accu-
mulation regimes: before and after midnight. Prior to mid-
night, slopes closely matched those observed under weakly
stable conditions (Fig. 5b). After midnight, however, slopes
reduced – more so for the stronger stability conditions. To in-
vestigate these changes, we analysed wind information from
all heights on the tower (Fig. 6).

The wind speed profile (Fig. 6b) indicated an inversion
height of ∼ 80 ma.g.l. for the most stable conditions. These
nights began with westerly fetch until ∼ 19:00 LT (Fig. 6a;
which included urban emissions from The Hague, Fig. B1).
Then, until midnight, fetch gradually shifted to the southwest
(including urban emissions from Rotterdam and Dordrecht).
Between midnight and 05:00 LT, fetch at 200 m was from the
southwest, but fetch at 20 m (within the SNBL) was from
the south (predominantly rural). Under windier weakly sta-
ble conditions (Fig. 5b), there was less difference in wind di-
rections between 20 and 200 m, and fetch was more westerly
(220° at 20 m and 230° at 200 m), incorporating emissions
from Rotterdam.

Figure 5 demonstrates that combining stability classifi-
cation with the RTM can not only facilitate AW definition
but improve understanding of the contributing fetch. Further-
more, while the temporal resolution of RTM emission es-
timates is at best monthly, this approach enables emission
estimates to be made under different mixing conditions, pro-
viding separate monthly estimates for more than one con-
tributing fetch.

These examples demonstrate that AW definition at
Cabauw depends on the target fetch (rural or urban). Further-
more, the distinction of results between these fetch types is
clearer if stability classification is performed prior to defin-
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Figure 4. Diel composite hourly mean Cabauw radon at 20 and 200 m associated with 4 radon-derived nocturnal relative stability categories.

Figure 5. Rn-to-CH4 regressions of diel composite data between 18:00 and 05:00 LT for (a) all data (the 2 monthly mean), (b) weakly stable
nights, (c) moderately stable nights, and (d) most stable nights (ICOS, 2025; Frumau et al., 2025).

ing the AW length and applying the RTM. Providing monthly
or seasonal RTM results without regard to changing stability
conditions (e.g. Fig. 5a) mixes emission contributions from
various fetch regions in a way that cannot be disentangled, as
demonstrated by the distribution of highly correlated radon-
to-CH4 regressions across stability categories in Fig. 2.

Radon-to-CH4 regression slopes for well-mixed nights
(not shown), when winds were moderate-to-strong, direc-
tions between 190 and 225° (mixed fetch), conditions typi-
cally overcast, and SNBL depths maximised, were associated
with a much higher uncertainty of regression fit due to the
low diurnal amplitudes of both species and changing fetch
characteristics. Consequently, removing the requirement of

nocturnal stability when applying the RTM (e.g. Levin et
al., 2021), risks significantly increasing uncertainty in the
magnitude of RTM fluxes and dimensions of the contributing
fetch, and complicating comparisons with bottom-up meth-
ods.

Having discussed the nocturnal accumulation window, nu-
merous studies (e.g. Hammer and Levin, 2009; Lallo et
al., 2009; Belvisio et al., 2020; Obrist et al., 2005), have ap-
plied the RTM to species with distributed sinks (e.g. Hydro-
gen, Carbonyl Sulfide and Mercury), whose diurnal cycles
are characterised by depletion from the SNBL. In determin-
ing an appropriate depletion window (DW) in such cases, it is
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Figure 6. (a) Diel composite hourly wind direction at 20 and 200 m for the most stable nights, and (b) corresponding wind speeds from all
available heights (ICOS, 2025; Frumau et al., 2025).

still important that the assumptions of Sect. 2.1 are carefully
considered.

In urban environments vehicle emissions are a source of
H2, whereas surface uptake is a sink (Hammer and Levin,
2009). This is evident in Fig. 7a, which compares 2 month
(October–November 2023) diurnal composite radon and H2
measured in Clayton (Victoria, Australia). While typical noc-
turnal radon accumulation was observed (dawn maximum
and late-afternoon minimum), H2 peaks were observed in the
morning and evening, corresponding to periods of simulta-
neous high traffic density and a developing (or developed)
SNBL, reducing the mixing volume. However, in Australian
suburbs, traffic density typically reduces to < 20% of peak
values between 22:00 and 04:00 LT (e.g. Fig. 4 of Crawford
et al., 2016). Under these conditions the surface H2 sink dom-
inates, and a restricted DW (informed by local traffic density
information or katabatic flow characteristics) can be identi-
fied within which to apply the RTM to determine local H2
uptake (Fig. 7b).

Assuming a local radon flux of 90 Bqm−2 h−1 (Grif-
fiths et al., 2010), the average nocturnal H2 uptake for the
October–November period was −5.4× 10−5 g(H2)m−2 h−1

from 22:00 until 01:00 LT, and −9.9× 10−5 g(H2)m−2 h−1

between 01:00 and 04:00 LT. This change in H2 uptake cor-
responded with a shift in fetch from south-southwest to the
west-northwest sector that often occurred on stable nights at
this site.

This section highlights the importance of case specific de-
termination of the RTM AW, informed by diel character-
istics, with careful consideration being given to target gas
source/sink characteristics, dominant fetch type, and season.

3.2 Radon and target gas accumulation thresholds

Given the range of sensitivities of radon monitors (e.g. Ta-
ble 1 of Chambers et al., 2022), and large-scale heterogene-
ity of radon fluxes (Schery and Wasiolek, 1998; Szegvary

et al., 2009; Griffiths et al., 2010; López-Coto et al., 2013;
Karstens and Levin, 2024), the signal-to-noise ratio for RTM
observations should be carefully considered. This is usually
less of a problem in the case of target species (e.g. CO2, CH4,
N2O) since the measurement precision of the respective mon-
itors is relatively high (Yver-Kwok et al., 2015).

Historically, radon signal-to-noise ratios for the RTM have
been kept in check by: (i) specifying a threshold rate of
change over the AW, (ii) specifying a minimum absolute
change over the AW, or (iii) requiring a minimum relative
change from the well-mixed afternoon ABL value. Gener-
ally, ensuring good signal-to-noise ratios also helps satisfy
the key assumption for the simplification of Eq. (3) to Eq. (4),
that λCRn� dCRn/dt .

Levin et al. (2011) recommended a rate-of-change thresh-
old of 3 times the instrument uncertainty. Hammer and Levin,
(2009) suggested a 40 % relative increase from afternoon
minimum values over the AW. Levin et al. (2021) suggested
a radon accumulation threshold equivalent to 50 % of the
yearly mean diurnal cycle amplitude at the site.

We use 5 years of radon measurements from a flat, semi-
rural site in Australia to put the latter requirement into con-
text. Figure 8a shows the average diel radon cycle, charac-
terised by an afternoon minimum (∼ 2 Bqm−3) and near-
dawn maximum (∼ 13 Bqm−3). According to Levin et al.
(2021), to consider applying the RTM at this site, accu-
mulation over the AW (e.g. 18:00–05:00 LT) should exceed
(13− 2)/2= 5.5Bqm−3 (this value is site specific and de-
pends on sampling height and radon flux). To assess this
requirement from an atmospheric stability perspective, the
radon-based scheme (see Sect. 2.3) was used to assign nights
of the 4 year dataset to relative nocturnal mixing categories
(Fig. 8b).

The well-mixed category was characterised by moderate-
to-strong winds, frequent cloud cover, and mixing that often
extended to the synoptic inversion. Weakly stable, moder-
ately stable, and strongly stable nights each had a thermal
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Figure 7. (a) 2 month mean diel radon and H2 from 20 ma.g.l. at Clayton (Victoria), in October and November 2024. (b) radon-to-H2
regressions over the DW 22:00–04:00 LT in two parts. Coastal (south westerly) air masses have been excluded to reduce oceanic influences
on radon flux in the contributing fetch.

Figure 8. Diel composite (a) overall hourly mean (bars indicate ±1σ ), and (b) stability category hourly mean, radon concentrations from
2 m a.g.l. in Richmond, Australia, over the 4 year period 2007–2011 (adapted from Chambers et al., 2015).

inversion between the surface and synoptic inversion. The
stronger the stability, the closer the inversion to the surface
and the larger the diel radon amplitudes. The criterion of
Levin et al. (2021) for applying the RTM therefore equates to
at least weakly stable nocturnal conditions. Used in isolation,
this is not a strong selection criterion, permitting the use of
∼ 75 % of all nocturnal data. In conjunction with other se-
lection criteria, it is more common for RTM studies focus on
only 10 %–15 % of available data (e.g. Hammer and Levin,
2009; Vogel et al., 2012).

A nocturnal inversion isolates processes happening “lo-
cally” (beneath that inversion) from influences further afield
or above the inversion. Since inversion strength is related to
wind speed (and vertical temperature gradient), the spatial
extent of “local” influences will scale with inversion strength
(see Sect. 3.5). If wind speeds increase sufficiently the inver-
sion will break down (Williams et al., 2013), and the lower
atmosphere will mix to the synoptic inversion. In contrast
to most prior RTM studies, Levin et al. (2021) argue that
nocturnal stability is not strictly necessary for applying the

RTM, provided a clear correlation exists between radon and
the target species (which frequently occurs, see Fig. 2 “well-
mixed”). However, while relaxing the stability constraint in-
creases data availability, as indicated in Fig. 5 it also mixes
emission information between very different scales of con-
tributing fetch (10–100 s of kilometres). This may not be ad-
vantageous and should be kept in mind when interpreting
results or relating fluxes to emission inventories. Relaxing
stability constraints also increases the risk of including sit-
uations associated with synoptic scale advection (from re-
gions with substantially different fetch characteristics, e.g.
near a coastline, Fig. 13), which violates assumptions of the
RTM and should be avoided (Vogel et al., 2012). Lastly,
without a thermal inversion beneath the synoptic inversion,
or other considerations to exclude periods of strong synop-
tic non-stationarity, a key assumption in deriving Eq. (1) (an
impermeable “lid” on the idealised atmospheric column), is
no longer guaranteed (i.e. tropospheric air may mix into the
ABL, or air from the ABL be vented to the troposphere).
Given radon’s relatively short half-life, ratios of radon and
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tracer species in tropospheric air are not likely to be repre-
sentative of local- to regional-sources.

Adopting an accumulation threshold based on the annual
average diel radon cycle would be most successful, and sea-
sonally representative, for regions that do not experience
soil freezing and snow cover. The diel radon cycle can be
strongly suppressed above frozen and/or snow-covered sur-
faces through a combination of (i) a reduced radon flux from
frozen soils, that can be further reduced by snow cover, and
(ii) strongly modified atmospheric mixing due to changes in
the surface radiation balance and energy budget:

(SIN− SOUT)+ (LIN−LOUT)= RNET

=H +LE+G+1S , (10)

where SIN/SOUT are incoming and outgoing shortwave ra-
diation, LIN/LOUT are incoming and outgoing longwave ra-
diation, RNET is the net radiation remaining at the surface
to be redistributed, H is the sensible heat flux (which drives
convection), LE the latent heat flux (evapotranspiration), G
the ground heat flux, and 1S transient energy storage in the
canopy layer.

Snow increases reflectivity (albedo), reducing available
RNET for partitioning into H , LE, G and 1S. Furthermore,
a greater proportion of remaining RNET is partitioned into G
and LE, reducing the potential for convective mixing. Com-
bined with the increased likelihood of winter cloud cover in
such regions (Górowski et al., 2025), these factors result in
a reduced contrast in day/night atmospheric mixing depth.
Consequently, near-surface winter diel radon cycles can be
reduced to 30 %–50 % of the amplitude observed in other
seasons (Williams et al., 2016; Chambers et al., 2016a; Kikaj
et al., 2023), making it difficult to find appropriate nights to
apply the RTM (Vogel et al., 2012). In fact, applying an an-
nual mean accumulation threshold equally to the whole year
could result in winter months being completely excluded
from analyses. For this reason, given sufficiently sensitive
radon measurements (see Sect. 3.8), nocturnal accumulation
thresholds should be determined and applied seasonally. In
this situation, radon-based stability classification in winter –
focussing on only the most strongly stable non-PTI condi-
tions – may provide the best opportunity to successfully ap-
ply the RTM and achieve the most accurate results.

Diel radon cycles can be further suppressed during PTI
conditions, often observed across Europe (and parts of the
central west USA) in winter and autumn due to persis-
tent large-scale subsidence events (e.g. the “Siberian High”;
Kikaj et al., 2019, 2023; Baasandorj et al., 2017). Under such
conditions, radon and surface emitted pollutants, can accu-
mulate under the larger-scale subsidence inversion for peri-
ods of days to weeks, because combined changes in the ra-
diation budget and surface energy balance don’t allow suffi-
cient daytime convective heating to break through the sub-
sidence inversion and disperse the accumulated pollution.
Meanwhile, a supressed diurnal variability (superimposed on

higher, and growing, background concentrations) can also
be observed, driven by the development of weaker noctur-
nal surface inversions within the subsidence inversion. Such
conditions should be avoided for RTM applications.

3.3 Radon-to-target gas regression linearity threshold

An underlying assumption of the RTM (Sect. 2.1) is that
source functions of radon and target species should be
broadly distributed and relatively homogeneous. If these
conditions are met over the contributing fetch their co-
accumulation will be linearly correlated. Many conditions
can lead to non-linearity, including differences in source dis-
tributions, differences in temporal variability of the source
functions, changes in the contributing fetch, the existence
of point sources, or higher chemical reactivity of the target
species over SNBL mixing timescales or length of the AW.

The linearity of the radon-to-target regression is therefore
a useful measure of how well the necessary assumptions
of the technique are being met. In general, when sampling
within the SNBL, the stronger the nocturnal stability, the
smaller the contributing fetch region. For distributed sources,
the smaller the fetch region (10 s rather than 100 s of kilome-
tres), the higher the probability that fluxes of both species
will be near-homogeneous over this area, resulting in larger
R2 values.

Some early applications of the RTM adopted R2
≥ 0.5 as

a minimum requirement (e.g. Levin et al., 1999), but con-
temporary studies have typically required R2 to be larger
than 0.6–0.8 (Vogel et al., 2012; Grossi et al., 2018; Levin et
al., 2021). When assessing the correlation between the two
species it is important to employ a regression algorithm that
accounts for uncertainties in both x and y coordinates (Yver-
Kwok et al., 2025). Imposing a threshold of R2

≥ 0.8 typ-
ically results in ≥ 80% of observations being rejected (see
Fig. 2) but will yield a dataset that most closely satisfies the
assumptions of the technique.

Levin et al. (2021) demonstrated that moderate hetero-
geneity within the contributing fetch (i.e. excluding strong
point sources or step changes in source function characteris-
tics) can be accommodated by the RTM if (i) the heterogene-
ity is at small spatial scales relative to the contributing fetch
and randomly distributed, and (ii) is not correlated with at-
mospheric transport processes acting on short temporal and
spatial scales. Isolated instances of flux heterogeneity (e.g.
brief influence of a point source) or temporal flux variabil-
ity will present as an outlier from the dominant linear trend
(Hammer and Levin, 2009; Vogel et al., 2012). For longer ac-
cumulation windows (e.g. 7–10 h), if only a few samples each
night are impacted they can be excluded from the regression,
so long as at least 80 % of the nocturnal window data is re-
tained for the regression analysis (Levin et al., 2011). If less
than 5 hourly observations can be retained for analysis (or 4 h
of 30 min observations), consider rejecting the whole night.
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Step changes in flux characteristics within the contribut-
ing fetch (e.g. coastlines) should be avoided. A fundamental
assumption of the RTM is that the rate of accumulation ob-
served for both species is a function of only (i) a (relatively)
constant flux over the contributing fetch, and (ii) the chang-
ing nocturnal mixing depth. Compared with terrestrial sur-
faces, most open water bodies are characterised by near zero
emissions of radon or target species. If a contributing fetch
includes a coastline, the observed accumulation can then also
become a function of wind direction and wind speed, which
are unlikely to remain constant over an entire AW. For sites
near coastlines, the more relaxed the nocturnal stability cri-
teria, the more likely this is to be a problem.

Prior to assessing the regression linearity, temporal dis-
crepancies between the radon and target gas observations
need to be accounted for. If measuring radon with an ANSTO
two-filter dual flow-loop monitor the appropriate response
time correction must be applied (Griffiths et al., 2016), or
slope errors of up to 6 % can result due to the instrument’s
45 min response time. Temporal discrepancies of other kinds
can be determined by performing a cross correlation between
the observed quantities and adjusting the timestamp of the
least well-defined measurement to maximise the absolute
correlation.

Furthermore, if developing a fitting algorithm, as well as
having the ability to identify and exclude outliers, it should
also look several hours beyond the AW (Vogel et al., 2012).
If measuring close to the surface (e.g. ≤ 25ma.g.l., as in Vo-
gel et al., 2012) a linear correlation persists beyond the AW
(i.e. after the onset of morning convection is expected for
that season), it is likely associated with a synoptic event (e.g.
distant advection from a region of contrasting flux character-
istics (e.g. Fig. 13), or the development of a PTI), and the
data should be excluded. When measuring from taller tow-
ers (e.g. 50 to 200 ma.g.l.), however, near-linear correlations
can persist several hours after sunrise as near-surface air with
higher trace gas concentrations is mixed within (or into) the
growing convective boundary layer.

Finally, assuming the RTM has been applied under opti-
mal conditions (within the SNBL under strongly stable con-
ditions), it will typically underestimate emissions if point
sources exist in the contributing fetch (Levin et al., 2021).
This can occur because mixing within the SNBL is not ho-
mogeneous, or because the point sources may be emitted di-
rectly into the residual layer (above the inversion) via tall
stacks. However, Levin et al. (2021) make the point that
emission characteristics of large point sources (e.g. industry)
are usually quite well known and can be included retrospec-
tively. Typically, it is the more distributed natural and an-
thropogenic sources that are less well constrained, and these
are ideally suited to characterisation by the RTM (Vogel et
al., 2012). If combining stability classification with RTM,
well-mixed to moderate stability classes are more likely to
include influences of point sources in the contributing fetch,

Figure 9. Distributions (10th/50th/90th percentile) of nocturnal
mean equivalent mixing heights within 4 mixing categories over
a flat, semi-rural site in Richmond, Australia, based on 5 years of
observations (note logarithmic y-axis). The site is characterised by
mixed crops, pasture, scattered low trees and small, isolated single-
storey structures.

since the associated nocturnal mixing depths are deeper and
wind speeds higher than for the most stable conditions.

3.4 Measurement height

The RTM was originally formulated by considering the co-
accumulation of surface emitted species in a SNBL of depth
H ′, a theoretical mixing length scale representing the height
to which surface emissions are assumed to uniformly mix
(see Eqs. 1 and 2). An example of howH ′ varies with relative
nocturnal stability over a flat, predominantly rural floodplain
site is provided in Fig. 9. Here we applied the box model of
Griffiths et al. (2013) to 5 years of observations previously
described by Chambers et al. (2015) (see also Sect. 3.2). The
average H ′ each night was calculated using the last 5 h be-
fore dawn. Nightly mean H ′ were subsequently grouped by
stability category.

For homogeneous agricultural land, or sparsely vegetated
surfaces, expected H ′ values would be lower than depicted
in Fig. 9, whereas over tall, heterogeneous forest canopies,
urban regions or undulating terrain, the expected correspond-
ingH ′ could be higher. Of interest to note in Fig. 9 is that for
around 25 % of near-neutral nights, characterised by mod-
erate to strong winds and frequent overcast conditions, the
lower nocturnal atmosphere appeared fully mixed through to
the synoptic inversion (i.e. no residual layer).

For conditions of moderate- to strong-stability over flat,
semi-rural fetch, H ′ was typically below 100 m (Fig. 9).
Furthermore, H ′ was also < 100m for most weakly stable
nights. Consequently, careful consideration should be given
to fetch characteristics before applying the RTM at tall tower
sites (e.g. European ICOS network towers, typically 100–
200 m tall). To demonstrate, we briefly discuss several ex-
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amples of ICOS station measurements, from Cabauw (the
Netherlands), Trainou (France) and Saclay (France).

Radon diel cycles at Cabauw (Fig. 4) exhibit little noctur-
nal accumulation at 200 m, indicating this sampling height is
usually above the SNBL for weakly through strongly stable
conditions. Similarly, monthly mean radon diel cycles from
180 m on the Trainou ICOS tower (Fig. 11, Pal et al., 2015),
show little nocturnal radon accumulation (< 1Bqm−3), fol-
lowed by radon peaks several hours after sunrise, as would
be expected following the convective breakdown of a morn-
ing inversion that had formed below the sampling height. In
contrast to Lopez et al. (2012) who reported that the 180 m
Trainou measurements are within the SNBL around 50 % of
the time, regardless of season, the results of Pal et al. (2015)
suggest that the 180 m measurements at Trainou are not often
within the SNBL.

By contrast, Fig. 10 depicts diel composite radon at 15
and 100 m on the Saclay ICOS tower, grouped by stabil-
ity category (Sect. 2.3). The local fetch for this tower has
undulating terrain, covered by a mixture of forests, agricul-
tural and semi-urban regions (Yver-Kwok et al., 2025). Fur-
ther afield (north through east) is the Paris urban agglom-
eration. For weak to strong stability conditions a nocturnal
accumulation of 2–3 Bqm−3 is evident at 100 m, with peak
values occurring after sunrise when higher radon concentra-
tions from lower in the SNBL are mixed upwards by convec-
tion. Clearly the 100 m Saclay measurements are often within
the SNBL. Of note, accumulation rates are more uniform at
100 m, but accumulation magnitude is 2–3 times higher at
15 m (highlighting the non-uniformity of mixing within the
SNBL, Sect. 2.2).

When Saclay CH4 observations were grouped by the
same stability categories (Fig. 11), while accumulation un-
der the most stable conditions were clearly discernible at
both heights, the other categories were much less distinct.
This evident contrast between radon and CH4 is attributable
to two main factors: (i) a larger spatial variability in the CH4
source function than for radon, and (ii) a tendency for dif-
ferent nocturnal stability regimes to experience very distinct
contributing fetch regions due to contrasting synoptic meteo-
rology conditions (Crawford et al., 2023; Kikaj et al., 2023).

Figure 12a and b depict Rn-to-CH4 regressions between
19:00 and 05:00 LT based on composites of all strongly sta-
ble summer nights. Figure 12c and d depict corresponding
plots for only the strongly stable nights with R2 > 0.7 (refer
to Fig. 2). Two things are evident from these plots: (i) the
composite based on all stable nights is better suited to define
the AW for this site and stability regime (since it is more sta-
tistically sound), and (ii) regression slopes are notably larger
when only the R2 > 0.7 nights are selected (Fig. 12c and d).

At both heights on the Saclay tower there were two accu-
mulation regimes evident under strongly stable conditions:
before and after 22:00 LT (Fig. 12a and b). Based on these
results, we selected a 22:00–05:00 LT AW (indicated by red
markers) for RTM flux estimates.

For the following summertime Saclay CH4 flux estimates
we calculated Rn-to-CH4 regression slopes in 3 ways: (1) the
average slope for all nights with R2 > 0.7 in each stability
category; (2) as for (1) but up to 2 outliers from the 8 hourly
samples in the AW were removed from individual nightly
regressions such that each R2 > 0.9; and (3) a single slope
derived from a Rn-to-CH4 regression calculated from hourly
composite radon and CH4 values for nights in each category
where R2 > 0.7.

CH4 flux estimates in Table 1 were calculated by scaling
the regression slopes by 0.965 to account for nocturnal radon
decay (see Sect. 2.1), then multiplying by a representative
summer radon flux for the tower’s contributing fetch. The
annual average radon flux for this region is 52 Bqm−2 h−1

(Yver-Kwok et al., 2024). However, as noted by Levin et
al. (2021), it is not unusual to see a soil moisture-driven
seasonality in radon flux of order ±25 %–30 %. This is in
good agreement with the seasonal changes in radon flux
from the Saclay contributing fetch reported by Yver-Kwok
et al. (2024; their Fig. 7), from which we assumed a repre-
sentative summer radon flux of 70 Bqm−2 h−1.

Focussing discussion on method 2 above (the most similar
to existing RTM applications), CH4 flux estimates from both
heights were larger under well-mixed conditions than un-
der strongly stable conditions. This is consistent with higher
wind speeds (larger contributing fetch) under well mixed
conditions, and wind directions at this site in summer of-
ten coming from the Paris urban agglomeration (Yver-Kwok
et al., 2025). In the direction of Paris, the initial ∼ 10 km
of fetch is dominated by forests and agriculture. Further-
more, fluxes estimated from the 15 m observations (with
the reduced contributing fetch) were generally smaller than
those estimated from 100 m. At 100 m, under strongly sta-
ble conditions, estimated CH4 fluxes were higher than for
weak to moderate stability conditions. This may be because
the AW under strongly stable conditions should have been
shorter (e.g. 23:00–05:00 LT instead of 22:00–05:00 LT, see
Fig. 12d), or because potentially the 100 m sampling height
may not have been completely within the SNBL for the
whole of each night.

Under well-mixed conditions, estimated CH4 emission
from the contributing fetch (including the Paris region)
was 1.4± 0.73 to 1.6± 0.67 mg(CH4)m−2 h−1, while emis-
sions under the most stable conditions (representing more
of the nearby forested/agricultural regions and less of Paris)
was 0.77± 0.23 to 1.23± 0.66 mg(CH4)m−2 h−1. By com-
parison, Fig. 10 of Yver-Kwok et al. (2024) show sum-
mertime 100 m RTM CH4 fluxes for this site in 2022 to
vary between 0.2–2.3 mg(CH4)m−2 h−1, with average val-
ues ∼ 0.95 mg(CH4)m−2 h−1. While, overall, the results
are quite similar between these two studies, the inclu-
sion of radon-based stability classification allows a clearer
distinction between contributing fetch regions. The June–
September 2022 average CH4 flux from all sources for the
Saclay region based on EDGAR v8.1 (Crippa et al., 2024)

https://doi.org/10.5194/amt-19-6823-2026 Atmos. Meas. Tech., 19, 6823–6856, 2026



6836 S. D. Chambers et al.: Review of the RTM for GHG emission estimates

Figure 10. Diel composite radon concentrations as a function of nocturnal mixing category at 15 and 100 m on the Saclay ICOS tower,
France, between June and September 2022 (ICOS, 2018, 2025).

Figure 11. Corresponding diel composite CH4 mixing ratios at (a) 15 ma.g.l. and (b) 100 ma.g.l. on the Saclay ICOS tower for the mixing
categories shown in Fig. 10 (ICOS, 2018, 2025; Ramonet et al., 2025).

emissions was 0.86 mg(CH4)m−2 h−1; lower than the esti-
mate from this and the Yver-Kwok et al. (2024) study.

A number of corollaries arise from the ICOS tower case
studies above: (i) the accumulation signal-to-noise ratio im-
proves under stable conditions compared with well-mixed
conditions, and the stronger the stability the better (within
the SNBL), (ii) unless an ICOS tower is situated over a tall
forest canopy, undulating terrain, or an urban region, mea-
surements from > 100m would likely only observe noctur-
nal accumulation during a limited number of weakly sta-
ble evenings each month, (iii) signal-to-noise ratios improve
the nearer measurements are to the surface in the SNBL but
the effects of heterogeneity on accumulation are increased,
(iv) for a given measurement height the stronger the stability
conditions, the more local the contributing fetch, and (iv) the
lower the measurements within a SNBL the more local the
contributing fetch region, so the choice of sampling height
should be made with a contributing fetch scale in mind (see
Sect. 3.5).

Generally, measurement heights ≥ 30 ma.g.l. are better
suited for characterising integrated fluxes from regional-

scale (hundreds of kilometres) than local-scale (tens of kilo-
metres) fetch regions. If sampling is only possible from mea-
surement heights near the inversion or above the SNBL, the
idea of applying the RTM with a view to studying truly “lo-
cal” fetch regions (radius of tens of kilometres) should be
abandoned. For larger contributing fetch regions, other im-
plementations of the RTM can also be explored (see Sect. 1).

Levin et al. (2021) suggested removing the RTM nocturnal
stability criteria (or even sampling within the residual layer).
While the radon-to-tracer ratios under such conditions are
still representative of recent surface–atmosphere exchange
processes, the contributing fetch regions become extremely
large and poorly constrained, and the small diel signal ampli-
tudes under well-mixed conditions (see Figs. 4 and 10) could
lead to accumulation rates below instrument detection limits,
increasing measurement uncertainty.

Related to the above, in the absence of a nocturnal sta-
bility criterion (or related wind speed threshold), more care
is required to exclude influences of synoptic processes if
automated scripts are being used to apply the RTM. Un-
der conditions of moderate to strong winds, air mass “time
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Figure 12. Rn-to-CH4 regressions at 15 and 100 m at Saclay for the most stable nights. One marked outlier marked with a cross was excluded
from the regressions of (b) and (d) (ICOS, 2025; Ramonet et al., 2025).

Table 1. Summer RTM-based CH4 flux estimates [mg(CH4)m−2 h−1] from 15 and 100 ma.g.l. observations on the Saclay ICOS tower (see
text for explanation of the three estimates).

Height Stability Slope 1 Slope 2 Slope 3 FCH4 1(σ ) FCH4 2(σ ) FCH4 3
m mg(CH4)Bq−1 mg(CH4)Bq−1 mg(CH4)Bq−1

15 Well-mixed 0.024 0.024 0.021 1.617 (0.65) 1.596 (0.67) 1.446
15 Weakly Stable 0.014 0.015 0.014 0.975 (0.67) 0.980 (0.75) 0.932
15 Moderately stable 0.011 0.011 0.012 0.737 (0.55) 0.735 (0.53) 0.838
15 Strongly Stable 0.010 0.011 0.010 0.673 (0.12) 0.767 (0.23) 0.648
100 Well-mixed 0.020 0.020 0.020 1.322 (0.650) 1.381 (0.727) 1.358
100 Weakly Stable 0.018 0.017 0.018 1.184 (0.797) 1.181 (0.794) 1.182
100 Moderately stable 0.010 0.011 0.010 0.691 (0.229) 0.761 (0.232) 0.703
100 Strong Stable 0.018 0.018 0.015 1.204 (0.657) 1.227 (0.656) 1.034

over land” (rather than changing nocturnal mixing depth)
can cause co-accumulation of radon and other trace species
within the boundary layer over greater than diel timescales,
and this accumulation can be “reset” by sudden changes in
wind direction to recent oceanic fetch. Figure 13 shows sev-
eral such examples from December 2017 observed at the
Cabauw ICOS tower, which is ∼ 40 km from the North Sea
coast. Several fetch-driven periods of accumulation are evi-
dent, each with rapid transitions back to recent oceanic fetch.
Radon and CH4 were positively correlated (with high R2-
values) throughout both the accumulation and reset periods,
with the characteristics of these events (magnitude and du-
ration) varying with wind speed and direction. As evident

from this example, it is not uncommon for such events to
happen within or across the AW, so they need to be identified
and excluded for which software solutions have been devel-
oped (Levin et al., 1999; Hammer and Levin, 2009; Vogel et
al., 2012). Alternatively, imposing a requirement of strong at-
mospheric stability for the RTM (and/or potentially reducing
the measurement height) would enable the technique to be
used within ∼ 15 km of a coastline without actively having
to exclude wind sectors that include nearby coastlines.

While formulation of the RTM in Sect. 2.1 assumed uni-
form mixing of tracers within the atmospheric column, in
a stably stratified atmosphere tracers with surface sources
usually exhibit strong vertical gradients (e.g. Fig. 14a; see

https://doi.org/10.5194/amt-19-6823-2026 Atmos. Meas. Tech., 19, 6823–6856, 2026



6838 S. D. Chambers et al.: Review of the RTM for GHG emission estimates

Figure 13. 1 week of radon observations from the Cabauw ICOS tower in December 2017, indicating several transitions related to synoptic
changes in air mass fetch that are independent of diurnal mixing variability.

also examples in Table 1 of Chambers et al., 2011). Con-
sequently, when using the RTM for species that can exhibit
low amplitude diurnal cycles (e.g. N2O), unless measuring
under strongly stable conditions, within the lower half of
the SNBL, rates of change within the AW can at times ap-
proach the instrument’s detection limits. Consequently, for
measurements over simple, low canopies (e.g. pasture, crops,
semi-rural regions) a suitable height for measurements in-
tended for local RTM applications should be < 30ma.g.l..
Indeed, many applications of the RTM have focussed on
measurement heights between 7 and 25 ma.g.l. (Lopez et
al., 2012; Vogel et al., 2012; Belvisio et al., 2013; Grossi
et al., 2018), remaining within the SNBL, while not limiting
potential fetch regions to very local.

When measuring above undulating terrain, forest
canopies, or suburban/urban environments, however, ap-
propriate measurement heights and data selection criteria
will need to be assessed on a case-by-case basis. Levin et
al. (1999, 2021), for example, measured within Heidelberg
city near the peak urban canopy height (30 m–40 ma.g.l.).

Another assumption of the RTM is that both species are
acted upon by the same transport and mixing processes. This
requirement is most easily satisfied by making measurements
at the same height and location. Notably, some applications
of the RTM in the literature have not strictly adhered to this
recommendation (e.g. Lopez et al., 2012; Belviso et al., 2013,
2020; when observations were being made between 2 and
15 ma.g.l.). The closer the measurements are made to the
surface, and the stronger the stability, the more important
co-location becomes (e.g. Fig. 14a). For well-mixed through
weakly-stable conditions, when turbulence is vertically more
continuous and better connected to the surface, mixing length
scales increase with distance from the surface. Consequently,
the further removed measurements are from the surface, the
less a small difference in measurement height and spatial lo-
cation will impact the results. Under very stable conditions
however, the flow becomes strongly stratified (e.g. Fig. 14a),
mixing becomes intermittent, and localised flow patterns can
develop (Williams et al., 2013). Under these conditions mea-

suring at the same height and location becomes critical to
satisfy the assumption that both gases are being acted upon
by the same processes.

In the case of forest canopies nocturnal mixing depths will
depend on the roughness “seen” by the atmosphere, which
is different for closed vs. open canopies, or broadleaf vs.
coniferous canopies. As an example, Fig. 15 depicts diel
composite CO2 mixing ratios made within and above an
18 m coniferous forest in Hyytiälä, Finland, in the grow-
ing season. Composites were assigned mixing categories as
described in Sect. 2.3 based on radon measurements made
within the canopy at 6 ma.g.l. (using the method of Paatero
et al., 1994); only the mixing extremes (well-mixed and most
stable cases) are shown. Compared with the well-mixed con-
ditions, nocturnal CO2 accumulation was observed under the
most stable nocturnal conditions at this site up to ∼ 50 m
above the mean canopy height. If applying the RTM to re-
gions with dense forest canopies, particularly for species
such as CO2 which has nocturnal sources both at the surface
and throughout the canopy, the version of Eq. (5) suggested
by Martens et al. (2004) employs differences between canopy
profile mean concentrations and the corresponding SNBL
value (i.e. 1CO2 = CO2_CP−CO2_SNBL, where CO2_CP is
the mean canopy profile CO2 and CO2_SNBL is CO2 mea-
sured above the canopy within the SNBL).

In the case of dense or complex urban canopies the com-
bination of increased surface roughness and anthropogenic
heat flux results in the nocturnal inversion that forms the up-
per bound of the urban boundary layer (UBL) being higher
than the SNBL of the surrounding regions (providing a larger
volume to dilute surface emissions). Built environments also
contain more sealed surfaces (concrete, bitumen, etc.), which
can restrict the rates of radon emission. Consequently, the
amplitude of urban diurnal radon cycles is typically much
smaller than comparable ones in surrounding areas (e.g.
Fig. 3a; Chambers et al., 2019a).

Unlike forest canopies, trace gas sources associated with
urban canopies are typically either surface based, or near
rooftop height. Consequently, whether the RTM is applied
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Figure 14. Radon measurements at 0.58, 2.34 and 10 m (from a tower) and ∼ 100 m from a light aircraft, in Goulburn, Australia, November
2011 (a) just pre-dawn, and (b) in the early afternoon.

Figure 15. Growing season diel composite (hourly mean) CO2 concentrations within and above a coniferous forest in Finland under well
mixed and stable nocturnal conditions.

within the urban canopy layer (UCL) or the UBL (e.g.
Fig. 8.6; Oke, 1987) will be application specific. For mea-
surements conducted in the UCL, near the centre of an ur-
ban region, the contributing fetch region will be reduced, and
the percentage of sealed surfaces within this fetch greater,
which may require a modification of the employed radon
source function. The contributing fetch region for measure-
ments made within the UBL will be larger (typically beyond
the limits of the urban region for all but the most stable con-
ditions) and contain a greater fraction of open soil surfaces,
so modification of the regional radon source function may
not be necessary.

3.5 The RTM contributing fetch

The contributing fetch in the traditional definition of the
RTM (Sect. 2.1) is not explicitly considered. The result is un-
derstood to be a weighted average flux from an unspecified
region of influence. However, the primary value of the RTM
is as an independent TD method for estimating GHG emis-
sions that can be used to verify BU estimates. For a quantita-
tive comparison to be possible between these techniques, rep-

resentative dimensions of the RTM’s contributing fetch need
to be determined so that the underlying contributing emis-
sions can be identified and aggregated (Levin et al., 2021).

For this purpose, contemporary studies (e.g. Grossi et
al., 2018; Levin et al., 2021; Yver-Kwok et al., 2024) have
relied primarily on particle dispersion models such as STILT
or FLEXPART (Lin et al., 2003; Brioude et al., 2013). How-
ever, while model biases are generally minimised under near-
neutral through to weakly-stable conditions, when turbulence
is vertically continuous and connected to the surface, the
largest uncertainties arise under more strongly stable condi-
tions - the very conditions under which most of the underly-
ing assumptions and selection criteria for application of the
local RTM are best met. The relatively low-resolution mete-
orological forcing (from operational re-analyses) employed
by these dispersion models are not capable of capturing/rep-
resenting the small scale spatial and vertical variability that
occurs under stable atmospheric conditions.

Consequently, under strongly stratified atmospheric condi-
tions models typically overestimate near-surface wind speeds
(Kikaj et al., 2025b; Chambers et al., 2019b), potentially
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leading to significant overestimation of contributing fetch
dimensions. Furthermore, the operational re-analyses don’t
resolve topography well (or changing surface roughness,
which may impact simulated wind directions, e.g. Fig. 6a),
and under stable nocturnal conditions topographically in-
duced (katabatic) flows can dictate contributing fetch. Con-
sequently, where observations are made lower in the SNBL
(e.g. below 30–50 ma.g.l.), an argument could be made to
rely more heavily on observed, stability classified wind speed
information. Informed by category-mean stability classified
wind speeds at the observation height, likely radii of influ-
ence could be overlain on simulated fetch regions as a more
representative guide to the region of influence, providing a
similar result to Fig. 1a of Levin et al. (2021). For strongly
stable conditions over flat terrain wind directions can be
highly variable, so a radius of influence based on mean wind
speeds over the AW may be the best way to identify the lower
bound of potential contributing sources.

According to Sesana et al. (2003), trace species with
near surface sources only accumulate locally within the
SNBL when near-surface wind speeds are below 1.5 ms−1.
To demonstrate this behaviour, 4 years of stability clas-
sified 2 ma.g.l. wind speed and radon concentrations (ex-
cluding winter months) from at a flat, rural site in cen-
tral Poland are summarised in Fig. 16 (see Chambers et
al., 2016 for further information). On strongly stable nights
near-surface wind speeds reduced to around 0.3 ms−1, and
radon accumulation up to 12 Bqm−3 above the previous af-
ternoon minimum was observed. By contrast, under well-
mixed conditions when mean nocturnal near-surface wind
speeds were 1.1–1.2 ms−1, a nocturnal radon accumulation
of only 1.2 Bqm−3 was observed.

Typically, strongly stable nights occur under the influence
of anti-cyclonic conditions (characterised by clear skies and
regional subsidence). Synoptic winds, and their near-surface
vertical gradients, are typically small within the shallow in-
version layer. As described by Williams et al. (2013), if wind
speeds just above, or within the inversion significantly in-
crease, turbulence will develop and the SNBL will temporar-
ily recouple with the overlying residual layer. As a result,
accumulation near the surface would be interrupted or, in ex-
treme cases, completely reset.

In comparable studies over flat, inland regions, 10 m
wind speeds under strongly stable conditions were only
around 0.5 ms−1 (Chambers et al., 2015), and at 30 m
around 1.5 ms−1 (Chambers et al., 2016b). At Cabauw
(Fig. 6b) wind speeds at 10 m and 20 ma.g.l. for strongly
stable conditions were around 1.5 and 2 ms−1, respec-
tively. Consequently, in the absence of substantial katabatic
drainage flows, fetch regions for observations conducted un-
der strongly stable conditions over an 8 h accumulation win-
dow are unlikely to have an extent of more than 10–40 km.
In support of this hypothesis, Fig. 5d shows that under the
most stable conditions the 20 m observations at Cabauw see
very little influence from the urban regions ∼ 30 km to the

south. This is in stark contrast to studies such as Grossi et al.
(2018) that indicate contributing fetch regions of several hun-
dred kilometres for accumulation measurements 20 m a.g.l.
under reportedly stable conditions.

Historically, RTM applications have not imposed wind
speed criteria. Furthermore, contemporary RTM applications
are increasingly removing the requirement of atmospheric
stability altogether, relying more on the quality of the lin-
ear correlation between radon and the tracer. The disadvan-
tage of this approach is that the results obtained become an
aggregate of contributions from all scales of fetch (which
can range from tens to many hundreds of kilometres; e.g.
Grossi et al., 2018; Levin et al., 2021). This causes signifi-
cant, potentially retrievable information, to be lost. Alterna-
tively, grouping nights according to a radon-based stability
criteria (see Sect. 2.3) could both improve the quality of RTM
estimates, and provide more detailed information about con-
tributing fetch regions (over which emissions characteristics
can change substantially).

3.6 Spatial and temporal variability of the radon flux

Equation (5) demonstrates that uncertainty in the footprint-
weighted radon flux is directly proportional to uncertainty in
the RTM target species flux estimate. Long-term spatial vari-
ability in radon flux is predominantly determined by the soil
radium-226 content and physical characteristics (Nazaroff,
1992). Except for regions subjected to substantial anthro-
pogenic disturbance (e.g. covering, reworking or backfilling
of soils), this information is generally well characterised by
the growing number of radon flux maps (Schery and Wa-
siolek, 1998; Szegvary et al., 2009; Griffiths et al., 2010;
López-Coto et al., 2013; Karstens et al., 2015; Karstens and
Levin, 2024). Temporal variability in radon flux, however, is
primarily controlled by the soil moisture content and water
table depth (Karstens et al., 2015; Karstens and Levin, 2024),
which changes on seasonal, synoptic and diurnal timescales.
Secondary influences associated with wind speed and pres-
sure changes can also be significant on a range of timescales
(Porstendörfer, 1994; Redeker et al., 2015).

While process-based radon flux maps in conjunction with
soil moisture models are continually improving their repre-
sentation of monthly-to-seasonal changes in radon flux asso-
ciated soil moisture variability on corresponding timescales
(e.g. Karstens et al., 2015; Karstens and Levin, 2024),
failure to represent changing soil moisture conditions on
sub-synoptic timescales (associated with individual rainfall
events), or daily timescales (associated with diurnal evapo-
ration), particularly in the summer months, can add a fur-
ther factor of 2 uncertainty to existing uncertainties in spa-
tial and temporal variability (±25%−30% seasonally), and
contributing footprint flux definition (Levin et al., 2021).

Observed contrasts between different contemporary soil
moisture reanalyses demonstrate the uncertainty in the ab-
solute soil moisture (or free pore space), which can have a
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Figure 16. Diel composite 2 m (a) wind speed, and (b) radon concentration, as a function of contrasting nocturnal stability conditions for
non-winter months at a rural site in central Poland over the 4 year period 2008–2011.

significant impact on quantitative tracer flux estimation. One
way to improve understanding of this uncertainty and even-
tually improve the radon flux maps and parameterisations of
key processes could be through the combined use of inverse
modelling and long-term, high-quality atmospheric radon ac-
tivity observations (Maier et al., 2025). Until the effects of
soil moisture variability and uncertainty are better under-
stood, this potentially represents a significant limitation to
application of the RTM.

For the RTM applied as intended (i.e. under strong noc-
turnal stability conditions), some inherent safeguards exist
against rapid short-term changes in radon flux associated
with rainfall, wind speed, and pressure. Strong nocturnal sta-
bility is usually associated with anti-cyclonic synoptic con-
ditions, characterised by stable high pressure, regional sub-
sidence, clear skies, warm dry days, cold calm nights. Fur-
thermore, the comparatively restricted fetch associated with
strongly stable conditions increases the likelihood that me-
teorological conditions (particularly rainfall and wind) will
be similar over this contributing area, and radon fluxes more
homogeneous (Schmidt et al., 2001). Conversely, if the scope
of conditions to apply the RTM is broadened to include well-
mixed through moderate stability, this increases the likeli-
hood of rainfall, gusty winds, and rapid pressure changes –
which can modify the radon flux along the air mass trajec-
tory. The final flux estimate would reflect a mixture of these
influences over a larger contributing fetch.

The effect of nocturnal stability on wind speed was shown
in Fig. 16a. To demonstrate stability influence on rainfall
(and thereby short-term soil moisture variability), Fig. 17
contrasts diel composite rainfall in Ljubljana, Slovenia, over
2 years under a range of nocturnal stability conditions. On
average, PTI conditions prevailed 25 % of the time in win-
ter and autumn, and these events were excluded. “Non-
stationary” days included a sharp synoptic transition (e.g.
meteorological “front”) or pronounced air mass fetch change
during the night.

Table 1 of Kikaj et al. (2020) summarises typical mete-
orological conditions for each stability class. Clearly, rain-
fall under strongly stable conditions was uncommon. Conse-
quently, for a given month of the year, while long term (sea-
sonal) changes in soil moisture would still be represented,
selecting the most stable nights for RTM analysis would
yield the least short-term variability in radon flux; i.e. radon
fluxes that would be most closely represented by process-
based flux maps. While rainfall distribution, and its impact
on soil moisture variability, is not similarly distributed be-
tween seasons, the relationship between stability conditions
and reduced rainfall is (Fig. 17). So, while there is no substi-
tute for long-term, high temporal resolution radon flux obser-
vations representative of all weather conditions and soil types
of the contributing fetch area (Levin et al., 2021), appropriate
selection of conditions for which to apply the RTM can alle-
viate the problem. The “fair-weather bias” of strongly stable
conditions should be kept in mind though, since it is not nec-
essarily independent of GHG fluxes, given that cold, clear
nights could give rise to higher anthropogenic CO2 emis-
sions and lower CH4 emissions. Furthermore, as mentioned
in Sect. 3.4, different nocturnal stability regimes often expe-
rience strongly contrasting contributing fetch directions and
extent, due to changes in prevailing synoptic meteorology
(Crawford et al., 2023; Kikaj et al., 2023).

3.7 Temporal representation of RTM emission
estimates

At most the RTM yields one flux estimate per night, and tra-
ditional data selection criteria often reject 85 %–90 % of ob-
servations, leaving 3–4 suitable nights per month. If radon-
based stability classification is adopted, this typically yields
∼ 3 nights per month per stability category (see Fig. 2). Con-
sequently, the minimum temporal resolution for RTM-based
flux estimates is monthly, although 2 monthly or seasonal
estimates would be more statistically robust. Consequently,
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Figure 17. Diel composite hourly mean rainfall in Ljubljana (Slovenia) over 2017 and 2018 grouped by radon-derived stability categories.

long-term, high-quality observations are critical. The soil-
moisture driven uncertainties in radon flux (Sect. 3.6) make
the RTM a tool that is better suited to characterising relative
long-term (year-to-year) changes in emissions, rather than
short-term absolute emission strengths. For this reason, the
technique is not well suited to short, campaign-style obser-
vations (unless the sites are subsequently being returned to
under comparable conditions year after year).

As an example of the pros and cons of changing
temporal resolution, the 3 month average (June through
August 2022, based on 9 separate events) CH4 flux
from 100 m on the Saclay tower under the most sta-
ble conditions was (1.23± 0.22)mg(CH4)m−2 h−1. Per-
forming the same analysis by month (each based on
3 samples) yields: June: (1.40± 0.62)mg(CH4)m−2 h−1;
July: (1.18± 0.31)mg(CH4)m−2 h−1; and August: (1.10±
0.26)mg(CH4)m−2 h−1. Clearly, fetch characteristics for the
events contributing to each month’s measurement could be
analysed separately, along with the prevailing climatology,
to determine how well the changing monthly values could be
explained by changing source distributions in the respective
contributing fetches, but it is beyond the scope of this study.

3.8 Requirements of radon monitors

An important consideration for the RTM is the expected
nightly accumulation rates at a particular site or elevation
(Sect. 3.2). The further measurements are from the surface,
or the weaker the stability, the smaller the hourly accumula-
tion rate and the greater demands on instrument sensitivity.

To maximise opportunities for RTM emission estimates,
both purpose-built sites and existing long-term monitoring
network stations (e.g. GAW, ICOS, UK DECC) should be
utilised. However, depending on their location and fetch
characteristics, not all existing tall-tower sites are equally

suitable (see Sect. 3.4), and their measurements are often far
from the surface.

Here we contrast required instrument performance char-
acteristics for RTM observations at 15 and 100 m on the
Saclay ICOS tower. In summer, CH4 accumulation at 100 m
between 22:00 and 05:00 LT was 20–30 ppb for moderate
to strong stability (Fig. 11b), corresponding to accumula-
tion rates of 2.5–3.8 ppbh−1. Based on the typical repeata-
bility of ICOS CH4 observations (∼ 0.1 ppb; Yver-Kwok
et al., 2015), this accumulation rate could be characterised
reliably. The corresponding radon accumulation was 1.3–
2 Bqm−3 (or 0.16–0.25 Bqm−3 h−1). Radon monitors capa-
ble of reliably measuring such accumulation rates are not
common.

Calibration traceability for commercial radon moni-
tors, for indoor public health research, was achieved to
100 Bqm−3 (MetroRADON; http://metroradon.eu, last ac-
cess: 7 October 2025). Since these monitors have a
> 40 % hourly measurement uncertainty at concentrations of
5 Bqm−3, separate “research grade” monitors have been de-
veloped for environmental measurements: two-filter moni-
tors (Whittlestone and Zahorowski, 1998); electrostatic de-
position monitors (Pereira and da Silva, 1989; Vargas et
al., 2004; Wada et al., 2010); and single-filter α and β de-
tecting monitors (Polian et al., 1986; Levin et al., 2002;
Paatero et al., 1994). The often labelled “direct” radon mon-
itors, since they sample ambient radon not radon progeny
(e.g. based on the two-filter or electrostatic deposition prin-
ciples) measure only newly-formed radon progeny in their
measurement volumes under carefully controlled conditions
(regarding ambient aerosol loading), making their observa-
tions independent of measurement height and weather condi-
tions, whereas “indirect” monitors (single-filter) infer ambi-
ent radon concentrations from ambient radon-progeny mea-
surements (Schmithüsen et al., 2017).
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Traceability for direct research grade radon monitors
was recently achieved to ∼ 1 Bqm−3 (traceRadon, http://
traceradon-empir.eu/, last access: 7 October 2025; Röttger
et al., 2021; Röttger et al., 2025). Furthermore, to enable
these calibrations to be transferred to other monitors in the
field, traceRadon developed two calibration transfer stan-
dard (CTS) devices: the ANSTO 200L monitor (Chambers
et al., 2022), and the UPC ARMON v2 (Curcoll et al., 2024).

The most common research grade monitors at GAW and
ICOS sites are currently the 1500L two-filter ANSTO mon-
itor (Whittlestone and Zahorowski, 1998), and the Heidel-
berg Radon Monitor (HRM; Levin et al., 2002). Since the
1500L monitors have been too large to characterise in a con-
trolled climate chamber, historically, ANSTO has defined the
detection limit of their monitors to be the radon concentra-
tion at which the counting error reaches 30 %; rather than
adopting the ISO 11929 definition. According to this def-
inition, the detection limit of 1500L two-filter monitors is
typically 0.025 Bq m−3 (Chambers et al., 2014), and their
response time 45 min (correctable in post-processing; Grif-
fiths et al., 2016) (see also rdfix software at https://github.
com/anstoradonlab/rdfix; last access: 17 July 2026). Un-
til recently, the large size and high flow rates of 1500L
monitors have necessitated in situ calibration on top of the
flow of sample air (with associated uncertainties of 2 %–
8 %), but with the advent of CTS devices and pulse cal-
ibration techniques (Röttger et al., 2025) this uncertainty
can now be largely eliminated. By comparison, the detec-
tion limit of the HRM (also based on a 30 % counting uncer-
tainty) is 0.06–0.07 Bqm−3 (Chambers et al., 2018; Grossi
et al., 2020). While the absolute accuracy of this indirect
monitor is affected by radon-progeny disequilibrium below
∼ 80 ma.g.l. (Jacobi and Andre, 1963), tube loss effects
(Levin et al., 2017), aerosol scavenging events (e.g. fog or
rain), atmospheric stability, and fetch effects, with appropri-
ate data selection it is well suited to RTM studies (Levin et
al., 2021; Gachkivskyi et al., 2025).

Based on their detection limits, both the 1500L two-
filter detector and the HRM are capable of reliably char-
acterising rates of radon accumulation at 100 m on the
Saclay tower under conditions of moderate to strong stability
(0.16–0.25 Bqm−3 h−1). However, the most consistent cov-
erage for all meteorological conditions is provided by the
ANSTO 1500L monitor.

Since space for instrument installation can be limited at
existing tall-tower network sites, we also wanted to evalu-
ate the potential suitability of the two direct portable CTS
devices for tall-tower RTM studies, as well as for broader
atmospheric research applications with stringent uncertainty
demands. For this purpose, we briefly report on a previously
published portion of an intercomparison between a 1500L
two-filter detector and the two traceRadon CTS devices
(the ANSTO 200L and the ARMON v2 monitors) (Fuente
et al., 2022; http://traceradon-empir.eu/wp-content/uploads/
2022/10/traceRadon_Newsletter_2022-09.pdf; last access:

2 March 2026). A full analysis of the complete 4 month in-
tercomparison dataset, including a full uncertainty budget for
the monitors, is out of scope for this paper but is currently in
preparation as part of a separate study.

Figure 18a compares hourly aggregated observations be-
tween the 3 monitors for 7 of the first 38 d of the traceRadon
Project’s second field intercomparison project (ICP). Only a
7 d period in July 2022 was selected for Fig. 18a so that the
individual hourly values are still discernible for direct com-
parison. Traceable calibrations for both the ANSTO 200L
and ARMON v2 developed in a controlled climate chamber
(Röttger et al., 2025) have been used for this dataset, and this
calibration of the ANSTO 200L detector was transferred to
the ANSTO 1500L (without interrupting its operation). Fig-
ure 18b and c compare regressions between the 1500L moni-
tor and the portable CTS devices. The regression coefficients
for the 1500L vs. 200L comparison demonstrate the success-
ful calibration transfer.

The ANSTO 1500L and ANSTO 200L monitors shared
one sampling line, while the ARMON v2 used a different line
(shared with the HRM), all sampling from the same height on
the tower. As expected, both two-filter detectors agreed well
after the calibration transfer (Fig. 18b), with a slight scat-
ter about the linear trend (R2

= 0.985) due to (i) the higher
counting uncertainty of the 200L monitor, and (ii) slightly
increased uncertainty of the response time correction based
on the increased signal to noise ratio for the 200L monitor.
A good agreement was also seen between the 1500L detector
and the ARMON v2 (slope 0.932), but with a larger scatter
about the linear trend (R2

= 0.901), attributable in part to the
smaller ARMON v2 counting statistics.

Two-filter detectors have a 45 min response time, but both
signals in Fig. 18 had been corrected for response time effects
via deconvolution (Griffiths et al., 2016; Griffiths, 2024),
which has slightly increased their individual measurement
uncertainties (contributing to the lowerR2-value in Fig. 18b).
No response time correction is required for the ARMON v2.
To determine whether any of the scatter observed in Fig. 18c
could be attributed to differences in instrument response
times (after correction of the two-filter detector signals), we
sought an objective way of comparing the relative perfor-
mance of these instruments. For measurements in the ABL
spectral analysis (via Fast Fourier Transform, e.g. Press et
al., 1992) can be used to assess the fidelity with which at-
mospheric monitors can reflect real physical changes asso-
ciated with turbulent motions. For meteorological quantities
and trace gases, observed signal variance in the ABL is con-
tributed to by a range of scales (or time periods) of turbu-
lence (Stull, 1988). Turbulence theory dictates that the signal
power contributing to observed variance should decrease lin-
early (on a log–log plot) with decreasing scales of motion (or
time periods). Deviation from this linearity (e.g. an upward
flattening of the power spectrum curve), is indicative of in-
strumental noise (or uncertainty). We therefore performed a
Fourier decomposition of the hourly Saclay radon record for
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Figure 18. (a) 7 d comparison of hourly radon observations from 100 m on the Saclay tower between ANSTO 1500L and ANSTO 200L
two-filter detectors and the UPC ARMON v2. (b) Linear regressions between the ANSTO 200L and ANSTO 1500L monitor (over the
complete 4 month ICP), and (c) linear regressions between the ARMON v2 and the ANSTO 1500L for only 38 d of the ICP (ICOS, 2018,
2025; Ramonet et al., 2025). Full ICP dataset for the ARMON v2 will be presented in a subsequent manuscript currently in review.

each instrument, together with selected meteorological quan-
tities, as a comparison (Fig. 19).

Temperature measurements at 100 m on the Saclay tower
were checked for consistency prior to the Fourier decom-
position, and no evidence of significant inaccuracy or non-
conformity was identified. Consistent with theoretical expec-
tations, contribution to observed temperature variance (signal
power) for all sub-diel (< 24 h) periods decreased approxi-
mately linearly with decreasing period (i.e. towards smaller
turbulence scales; Fig. 19a). This behaviour is consistent
with temperature variability dominated by turbulent mix-
ing in the atmospheric boundary layer. Results for humidity
have not been shown here but are available in the companion
dataset (Chambers, 2025).

The ANSTO 1500L monitor output exhibited an approxi-
mately linear reduction of signal power with period of turbu-
lent motion (Fig. 19b), similar to that observed for tempera-
ture at the same height. This behaviour is consistent with the
reported radon variability being primarily driven by the same
physical atmospheric processes that control temperature vari-
ance. Relative to this behaviour, the ANSTO 200L and AR-
MON v2 spectra showed increasing deviation at shorter peri-
ods, with the largest departure observed for the ARMON v2.
These differences are consistent with a progressive reduction
in fidelity for resolving short-timescale, turbulence-driven
radon variability from the ANSTO 1500L to the ANSTO

200L and then to the ARMON v2. The departure of the AR-
MON v2 spectrum from the linear trend at periods of 7–8 h in
Fig. 19d is relatively consistent with several 6–10 h periods
of large bias evident between the ARMON v2 and ANSTO
1500L monitor in Fig. 18 a. In this context, the mean absolute
differences between the ANSTO 1500L and ANSTO 200L
signals (0.25±0.24Bqm−3; Fig. 18a and b), and between the
ANSTO 1500L and ARMON v2 signals (0.53±0.55Bqm−3;
Fig. 18a and c), are more consistent with increasing instru-
mental limitations at shorter periods than with residual dif-
ferences in instrument response time.

The sensitivity to radon of direct monitors such as the two-
filter and electrostatic deposition types is a strong function
of measurement volume. Together, the detector sensitivities
and instrumental backgrounds are used to determine a count-
ing uncertainty for each instrument. The measurement vol-
umes of the three detectors compared here are 1500L, 200L
and 20L. The respective sensitivity to radon of these instru-
ments is 0.35 s−1 (Bqm−3)−1 for the ANSTO 1500L mon-
itor, 0.0426 s−1 (Bqm−3)−1 for the ANSTO 200L monitor,
and 0.0059 s−1 (Bqm−3)−1 for the ARMON v2 (Chambers
et al., 2022; Röttger et al., 2025). As a first order approxi-
mation, the dominant reason for the ANSTO 200L and AR-
MON v2 monitors to be less able than the ANSTO 1500L
monitor to accurately represent radon variability driven by
decreasing scales of atmospheric turbulence is more likely
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Figure 19. Power spectral density plots (variance signal power as a function of period of motion – from 2 h to > 1 week) based on hourly
observations at 100 m from the Saclay ICOS tower. (a) the ICOS 100 m Saclay temperature record, (b) an ANSTO 1500L monitor, (c) an
ANSTO 200L monitor, and (d) the UPC ARMON v2. Hand-drawn red dashed linear trends have been included to guide the eye.

their respective measurement uncertainties than a difference
in response times between the instruments.

Having empirically established the superior measure-
ment performance regarding sensitivity and relative re-
sponse of the larger volume ANSTO 1500L monitor over
the smaller ANSTO 200L detector (Fig. 19b and c; see
Kikaj et al., 2025a for a discussion of 1500L monitors in
the broader context), we now summarise a comparison of
the ANSTO 200L and ARMON v2 monitors performed in
the controlled climate chamber of Physikalisch-Technische
Bundesanstalt (PTB, Braunschweig, Germany) (Röttger et
al., 2025) and discuss how the difference in their perfor-
mance observed at PTB could impact the performance of
these more compact monitors for RTM applications.

The ANSTO 200L and ARMON v2 CTS devices were
setup in the climate chamber along with a reference Al-
phaGUARD PQ2000 PRO monitor. Over a 4 month pe-
riod, through a combination of novel low activity Radium-
226 sources (Mertes et al., 2022) and zero-radon air, radon
concentrations were varied between ∼ 0 and 45 Bqm−3

(Fig. 20a). Over the course of these tests, the standard devi-
ation of the ARMON v2 radon concentrations relative to the

simulated value chamber concentration (based on source ac-
tivity and chamber free volume of 21.2 m3) was more than
double that of the response-time corrected ANSTO 200L
monitor (Fig. 20b). Under the PTB chamber’s controlled con-
ditions, this indicates broader scatter for the ARMON v2 and
lower scatter for the ANSTO 200L.

We sought to determine whether this performance dif-
ference could affect instrument suitability for RTM studies,
and if so, under what conditions. Radon accumulation rates
at Saclay (100 ma.g.l.) between 22:00 and 05:00 LT under
moderate to strong stability were 0.16–0.25 Bqm−3 h−1 at
ambient concentrations of 3–4 Bqm−3 (Fig. 10). Based on
the PTB instrument calibrations (Röttger et al., 2025), the un-
certainty (k = 1) of the ANSTO 200L and ARMON v2 mon-
itors at 7.9 Bqm−3 (the lowest calibration point) was±7.1 %
and ±16.7 %, respectively. Conservatively, at 4 Bqm−3 this
equates to an uncertainty of ±0.28 and ±0.67 Bqm−3, for
the ANSTO 200L and ARMON v2, respectively. Under these
assumptions, the uncertainty of the ANSTO 200L monitor is
of similar magnitude to the expected 100 m Saclay accumu-
lation rate under strongly stable conditions, whereas that of
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Figure 20. (a) 4 month comparison of the ANSTO 200L and ARMON v2 monitors in the PTB climate chamber, and (b) comparison of
standard deviations about the simulated chamber radon concentration (adapted from Röttger et al., 2025).

the ARMON v2 was around a factor of 3 higher than the ex-
pected accumulation rate under the same conditions.

To achieve an acceptable uncertainty for RTM applica-
tions, Levin et al. (2011), who originally conceived the
RTM technique, recommended that the accumulation rate
of change be a factor of 3 higher than the measurement
uncertainty of the instrument being used to characterise
it. While this benchmark is achievable for 100 m observa-
tions at Saclay under strongly stable conditions using an
ANSTO 1500L monitor, it is not achievable by either the
ANSTO 200L or ARMON v2 detectors. These conclusions
should, however, be interpreted in the context of the concen-
tration range, accumulation rates, and measurement height
considered here.

However, if space limitations at a tall-tower site ne-
cessitate that one of the more compact CTS devices is
used, then the strengths and weaknesses of each of the
CTS devices should be carefully considered. While the
ANSTO 200L monitor has a lower measurement uncer-
tainty and does not require a dry air stream for opera-
tion, the ARMON v2 is more portable (shorter and lighter),
and has alpha-spectroscopic abilities (which can distinguish
between radon isotopes) that the ANSTO radon monitors
lack. More generally, the suitability of compact radon mon-
itors for RTM applications will depend on the magnitude
of the radon accumulation rate relative to instrument uncer-
tainty, which may vary with site-specific exhalation rates,
boundary-layer dynamics, coastal versus inland setting, and
sampling height. When applying less accurate radon moni-
tors than the ANSTO 1500L to the RTM, the user should be
mindful that increasing measurement uncertainty would ne-
cessitate the reduction of R2 thresholds for the Rn-to-target
gas regressions (see Sect. 3.3), and it could become increas-
ingly difficult to separate outliers due to fetch heterogeneity
from instrument uncertainty.

A complete comparative uncertainty analysis of RTM flux
estimates at Saclay by each radon instrument is beyond the
scope of this study. However, as an illustration of the be-

haviour described above, Fig. 21 compares two nights of ob-
servations at 100 m on the Saclay ICOS tower (24 and 27
July 2022), for which the R2 value for radon-to-CH4 regres-
sions based on measurements by the ANSTO 1500L moni-
tor were > 0.7. Plots on the left (Fig. 21a and d) are for the
ANSTO 1500L monitor, plots in the middle (Fig. 21b and
e) are for the ANSTO 200L monitor, and plots on the right
(Fig. 21c and f) are for the ARMON v2. The higher uncer-
tainty of the ARMON v2 measurements at the low radon con-
centrations experienced at 100 ma.g.l., results in substantial
changes in slope and R2 values for the radon-to-CH4 regres-
sions.

To further illustrate the differences in slope and R2 val-
ues between Fig. 21d and f, Fig. 22a shows the entire di-
urnal radon cycle at 100 m on the Saclay ICOS tower on
27 July 2022 as observed by the ANSTO 1500L and AR-
MON v2 monitors. The influence of the greater uncertainty
of the ARMON v2 instrument is evident, and of a similar
magnitude to that calculated from the PTB tests. Radon-to-
CH4 regressions were calculated each night for the first 38 d
of the ICP over the 22:00–05:00 LT window for each moni-
tor, and the corresponding R2 values sorted according to the
ANSTO 1500L monitor values (Fig. 22b). Results indicate
a substantial reduction in number of nights with R2 values
greater than the nominal 0.7 threshold for observations made
by the ARMON v2. To address this issue, lower R2 thresh-
olds may be required for radon monitors with higher uncer-
tainty (e.g. 0.5 or 0.6). Since counting statistics are random
in nature, averaging over many nights will reduce the error
in regression slopes used to make the estimate fluxes. How-
ever, if data is to be analysed by month and stability category,
there are often few suitable nights available for averaging.

Shifting focus from 100 ma.g.l. observations to a lower
inlet height (15 m) on the same tall tower, and using the
Saclay observations as an example, radon accumulation was
∼ 3 times larger closer to the surface (3 and 6 Bqm−3 for
moderate and strong stability; Fig. 10). Since the accumula-
tion rate under stable conditions (0.75 Bqm−3 h−1) is higher
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Figure 21. Radon-to-CH4 regressions for two moderately stable nights between 22:00 and 05:00 LT at 100 m on the Saclay ICOS tower on
the nights of 24 and 27 July 2022.

Figure 22. (a) Diurnal cycle of radon at 100 m on the Saclay ICOS tower on 27 July 2022 (see Fig. 21d), and (b) radon-to-CH4 regression
values (sorted in ascending order) for the first 38 d of the ICP based on observations from the ANSTO 1500L and ARMON v2 radon monitors.

than the corresponding measurement uncertainty at those
concentrations for either the ANSTO 200L or ARMON v2,
the more compact CTS devices would be better suited for
RTM applications where measurements are made at lower
inlet heights (e.g. 20 ma.g.l., in Grossi et al., 2018). An-
other important consideration is the spatial variability of
radon emissions across Europe (e.g. Karstens et al., 2015).
In cases where the regional radon flux is considerably higher
than in the footprint of the Saclay ICOS tower, accumulation
rates under stable conditions further from the surface would
be larger. Radon observations for purposes other than RTM

studies will likely have application-specific requirements re-
garding temporal resolution and instrument uncertainty, ne-
cessitating a separate assessment of instrument suitability.

4 Conclusions

The Radon Tracer Method is an established, independent top-
down method to estimate local- (e.g. urban scale) to regional-
scale emissions of target species (e.g. greenhouse gases) that
is relatively simple-to-apply. However, challenges associated
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with accurate characterisation of short-term spatial and tem-
poral variability in radon flux estimates, largely associated
with soil moisture variability (and related uncertainties), typ-
ically render the technique better suited to characterising
long-term relative changes in emissions rather than short-
term absolute emissions estimates. Despite this caveat, the
RTM remains a valuable asset for sanity checking bottom-up
emission inventories, assessing the efficacy of GHG mitiga-
tion strategies, and potentially demonstrating continual im-
provement in atmospheric transport model inversions of re-
gional emissions as ATM uncertainties are reduced.

Key to success in these endeavours, however, is the ability
to accurately characterise the contributing fetch (over which
the radon fluxes are determined and the emission magni-
tudes estimated). Contemporary RTM studies are increas-
ingly relying on particle dispersion models for this purpose
despite inherent incompatibilities: the RTM is best suited to
strongly stable conditions and model performance is worst
under strongly stable conditions (with a tendency to overes-
timate or incorrectly assign contributing fetch). Furthermore,
necessarily strict RTM selection criteria severely limit data
availability, which typically leads to all available results be-
ing averaged over the representative time period, despite po-
tentially being influenced by strongly contrasting fetch re-
gions.

This article summarises, and discusses the significance of,
the necessary considerations for planning and implementing
emission estimates via the RTM: (i) definition of the noctur-
nal window; (ii) radon and target gas accumulation thresh-
olds; (iii) radon-to-target gas regression linearity thresholds;
(iv) measurement height; (v) the contributing fetch region;
(vi) effects of spatial and temporal variability of the radon
flux; (vii) temporal representation of RTM emission esti-
mates; and (viii) application specific appropriate require-
ments for radon monitors. It also demonstrates numerous po-
tential benefits of combining nocturnal atmospheric stability
analysis with nocturnal accumulation types of RTM studies.
In addition to clearer nocturnal window definition and re-
duced spatial/temporal variability of the radon flux over the
contributing fetch, applying the RTM within designated noc-
turnal stability categories enables better constraint of sim-
ulated contributing fetch regions, and clearer attribution of
calculated emission estimates to specific fetch regions, each
of which stand to improve comparisons with bottom-up tech-
niques.

As mentioned in the Introduction, the nocturnal accumu-
lation implementation of the RTM is one of four imple-
mentations discussed in the literature. Others include: (1) a
regional-to-continental scale boundary layer approach; (2)
a regional scale plume/event-based approach; and (3) a lo-
cal scale profile method. Not all considerations discussed in
this manuscript apply equally to the other approaches. The
profile method is also a nocturnal accumulation RTM for-
mulation based on near-surface vertical gradients. As such
it would also benefit from stability classification. Measure-

ment heights are necessarily low (to limit the spatial extent of
the contributing fetch), and the sensitivity of results to some
of the remaining seven considerations would depend on the
small-scale fetch heterogeneity. For a homogeneous region,
considerations (i), (v) and (vi) above would be less signifi-
cant. Although measurements are close to the surface (where
radon concentrations are larger), since radon gradients need
to be accurately characterised, low measurement uncertainty
would also be important for this implementation.

Regarding the regional-scale implementations of the RTM,
they both target observations in a well-mixed, fully devel-
oped boundary layer. As such, stability classification would
not benefit these approaches. For the plume method it is usu-
ally necessary to minimise local influences (for which a wind
speed threshold, based on measurement height, is usually ap-
plied, and measurements below this are excluded). The “ac-
cumulation threshold” requirement is usually replaced by a
minimum concentration above the “baseline” value. A rep-
resentative characterisation of the contributing fetch is still
important (although at higher wind speeds, in a developed
boundary layer, trajectory or plume dispersion model fetch
estimates are likely to be more representative of “truth” than
under stable nocturnal conditions). Similar challenges re-
garding the representation of spatial and temporal variabil-
ity of the radon flux will remain. Air mass travel times are
longer, more attention needs to be paid to radon decay in
transit, and the measurement uncertainty for radon detection
is usually less critical given the typically large differences
between “baseline” and continental air masses.

ANSTO 1500L two-filter radon monitors and Heidel-
berg radon monitors are best suited to perform RTM stud-
ies from tall-tower sites. Closer to the surface (≤ 20m) the
ANSTO 200L two-filter and ARMON v2 monitors could
also give reliable results (albeit with larger uncertainties).
ANSTO 1500L monitors should be periodically calibrated
with a calibration transfer standard device or pulse calibra-
tion method (Röttger et al., 2025) and the appropriate re-
sponse time correction applied (Griffiths et al., 2016; see
also the “rdfix” software at https://github.com/anstoradonlab/
rdfix; last access: 17 July 2026). Since calibration transfer
does not require the instrument to be taken offline, data re-
trieval rates would be improved. Maintaining traceable cal-
ibrations would improve the utility of the long-term radon
observations beyond RTM applications, enabling higher-
quality atmospheric baseline studies, and model inversions
or model evaluation studies. Calibrations performed as part
of the 19ENV01 traceRadon Project (Röttger et al., 2025)
verified that both the ANSTO 200L and ARMON v2 moni-
tors are equally well suited to act as CTS devices.
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Appendix A

To recap, the underlying assumptions for applying the noc-
turnal accumulation RTM include:

i. radon and target gas fluxes similarly distributed and rel-
atively homogeneous over the contributing fetch;

ii. any heterogeneity is small-scale and random, uncorre-
lated with atmospheric processes on small spatial/tem-
poral scales;

iii. the target gas has no atmospheric sinks over measure-
ment timescales, or between emission and measure-
ment;

iv. both species are acted upon by the same transport and
mixing processes from the source to the point of mea-
surement (i.e. measured at the same, constant location
and height above ground within the SNBL).

The site or application specific considerations discussed in
this review are summarised below in Table A1.

Table A1. Summary of application-specific considerations for application of the nocturnal accumulation formulation of the Radon Tracer
Method.

Consideration Comments

Stability Radon-based stability classification (relative, by season) is most effective for measurement heights always within the SNBL. It groups results by
classification similar weather conditions (improves ability to attribute results to different fetch scales, fetch directions and soil moisture conditions)
(optional) and can assist with interpretation of findings if point sources exist within the contributing fetch regions.

Nocturnal The duration and timing of the NW depend on target gas, measurement height, weather conditions, day length (season), and fetch characteristics.
Window Since wind speed and direction change with weather conditions, stability classification can assist with NW definition (fetch can change through
(NW) the night in consistent ways under different stability conditions). In (or near) complex terrain, flow conditions, fetch and fetch characteristics

can change with weather conditions. Stability dependent NW definition can improve consistency and interpretation of findings.

Accumulation Defining an appropriate accumulation threshold helps ensure acceptable signal to noise ratios and constrain the fetch extent. The signal to noise
thresholds ratio is inversely related to the regression uncertainty for RTM flux estimates. The expected accumulation rate within the NW should be ≥ 3 times

the instrument uncertainty. Radon accumulation thresholds should be defined and applied seasonally in regions subject to seasonal soil saturation
or freezing/snow cover.

Regression Regression linearity is an indication of how similarly distributed and homogeneous the gas source functions are over the fetch (how well the RTM
linearity assumptions are being met). A suggested target is R2

≥ 0.7. Since the degree/scale of heterogeneity can change with the size and location of
thresholds the fetch, R2 values may change with stability. Isolated instances of heterogeneity (e.g. brief influence of a point source) will present as outliers

from the linear trend. If the NW is large enough, 1 or 2 outliers may be flagged out of nightly regressions to improve the R2. Temporal variability
of a source function (e.g. photosynthesis/respiration) can impact R2, and NWs should be adjusted accordingly. For instruments with higher
uncertainty the R2 threshold can be reduced. If so, average over a larger number of events. If the fetch includes a coastline, accumulation
becomes a function of wind speed and direction, which can vary over the NW. This complicates NW definition and can impact R2 values (this
situation is best avoided). Instrument response time issues or temporal lags between instruments should be identified and fixed before R2 values
are determined. Check for cases where accumulation and high R2 values appear to persist several hours after sunrise. This may be the result of
a largescale advection event or a persistent temperature inversion.

Measurement The scale of contributing fetch increases with measurement height (this can have positive or negative effects depending on scales of heterogeneity).
height Where measurement height can be selected, consider the intended fetch when installing instruments. Where measurement height is fixed, and

stability classification is possible, fetch will increase with decreasing nocturnal stability. The rate and magnitude of accumulation are higher closer to
the surface. If using instruments with high uncertainty, plan to measure closer to the surface (e.g. ≤ 20 ma.g.l.). The closer measurements are
to the surface the smaller the scales of contributing turbulence, and the more important it is for gases to be measured at the same height and location
(and vice versa). Measurement height relative to canopy height (whether it is a vegetation canopy or urban canopy) is important, since the vertical
distribution of sources/sinks may change. Measurement height will be application specific, depending on sources/sinks being targeted.
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Table A1. Continued.

Consideration Comments

Fetch Careful choice of model is important for defining RTM fetch (e.g. optimised high-resolution footprint modelling). Even so, the model’s ability to
definition correctly represent fetch will decrease as nocturnal stability increases. If stability classification has been performed, where possible, in situ wind

speed and direction at the measurement height should be used to inform contributing fetch estimates under stable nocturnal conditions. In (or near)
complex terrain, models seldomly represent nocturnal flow and fetch conditions associated with katabatic drainage accurately. Investigating
model-measurement bias in wind speed and direction separately by stability category can help identify potential problem conditions.
Representative fetch definition is critical for comparisons with BU emission estimates.

Spatial/ The RTM assumes radon flux is constant on short timescales (each whole night) and spatially (across the contributing fetch). Contemporary radon
Temporal flux maps can typically approximate seasonal soil moisture influences on spatially varying radium content and soil characteristics. Individual rainfall
radon flux events on sub-diurnal to synoptic timescales impact soil moisture variability that, in turn, introduces a poorly constrained variability in radon flux
variability (the spatial and temporal nature of which can vary with rainfall type – widespread or convective). Stability classification groups nights with similar

weather conditions (regarding wind speed and rainfall). The most stable nights represent the smallest contributing fetch region with the lowest
amount of recent rainfall.

Temporal For sensors with low uncertainty, or sites with moderate to high accumulation rates, the RTM usually provides sufficient data for monthly emission
resolution of estimates from a representative fetch. Otherwise, seasonal averaging may be required to compensate for higher uncertainty of individual emission
flux estimates estimates.

Requirements “Typical” nocturnal accumulation rates (estimated from diurnal-composite plots each season) will inform optimum instrument requirements.
of radon Accumulation rates (at the chosen temporal resolution) should be at least 3 times larger than instrument uncertainty at that temporal resolution
monitors and concentration. Seasonal average nocturnal accumulation rates will decrease with height above the ground, or with degree of soil

saturation/freezing typical of the site or season.

Appendix B

Figure B1. Location of the Cabauw ICOS tower relative to surrounding agricultural regions and the nearest urban regions. Google Maps
(Imagery © 2025 NASA, Map data © 2025 Google, GeoBasis-DE/BKG; © 2009).
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and Pawlak, W.: Characterising the influence of at-
mospheric mixing state on urban heat island inten-
sity using Radon-222, Atmos. Environ., 147, 355–368,
https://doi.org/10.1016/j.atmosenv.2016.10.026, 2016a.

Chambers, S. D., Galeriu, D., Williams, A. G., Melintescu, A.,
Griffiths, A. D., Crawford, J., Dyer, L., Duma, M., and Zo-
rila, B.: Atmospheric stability effects on potential radiological
releases at a nuclear research facility in Romania: character-
ising the atmospheric mixing state, J. Env. Rad., 154, 68–82,
https://doi.org/10.1016/j.jenvrad.2016.01.010, 2016b.

Chambers, S. D., Preunkert, S., Weller, R., Hong, S. B.,
Humphries, R. S., Tositti, L., Angot, H., Legrand, M.,
Williams, A. G., Griffiths, A. D., and Crawford, J.: Characteriz-
ing Atmospheric Transport Pathways to Antarctica and the Re-
mote Southern Ocean Using Radon-222, Front. Earth Sci., 6,
190, 334 https://doi.org/10.3389/feart.2018.00190, 2018.
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