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A B S T R A C T
Two-point radon gradients provide a direct, unambiguous measure of near-surface atmospheric mixing. A 31-month
data set of hourly radon measurements at 2 and 50 m is used to characterize the seasonality and diurnal variability
of radon concentrations and gradients at a site near Sydney. Vertical differencing allows separation of remote (fetch-
related) effects on measured radon concentrations from those due to diurnal variations in the strength and extent of
vertical mixing. Diurnal composites, grouped according to the maximum nocturnal radon gradient (�Cmax), reveal
strong connections between radon, wind, temperature and mixing depth on subdiurnal timescales. Comparison of the
bulk Richardson Number (RiB) and the turbulence kinetic energy (TKE) with the radon-derived bulk diffusivity (KB)
helps to elucidate the relationship between thermal stability, turbulence intensity and the resultant mixing. On nights
with large �Cmax, KB and TKE levels are low and RiB is well above the ‘critical’ value. Conversely, when �Cmax is
small, KB and TKE levels are high and RiB is near zero. For intermediate �Cmax, however, RiB remains small whereas
TKE and KB both indicate significantly reduced mixing. The relationship between stability and turbulence is therefore
non-linear, with even mildly stable conditions being sufficient to suppress mixing.

1. Introduction

Predictions of weather and climate conditions at the Earth’s
surface are crucially reliant upon the fidelity of model parame-
terizations that represent the integrated behaviour of key phys-
ical processes responsible for transport and mixing in the at-
mospheric boundary layer (ABL). Distributions of greenhouse
gases, aerosols and other atmospheric pollutants with respect to
their natural or anthropogenic sources, as well as their removal
through surface deposition, are also controlled by these same
processes (Li, 1974; Dueñas et al., 1996).

However, scientific understanding of many aspects of at-
mospheric mixing and transport processes still requires sub-
stantial refinement, or even fundamental revision. At the
surface, for even rudimentary investigations of atmospheric
chemistry there is a need to improve our understanding of the
processes controlling the spatial/temporal variability in vertical
exchange rates between the roughness elements (forest, crops
or buildings) and the atmosphere above (Trumbore et al., 1990;
Ussler et al., 1994; Martens et al., 2004). In the stably strat-
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ified boundary layer (SBL), vertical mixing processes remain
poorly understood, particularly in very stable conditions when
surface inversions can be extremely shallow (10−20 m or less;
e.g. Leach and Chandler, 1992; Fernando and Weil, 2010) and
the thermodynamic structure of the lowest 50−100 m very com-
plex (e.g. Sorbjan, 2006). In the daytime convective boundary
layer, where trace gases and aerosols are vertically mixed over
a much deeper layer (1–2 km) and can be transported relatively
quickly over large distances, there is still much to learn about
the processes of entrainment and vertical transport of trace gases
in coupled cloud layers (Williams et al., 2011).

The naturally occurring, radioactive gas radon (222Rn) is an
ideal tracer for transport and mixing studies in the ABL. Radon
is the only gaseous decay product of the Uranium-238 decay
series. Its source is almost exclusively terrestrial (Wilkening
and Clements, 1975; Turekian et al., 1977), with a relatively
modest spatial variability in strength over ice-free surfaces
(typically 15–25 mBq m−2 s−1; Turekian et al., 1977; Lambert
et al., 1982). Furthermore, temporal variations are mainly as-
sociated with changes in soil moisture content and periods of
rapidly changing surface pressure (Israelsson, 1978; Gogolak
and Beck, 1980; Griffiths et al., 2010), and for the purposes of
vertical mixing studies can generally be considered to be neg-
ligible on diurnal timescales. Being a noble gas that is poorly
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soluble in water, atmospheric radon is not susceptible to dry
or wet removal mechanisms. In fact, radon’s only significant
atmospheric sink is radioactive decay, and its decay timescale
is ideally suited to ABL mixing studies. Since its half-life of
3.8 d is much larger than turbulent timescales (<1 h), it can be
considered a conservative tracer for mixing in the ABL. On the
other hand, this half-life is sufficiently short to ensure that typical
concentrations in the free troposphere are orders of magnitude
lower than near-surface concentrations.

Since the pioneering studies using radon as an atmospheric
tracer (e.g. Wigand and Wenk, 1928; Israël, 1951, and references

therein), an extensive body of literature has been published re-
garding the use of single-height observations of radon (or radon
progeny) as a tool for the investigation of atmospheric stability
and the dilution effects of prevailing meteorology (e.g. Li, 1974;
Israelsson, 1978; Guedalia et al., 1980; Allegrini et al., 1994;
Dueñas et al., 1996; Kataoka et al., 2003; Perrino et al., 2008).
Less common, however, have been tower-based investigations
of radon gradients (Table 1).

Vertical radon profiles in the ABL correlate well with the
strength of atmospheric mixing (Pearson and Moses, 1966;
Hosler, 1969; Williams et al., 2011), and the advantages of an

Table 1. Summary of published tower-based gradient/profile studies of Radon-222 and radon progeny

Study/citation Location Method Heights Time resolution Measurement period

Moses et al. (1960) Argonne National Laboratory,
Illinois, USA (inland)

Radon 0.3, 1, 5.7, 24 and
40 m

1 hourly 3 d

Sisigina (1964) Russia (unspecified) Radon 0.1, 25, 50, 75, 150
and 300 m

Intermittent Summer and autumn
1960–1962

Fontan et al. (1966) Seine-et-Oise, France (inland) Radon &
Progeny

1.5 and 30 m 2 hourly 2 months

Israël et al. (1966) Aachen, Germany (inland) Radon &
Progeny

0.5, 2 and 4 m 1–3 hourly Several months

Malakhov et al.
(1966)

Moscow, Russia (inland) Radon &
Progeny

0, 5 and 10 m 2-h averages of 20
min samples

3 months (summer)

Pearson & Moses
(1966)

Argonne National Laboratory,
Illinois, USA (inland)

Radon 0.01, 0.5, 1, 2, 4, 8,
16 and 40 m

20 min samples at
1–1.5 hourly
intervals

8 separate days between
May and August

Servant (1966) Saclay, France (inland) Progeny 1, 15, 30 and 100 m 2 hourly Report 27 d from
4 months

Hosler (1969) Washington, D.C., USA
(inland, semi-rural)

Progeny 1 and 91m 1–4 hour averages
of 20 min
samples

22 months

Cohen et al. (1972) Philadelphia, USA (inland,
complex terrain, semi-rural)

Radon 6.1, 61, 174, and
271 m

1 hourly Report 383 h from
5 months continuous
observations

Li (1974) Philadelphia, USA (inland,
complex terrain, semi-rural)

Radon 6.1, 61, 174 and
271 m

1 hourly Report 10 d from
>1-yr observations.

Druilhet et al.
(1980)

Roissy, France (inland) Radon 1.5, 30 and 100 m 2 hourly 2 yr

Gogolak and Beck
(1980)

New York, USA (inland,
complex terrain; and flat,
coastal)

Progeny 1, 10 and 25 m 1 hourly Report 4 d (focus on
steady-state night/day
conditions)

Trumbore et al.
(1990)

Manaus, Brazil (inland, closed
forest)

Radon 0.02, 3, 6, 19, 27
and 41 m

30 min samples, 3 h
between profiles

8 complete profiles over
3 nights

Porstendorfer et al.
(1991)

Göttingen, Germany (inland,
rural)

Radon &
Progeny

0.1, 1, 2 and 5 m 1–3 hourly 10 d

Leach and Chandler
(1992)

Roxby Downs, Australia
(inland)

Radon &
Progeny

1.25, 2.5, 5 and 20
m

1 hourly 3 yr

Butterweck et al.
(1994)

Göttingen, Germany (inland,
rural)

Radon &
Progeny

0.1, 1, 2 and 5 m 3 hourly Report 1 month

Ussler et al. (1994) Quebec, Canada (inland, open
forest)

Radon 0.05, 1, 9.5 and
18.2 m

30 min 2 weeks

Martens et al.
(2004)

Tapajós National Forest, Brazil Radon 0.1, 0.3, 1, 3, 10.7,
32, 37 and 61 m

15 min averages of
1 min samples

Two 1-month
campaigns
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ability to directly observe vertical radon gradients have been
demonstrated by theoretical investigations of eddy diffusivity
(K) in the surface layer and the ABL (Jacobi and André, 1963;
Beck and Gogolak, 1979; Kumar et al., 1999). The practical
difficulties of measuring high-resolution (multiheight) profiles
of radon make long-term measurements unrealistic; however, a
sustainable and productive compromise is the two-point gradi-
ent approach, in which the radon concentration difference, �C,
is measured across an atmospheric layer adjacent to the surface
(Druilhet et al., 1980; Ussler et al., 1994). Two-point radon gra-
dients provide a much more direct measure of vertical mixing
than can be obtained by analysis of a time history of single-
point surface-based concentrations; furthermore, the majority
of background signals associated with horizontal advection and
fetch-related source variations are automatically removed by
the differencing process. Compared with more conventional al-
ternatives for deriving eddy diffusivities, the use of two-point
radon gradients is relatively simple (even for long-term, con-
tinuous implementation) and less restricted to ideal surface or
meteorological conditions (Butterweck et al., 1994). Due to its
long (3.8 d) half-life, there is no need to account for radioactive
decay in hourly gradient observations (Hosler, 1969), and the
assumption of a constant surface radon flux density is robust as
the diurnal variability in the radon source term is typically much
smaller than the variability in K (Malakhov et al., 1966; Hosler,
1969; Li, 1974).

The investigations summarized in Table 1 have targeted a
wide range of surface types (from flat to complex terrain, as
well as urban, rural and forested settings), and their profiles
have extended to heights of between 5–271 m, using between
two and eight sampling heights. However, the applicability of
results from these studies to the analysis of diurnal mixing pro-
cesses has without exception been compromised in one or more
of the following ways: limited temporal coverage (only days,
weeks or months); discontinuous observations (only several
samples per day, or measurements targeting equilibrium con-
ditions only); limited temporal resolution (observations often
only 2–4 hourly); limited instrument sensitivity (lower limits of
detection of 200 – 1000 mBq m−3); choice of sampling heights
(which would ideally range from the surface to above the first
inversion on very stable nights); lack of detailed accompany-
ing meteorological information; or the use of radon progeny
under conditions of potential disequilibrium (near the surface,
over complex terrain or under mixed meteorological conditions).
The unique data set on which the current investigation is based
is subject to none of these restrictions.

The main aim of this study is to demonstrate the utility of
continuous radon gradient observations as a direct, unambigu-
ous measure of near-surface mixing. Using a long-term data
set of continuous hourly direct measurements of atmospheric
radon at two heights over a topographically complex, mixed
urban/natural surface, we will characterize observed patterns
of radon concentrations and gradients in terms of variations

in air mass fetch, prevailing meteorology and vertical mixing,
on both seasonal and diurnal timescales. Focussing specifically
on the nocturnal window, we will then examine what two-
point radon gradient measurements can reveal regarding the
relationship between thermal stability, turbulence and vertical
mixing.

2. Site and Methods

2.1. Site characteristics

In late 2005 a pair of detectors was installed at the Australian
Nuclear Science and Technology Organisation (ANSTO) head-
quarters at Lucas Heights (LH) (34◦03′S, 150◦59′E) for the
continuous hourly monitoring of atmospheric radon concentra-
tions at two heights. LH is 30 km southwest of Sydney and 18
km from the coast. Being at the southern edge of the Sydney
metropolitan area, surface land use in the area is a mixture of
suburban (mainly to the east and north) and natural vegetation
(mainly to the south). Locally the topography is complex, with
changes in elevation of 150 m within 1 km of the site. The
measurement location is on top of a broad ridge, with signifi-
cant slopes to the north and south. In the direct vicinity of the
measurements, fetch conditions are highly heterogeneous. Im-
mediately (30−80 m) to both the east and west there are low
(1−2 storey) buildings; 100 m to the south there is natural euca-
lypt forest; and to the north, the site is adjacent to grassed playing
fields.

2.2. Radon instrumentation

Identical 1500 L dual flow loop two filter radon detectors were
used for both sampling heights. For information regarding the
principle of operation of two filter detectors, the reader is referred
to Zahorowski et al. (2005), Newstein et al. (1971) or Thomas
and Leclare (1970). Two filter detectors have a slow (∼45 min)
response time, which prevents them from being multiplexed for
profile observations. However, they have an advantage over tech-
niques for estimating radon from its short-lived progeny in that
reported concentrations are independent of the degree of equi-
librium between radon and its progeny, which varies strongly
in space and time, and with surface conditions and prevailing
meteorology (e.g. Moses et al., 1960; Israël et al., 1966). The
lower limit of detection (LLD), defined as the concentration at
which the relative counting error is 30%, was about 40 mBq m−3

for both detectors.
Radon sampling at LH was conducted on a 50 m tower with 50

mm intake lines and inverted (‘gooseneck’ style) sampling inlets
positioned at 2 and 50 m above ground level (agl). To ensure
that the gradient detectors performed as similarly as possible,
the following precautions were taken in addition to standard
installations:
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(1) The detectors were shielded from direct sunlight in order
to minimize internal temperature fluctuations.

(2) A stack blower was located upstream of each detector, re-
sulting in higher and more consistent flow rates (∼100 L min−1)
than with the standard internal blower, and ensuring an over-
pressure of 100 Pa was maintained throughout each 220Rn delay
chamber and detector. Overpressure in the sampling line reduces
the likelihood of near-surface air (high in 220Rn and 222Rn) di-
rectly entering the detector should any small leaks develop in
the system.

2.3. System calibration

Instrumental background checks were performed every 3
months. Among other factors, a detector’s background signal
is affected by a slow build-up of 210Pb (t1/2 = 22.3 yr) on the
second filter, which is approximately linear over several years.
Periodic checks of the background-to-signal ratio help to indi-
cate whether refurbishment of the detector’s measurement head
is necessary. Accurate characterization and removal of a de-
tector’s background is imperative for gradient measurements,
particularly at near-coastal sites where radon concentrations can
vary over several orders of magnitude.

The LH detectors were calibrated monthly by injecting radon
(at 40–80 cc min−1) from a Pylon source (21.2 ± 4% kBq
Radium-226) traceable to NIST standards. Injection periods
were scheduled to finish between 1400 and 1500 h, when am-
bient radon concentrations were lowest and the 2–50 m radon
gradient was small (typically < 200 mBq m−3). This was done
for two reasons: (a) to minimize the uncertainty in calibration
gas concentration brought about by changes in radon concen-
tration of the carrier gas (ambient air); and (b) to enable the net
calibration peak magnitude to be determined from the ambient
radon concentration measured by the other detector.

2.4. Supporting meteorological measurements

Temperature, relative humidity (Vaisala, HMP45C), wind speed
and wind direction (Gill, 2-D windsonic), were recorded at 2, 10
and 50 m on the tower. Unless otherwise stated, reported wind
speeds are from the 10 m level (U10) and reported gradients of
temperature and wind speed are between 2 and 50 m. Incoming
short-wave radiation (LI-COR silicon pyranometer) and net ra-
diation (REBS, Q7.1) were recorded at 10 m. Other parameters
included atmospheric pressure, soil moisture, soil temperature,
ground heat flux, rainfall and surface temperature. All climato-
logical measurements were stored on a Campbell CR-1000 data
logger as 10-min averages of 20-s readings and later aggregated
to hourly values to match the radon observations.

Gill Solent sonic anemometers were also situated at 10 and
50 m to monitor the 3-D wind vector at 20 Hz. Turbulent quan-
tities were subsequently derived over 30-min periods and then
averaged to hourly values.

2.5. Data availability and categorizations

Due to periods of maintenance or malfunction, the 2 and 50 m
radon detectors were only in simultaneous operation for approx-
imately 2 yr and 7 months of the 4-yr period 2006–2009. Unless
otherwise stated, the results presented will be based on all 31
months of available data.

A spectral analysis of hourly radon concentrations from all
four sites in ANSTO’s Sydney network (not shown) indicated
that the largest signal variability for these near-surface mea-
surements occurred on diurnal timescales. This is directly at-
tributable to diurnal changes in the depth of the ABL (Hosler,
1968; Guedalia et al., 1980; Allegrini et al., 1994). Consequently,
the characteristics and interpretation of radon concentrations and
gradients will strongly depend on the part of the diurnal cycle
being considered.

Throughout the following sections, results will be categorized
using the following definitions (see Fig. 1):

(1) Daily: derived from all 24 hourly samples on the selected
day;

(2) afternoon minimum: average of samples in the
1400–1700 h afternoon window, when the ABL is deepest, well
mixed and typically unstable;

(3) nocturnal maximum: maximum value attained in the
3 h pre-dawn window, when the ABL is shallowest and usually
stably stratified;

(4) nocturnal window: sunset to sunrise.

All times reported are in Australian Eastern Standard Time
(UTC + 10 h) and the southern hemisphere definition of sea-
sons has been adhered to (Summer, December–February; Au-
tumn, March–May; Winter, June–August; Spring, September–
October).

3. Results and discussion

3.1 Annual mean concentrations

The annual mean 2 and 50 m radon concentrations at LH were
2120 and 1670 mBq m−3, respectively, with the difference be-
ing primarily due to radon accumulation near the ground when
the atmosphere is stably stratified (the nocturnal bias). Depend-
ing on the topographic setting of a given site, there can be a
substantial nocturnal bias on diurnal mean near-surface radon
observations. For example, although 2 m radon concentrations
at our sites in Muswellbrook (32o16′S, 150o53′E) and Goul-
burn (34o45′S, 149o42′E) tend to exhibit similar daytime values
in autumn when terrestrial fetches are comparable (typically
2–3 Bq m−3), concentrations under stable nocturnal conditions
often differ by more than a factor of two. This is likely to be
attributable to the fact that the Goulburn site is situated in a
regional depression.
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Fig. 1. Schematic of diurnal 2 and 50 m radon concentration time series with sampling windows annotated.

The nocturnal bias can be avoided by calculating the mean
annual concentrations using only the afternoon minimum val-
ues (when mixing was typically strongest). This process yields
annual means at 2 and 50 m of 1420 and 1260 mBq m−3, re-
spectively, in the present data set. The small residual difference
(160 mBq m−3) may indicate that non-negligible radon gradients
can sometimes persist near the surface even in the middle of the
day, a fact that has been noted by others (Pearson and Moses,
1966; Williams et al., 2011).

3.2 Seasonal variability in afternoon minimum
radon concentration

A pronounced seasonal radon cycle is evident in the median
monthly afternoon minimum radon concentrations at 50 m
(Fig. 2). This statistic represents an approximation of the radon
concentration within the deep afternoon mixed layer extend-
ing up to the main synoptic inversion, which changes slowly
from day to day and is little affected by the transient behaviour
of the near-surface nocturnal inversion. Broadly speaking, the

Fig. 2. Monthly distributions (10th, 50th and 90th percentiles) of afternoon minimum 50 m radon concentrations.
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Fig. 3. (a) Mean monthly wind speed, and (b) mean monthly wind direction at Lucas Heights based on daily (closed squares), pre-dawn window
(open circles) and afternoon window (open triangles) values.

observed cycle is dominated by high concentrations between
April and September (peaking in May), and low concentrations
in December–February. Four main competing factors contribute
to the detailed features of the seasonal radon variability: air mass
fetch, dilution within the ABL, contact time with land and vari-
ability in the radon source function (Hosler, 1968; Dueñas et al.,
1996; Zahorowski et al., 2005; Williams et al., 2009). These are
discussed separately later.

3.2.1. Air mass fetch. The magnitudes of observed radon con-
centrations at LH are strongly influenced by the (decay-adjusted)
contributions of surface sources over which the air mass has trav-
elled in the last week or two. In particular, the strength of the
effective (integrated) source will depend on whether the air mass
has passed over water or land (Wilkening and Clements, 1975)
and, to a lesser degree, changes in regional geology (Griffiths
et al., 2010).

A summary of the LH 10 m wind observations (Fig. 3) in-
dicates a pronounced seasonality in air mass fetch. Between
October and March, mean wind directions have a strong east-
erly component, indicating an oceanic fetch. Note also that the
wind direction tends to swing from southeast at night to di-

rectly east in the day, indicating the influence of sea breezes.
For the remaining months (April–September), the air mass fetch
is dominated by land, with the highest proportion of land fetch
occurring between July and September (mean wind directions
south westerly).

Since the direction from which an air mass approaches a
site is not always indicative of its recent fetch history, we also
performed a seasonal analysis of 10-d air mass backtrajecto-
ries generated using HYSPLIT v4.0 (Draxler and Hess, 1998).
Figure 4 depicts the results of a seasonal cluster analysis per-
formed on daily 1400 h backtrajectories which had previously
been truncated to 4 d. The ABL is typically well mixed at 1400
h, so a close correspondence is expected between the 50 m radon
observations and the trajectory starting elevation of 500 m. Three
seed trajectories per season were used for the clustering. The
trajectory analysis confirms that air mass fetch at LH is pre-
dominantly oceanic in summer and terrestrial in winter, with au-
tumn and spring being characterized by mixed fetch conditions.
The observed variability in air mass fetch is pre-dominantly
driven by the seasonal migration of the Southern Hemisphere
subtropical ridge, which directs southeasterly flow towards LH in

Fig. 4. Composite 1400 h back trajectories, truncated to 4 d, from Lucas Heights in (a) summer (red) and winter (blue), and (b) spring (green) and
autumn (brown). Results are based on a cluster analysis of 10-d HYSPLIT backtrajectories, using three seed trajectories per season.
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summer, south westerly flow in winter and variable light winds in
May (http://www.bom.gov.au/jsp/ncc/climate_averages/mean-
sealevel-pressure/index.jsp).

This dominant pattern of air masses switching from oceanic
in summer to terrestrial in winter is broadly consistent with the
seasonal cycle of afternoon radon concentrations as shown in
Fig. 2. However, it is instructive to explore the contributions of
other effects to the details of this distribution.

3.2.2. Dilution within the daytime ABL. For daytime obser-
vations, the synoptic (capping) inversion defines the mixing vol-
ume within which terrestrially emitted radon is diluted (Hosler,
1968; Guedalia et al., 1980; Hsu et al., 1980; Allegrini et al.,
1994; Perrino et al., 2008). Consequently, seasonal variability
in daytime ABL depth, brought about by changes in surface in-
solation, air mass fetch and other synoptic meteorological pro-
cesses, will be reflected in corresponding near-surface radon
concentrations.

The effect of ABL dilution can be largely eliminated by es-
timating the total column activity of radon at the measurement
site,

R =
∫ ∞

0
Cdz ∼= 〈C〉 h, (1)

where 〈C〉 is the mean radon concentration in the ABL and
h is the ABL depth. Since tropospheric radon concentrations
are typically an order of magnitude smaller than in the ABL
(Williams et al., 2011), any radon above h has been neglected in
this estimation.

We made daily estimates of R within the afternoon window by
assuming radon to be well mixed throughout the ABL and equal
to the concentration observed at 50 m, 〈C〉 = C50. The ABL
depth, h, was estimated each afternoon using a bulk Richard-
son Number (RiB) approach (Holtslag and Boville, 1993) with
virtual potential temperature and wind speed profiles from the
Australian Bureau of Meteorology’s regional LAPS model (Puri
et al., 1998). Monthly distributions of R and h within the after-
noon window are presented in Fig. 5a and 5b.

The seasonal cycle of R (Fig. 5a) is broadly similar in form
to that of the afternoon radon concentrations (Fig. 2), with a
couple of important differences. Relative to the overall shape
of the distribution, median R-values are lower in April–July and
higher in August–September. This creates a bimodal distribution
in R, with peaks in April–May and August–September, and a
local minimum in June–July. Although our wind and trajectory
analyses (Figs 3 and 4) indicated shorter land fetches in autumn
than in winter, relatively high column activities of radon were
observed in April and May. This is likely to be attributable to
a greater contact time with land due to lower wind speeds in
autumn (Fig. 3a).

3.2.3. Contact with the land surface. To pick up radon, an air
mass needs to be in contact with the land surface on approach to
the measurement point. The length of contact time is a function
of air mass fetch, velocity and altitude. In the absence of active,
convective clouds, an air mass travelling significantly above the
ABL inversion is not considered to be ‘in contact’ with land
(Williams et al., 2011), even though it is travelling over land.

Fig. 5. Monthly distributions of (a) radon total column activity, R (10th/50th/90th percentiles), (b) LAPS afternoon boundary layer depth, h

(10th/50th/90th percentiles), (c) distance-weighted time over land, τ (mean and standard deviations) derived from 10-d backtrajectories at 6-hourly
intervals and (d) mean effective distance-weighted radon flux density, Feff (hashed area represents mean ± SD LH flux density measurements).
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We analysed the 10-d LH back trajectories for the time spent
‘in contact’ with land. An air mass was deemed to be in contact
with land if its HYSPLIT trajectory was both over land (as
determined using a 0.5 × 1◦ resolution map of Australia) and
travelling at an elevation of less than 2000 m agl. To account
for the decay of radon en route to the site, the land contact time
calculations were weighted exponentially according to distance
(in time) from LH.

τ = �t

N∑
i=1

e−λ(tN −ti ), (2)

where �t is the trajectory time-step and i = 1, N represents
all the trajectory points that are deemed to be ‘in contact’ with
land. The distance-weighted time τ can be interpreted as the
time required for a non-decaying scalar with the same surface
flux density to achieve the same total column integral (R).

For air masses arriving at LH in summer, τ is typically less
than 1 d (Fig. 5c). In contrast, τ values for air masses observed
in July–September were frequently greater than 2 d. Large τ

values are also evident in April and May, confirming that the
lower wind speeds typical of this time of year lead to larger τ

values than would otherwise be expected from the typical land
fetch distance.

The bimodal form of the seasonal distribution of R (Fig. 5a)
can thus largely be accounted for by variations in τ (Fig. 5c). This
indicates that, at LH, seasonal changes in the time spent by an
air mass in contact with the land surface have a larger influence
on the observed seasonality in surface radon concentrations than
do seasonal or regional changes in the terrestrial radon source
function (Griffiths et al., 2010).

3.2.4. Variability of the ‘effective’ radon flux over the mea-
surement fetch. Geographical and temporal variability in soil
characteristics, soil moisture, wind speed and atmospheric pres-
sure, can all result in changes to the terrestrial radon source
function contributing to measured concentrations at LH on sea-
sonal, or shorter, time-scales (Clements and Wilkening, 1974;
Schery et al., 1984; Griffiths et al., 2010).

Prior to making landfall in south eastern Australia, most air
masses en route to LH have either had a long fetch over the South-
ern Ocean or have spent a long time above the boundary layer. In
either case, their corresponding initial radon concentrations are
expected to be low (0.01–0.1 Bq m−3, Gras and Whittlestone,
1992). Assuming that R(to) ≈ 0 Bq m−3, a distance-weighted
mean ‘effective’ (or equivalent) radon flux density for the mea-
surement fetch area can be estimated from

Feff = R/τ . (3)

Feff represents the net sum of all contributions from radon
sources and sinks (other than decay) along the trajectory fol-
lowed by an idealized column of air. As some radon may be lost
from the column due to ABL venting (entrainment) and other
effects, it is important to note that our Feff estimates may under-

represent radon surface flux densities for their respective fetch
regions.

Mean monthly Feff values are presented in Fig. 5d. Also shown
is an estimate of the surface radon flux density at the LH site, cal-
culated as an average of nine separate measurements collected at
different locations around the site between April and June 2008
using an accumulation chamber (Zahorowski and Whittlestone,
1996).

Considerable variability (more than a factor of 2) is evident
in Feff between the warmer and cooler months of the year. For
November–February, Feff values are low, but in close agreement
with the local flux density estimates. The land fetch during these
periods is pre-dominantly near coastal (Fig. 4). Feff values are
highest for April–June, and September, when terrestrial fetch is
mainly inland and varies from NW to SSW. Lower Feff values
in July and August corresponded to a period of the year when
a uniformly western fetch pre-dominates (winter, Fig. 4a). The
regional variability in radon flux density indicated here is broadly
consistent with recently published findings of Griffiths et al.
(2010), who noted low radon flux densities in coastal areas and
across an extended inland region directly west of the Sydney
basin. The authors would like to reiterate, however, that the
calculation in (3) does not account for any seasonal changes
in mean monthly ABL ventilation rates, which may also be
significant.

3.3. Seasonal variability in nocturnal gradients

Radon gradients (�C) between 2 and 50 m exhibit a high vari-
ability on timescales from hours to seasons. Afternoon gradients
are generally small, due to strong convective mixing through the
deep daytime ABL, and most of the variability occurs in the
nocturnal sampling window. For our monthly analysis of radon
gradients, we chose to focus on the pre-dawn maximum gra-
dient, �Cmax. A detailed examination of the entire diurnal �C
pattern is provided in the next section.

The seasonal cycle of �Cmax at LH (Fig. 6a) looks very dif-
ferent to that of the afternoon minimum concentrations (Fig. 2).
This is because the act of vertical differencing tends to elimi-
nate or reduce the signal associated with horizontal advection,
making �Cmax largely insensitive to the fetch effects discussed
in the previous section. Instead, �Cmax reflects the degree of
local accumulation of radon in the layer below 50 m, which is
a function of the strength and extent of vertical mixing, and the
surface flux density.

3.3.1. Vertical mixing. Vertical mixing is pre-dominantly a
function of the local meteorological conditions near the surface,
in particular wind stress and thermal stability.

�Cmax at LH is characterized by low values in winter
months, high values in both autumn and spring and interme-
diate values in summer (Fig. 6a). Roughly speaking, this pat-
tern varies inversely to the monthly mean nocturnal wind speed
(Fig. 6b; closed circles), highlighting the sensitivity of �C to
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Fig. 6. (a) Monthly distributions (10th/50th/90th percentiles) of nocturnal �Cmax, (b) monthly mean wind speed and net radiation in the nocturnal
window, (c) monthly distributions of maximum �θ in the pre-dawn window and (d) monthly distributions of LAPS nocturnal stable boundary layer
depth in the pre-dawn window.

mechanical mixing. However, thermal stability effects further
refine this relationship.

Figure 6c shows monthly distributions (10th/50th/90th per-
centiles) of the maximum potential temperature gradient be-
tween 2 and 50 m (�θmax) in the pre-dawn sampling win-
dow. The seasonal cycle of �θmax is characterized by low
values in November–January and generally higher values in
April–September, with the exception of a negative anomaly in
June. From November to January, night skies are frequently
overcast due to the prevalence of onshore flows and moist air
masses. This results in near-zero median nocturnal net radiation
values (open triangles in Fig. 6b), which reduces the rate of
surface cooling in these months. Between April and September,
night skies are more frequently clear at LH, resulting in relatively
large radiative heat loss (Fig. 6b) and larger near-surface tem-
perature gradients (see also Moses et al., 1960; Servant, 1966;
Dueñas et al., 1996; Kataoka et al., 2003). The June temperature
gradient anomaly corresponds to a high mean nocturnal wind
speed for that month, together with a moderate net radiation.

The observed �Cmax seasonal cycle thus results from an inter-
play between wind stress and thermal effects at night, with high
�Cmax values occurring when both �θmax is high and U10 is low
(autumn and spring), and low values occurring either when U10

is high (winter) or when �θmax is low (summer).
As radon is distributed through the SBL, �C can be consid-

ered to be an inverse proxy for SBL depth (Leach and Chandler,
1992; Allegrini et al., 1994; Guedalia et al., 1980; Hsu et al.,
1980). Indeed, median monthly �Cmax values are found to vary
inversely with the corresponding median SBL depths in the pre-

dawn window, extracted from the LAPS model (Fig. 6d). Consis-
tently low LAPS SBL depths occur in May, when wind speeds
are moderate and night skies frequently clear (large �θmax);
these are found to have high �Cmax values. Conversely, consis-
tently deep SBLs tend to occur in January, and are associated
with moderate wind speeds and weak temperature gradients;
these tend to have small �Cmax values.

3.3.2. Local flux footprint. �Cmax is proportional to the sur-
face radon flux density within the nocturnal turbulence footprint.
As discussed in the introduction, this flux density can usually
be assumed to be constant in time. However, as the local flux
footprint varies with wind direction, wind speed and stability,
small horizontal variations in the local surface radon flux density
may influence the values of �Cmax.

On stable nights with low wind speeds, the observed �C is pri-
marily generated via radon accumulating near the surface from
sources within a close distance of the site (say, 10–40 km, based
on typical wind speeds of stable nights). There is evidence in the
literature indicating that concentration measurement footprints
exceed flux footprints under stable nocturnal conditions, and can
be in the order of tens of kilometres (e.g. Vesala et al., 2008, and
references therein). Since nocturnal wind directions in summer
are typically S to SSE (Fig. 3b) and the LH land fetch is only
20–30 km in those directions, it is possible that the ‘local’ radon
flux footprint sometimes includes a small oceanic component.
This would lead to a reduced effective nocturnal radon surface
source, which may contribute to the lower observed �C values
at that time of year. Maximum nocturnal �C values measured
on stable nights with an easterly component of wind direction
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Fig. 7. 1 week of hourly observations at LH in 2006 spanning a range of meteorological conditions. (a) Radon concentration at 2 m (black), 50 m
(blue) and �C (red), (b) 10 m wind speed and (c) potential temperature at 2 m (black), 50 m (blue) and �θ (red).

(onshore flow) were, on average, 23% smaller than correspond-
ing gradients observed under terrestrial fetch conditions. Part
of this difference may thus be attributed to a reduced effective
local flux density footprint caused by a combination of (a) a
partial oceanic component to the footprint and (b) a smaller ter-
restrial radon source function for coastal fetch east of the site
(see Fig. 5d).

3.4. Diurnal cycle

Marked diurnal signals were observed in the hourly LH radon
data. A 1-week sample of the multiyear data set is presented
in Fig. 7. Clearly evident in this figure are the low radon and
radon gradient values typical of afternoon conditions when near-
surface mixing is strong and the ABL is deep. At night, 2 m radon
and �C values are closely linked to wind speed and near-surface
temperature gradients. The highest �C values are observed on
nights when strong temperature gradients coincide with low
wind speeds (e.g. days 338, 339 and 340). On the most extreme
case, day 339, the air aloft (50 m) became completely decoupled
from the surface. Conversely, days 337, 341 and 342 demonstrate
the low �C values associated with high wind speeds and low
thermal stratification.

It is clear from the results presented here and in Section 3.3.1
that the pre-dominant and most direct factors influencing the
radon gradient signal are the diurnal patterns of wind stress
and thermal stability. These vary significantly in response to
changes in local meteorological conditions modulated on meso
to synoptic scales and greater (days to seasons).

In order to investigate diurnal patterns of vertical mixing more
closely, we identified the set of all complete diurnal cycles in the
data, and sorted them according to the strength of the radon
gradient in the pre-dawn window. The resultant distribution
of �C (not shown), is characterized by a very rapid rise to a
broad maximum between 300 mBq m−3 (∼10th percentile) and

1000 mBq m−3 (∼50th percentile), followed by a slow quasi-
logarithmic decay towards the high gradient values. Based on
this form for the distribution, three categories of diurnal cycle
were defined as follows:

(1) Poorly mixed (high): radon gradient in the pre-dawn
window was greater than or equal to the 50th percentile value
(approx. 1000 mBq m−3);

(2) Well mixed (low): radon gradient in the pre-dawn win-
dow was less than or equal to the 10th percentile value (approx.
300 mBq m−3); and

(3) Intermediate (medium): radon gradients between 10th
and 50th percentiles.

Over flat terrain, Butterweck et al. (1994) adopted a similar
classification scheme using radon concentrations at one altitude
only (1.2 m). Their reasoning was that the radon concentration
at a given height above a relatively constant source is directly
related to the integrated diffusivity of the layers between the
source and measurement height. As explained in the introduc-
tion, however, �C is a much more direct measure of vertical
mixing and removes most of the background signal associated
with horizontal advection and fetch-related source variations.

3.4.1. Asymptotic composites. Composite diurnal cycles for
the two extreme radon gradient categories are contrasted in
Fig. 8.

In the ‘poorly mixed’ category, the 2 m radon diurnal cy-
cle is characterized by a pronounced morning maximum, typ-
ically within an hour of local sunrise, and an afternoon min-
imum (Fig. 8a). Similar cycles have been reported by Moses
et al. (1960), Israël et al. (1966), Li (1974) and Butterweck
et al. (1994). The 50 m radon diurnal cycle is relatively con-
stant throughout the night, remaining close to the previous after-
noon’s minimum radon concentration until approximately 0500
h. The morning breakdown of the nocturnal inversion is evident
from the rapid convergence of the 2 and 50 m radon signals
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Fig. 8. Mean diurnal composites for days corresponding to poorly mixed and well-mixed conditions. (a,b) 2 and 50 m radon concentrations and
gradient, (c,d) 2 and 50 m potential temperatures and gradient, (e,f) 10 m wind speed and (g,h) LAPS mixing depth. Filled circles, hollow circles and
lines represent 2 m, 50 m and gradient observations, respectively. See text for details.

after sunrise, with 50 m concentrations rising as radon is mixed
upwards from below. From mid-morning, the 50 m radon con-
centration then gradually reduces again towards the afternoon
minimum value as the mixing depth increases (Fig. 8g). Obser-
vations of delayed morning radon maxima with height have also
been reported by Moses et al. (1960), Pearson and Moses (1966),
Servant (1966) and Li (1974). �C increases monotonically from
sunset to sunrise, indicating a progressive accumulation of radon
near the surface at night with little being transported aloft. Im-
mediately after sunrise, �C decreases rapidly towards the after-
noon minimum value, resulting in a highly asymmetric nocturnal
peak. The nights were characterized by a shallow LAPS mixing
depth, low wind speeds (U10 < 1 m s−1) and strong thermal
stratification with temperature gradients increasing as the night
progressed (�θmax ≈ 2.5◦C) (Fig. 8c, for example). These re-
sults therefore confirm the expectation that the ‘poorly mixed’
category corresponds to diurnal cycles in which the nocturnal
component constitutes a shallow, very stable boundary layer. The
frequent decoupling of the 2 and 50 m observations indicates
that the upper measurement was often made in non-turbulent air
within the residual layer above the nocturnal inversion.

By contrast, in ‘well mixed’ conditions, the 2 and 50 m radon
diurnal cycles are almost identical (Fig. 8b); both are character-
ized by a slight increase in concentration, peaking approximately
1 h after sunrise, and a gradual decrease into the afternoon. The
2–50 m radon gradients were consequently small, averaging ap-
proximately 90 mBq m−3. On these nights, the potential temper-
ature gradient was negligible (Fig. 8d) and the hourly mean 10 m
wind speed was rarely less than 2.5 m s−1 (Fig. 8f). LAPS noc-
turnal mixing depths remained high, with the average minimum
only dropping to 580 m agl (Figs 8h). The ‘well mixed’ category
therefore corresponds to deep neutral nocturnal boundary layers.

On ‘intermediate’ gradient nights (not shown), radon concen-
trations at both 2 and 50 m rose as the night progressed. This is
consistent with both measurement heights being within the SBL.
On average, �C values on these nights increased gradually after
sunset, but then plateaued for 4–5 h in the late night, indicating
that steady-state mixing conditions were achieved below 50 m.
Gogolak and Beck (1980) also reported steady-state mixing con-
ditions being achieved below 25 m by 3–4 h after sunset during
their brief observation period. Rates of mixing increased again
after sunrise.
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Table 2. Distributions (10th, 50th, 90th percentiles) of radon gradients and meteorological quantities based on hourly measurements within the
pre-dawn sampling window for the three gradient categories defined in the text

High gradient Intermediate gradient Low gradient

Qty. 10th 50th 90th 10th 50th 90th 10th 50th 90th units

�C 905 1584 3226 152 462 873 0 91 204 mBq m−3

U10 0.48 0.92 1.48 0.63 1.23 2.43 1.31 2.24 3.8 m s−1

�θ −0.48 1.58 5.12 −0.62 0.33 1.94 −0.72 −0.30 0.59 ◦C
Zi LAPS 28 70 294 39 176 710 98 572 1226 m agl
KB 0.122 0.249 0.435 0.451 0.852 2.55 1.89 3.87 12.09 m2 s−1

RiB −0.162 0.342 3.914 −0.175 0.039 0.317 −0.170 −0.020 0.055
TKE 0.044 0.151 0.459 0.146 0.369 1.354 0.428 1.088 3.232 m2 s−2

σw 0.049 0.118 0.273 0.123 0.243 0.481 0.292 0.507 0.908 m s−1

σ u,v/σw 2.782 4.323 8.108 2.540 3.285 5.437 2.390 2.635 3.348

Distributions (10th, 50th and 90th percentile values) of �C
and other relevant quantities within the pre-dawn sampling win-
dow for all three diurnal cycle categories are summarized in
Table 2.

3.4.2. Seasonal variability. A further decomposition of the
stable (poorly mixed) category of diurnal cycles into summer
and winter cases reveals some interesting differences (Fig. 9).

Overall, there is a shift in the mean radon concentrations
to larger values in winter than summer (Figs 9a and b); this
is mainly due to seasonal changes in fetch and contact time
with land as discussed in Section 3.2. Also, nights on which
the 2–50 m radon concentration gradient exceeded 1000 mBq
m−3 in the pre-dawn window, characterized by consistently low
wind speeds and clear skies, are more than three times as com-
mon in summer, largely attributable to seasonal changes in wind
speed.

The 2 m radon signal exhibits a peak in concentrations within
an hour of sunrise in both seasons (Figs 9a and b). However, in
winter there is a longer period when radon concentrations are
high. This is attributable to a combination of longer nights (up
to 4 h less daylight: see net radiation composites in Figs 9g and
h) and a delayed build-up of radon concentrations on summer
evenings. The latter is primarily due to the effects of the sum-
mertime sea-breeze circulation. The wind direction composite
on summer afternoons (Fig. 9e) remains consistently easterly
until 2100–2300 h, after which it turns towards a more southerly
direction. Wind speeds drop slowly until around 2200 h. Fur-
thermore, the nocturnal mixing depth in summer (Fig. 9g) does
not fall below 200 m until midnight, 5 h after the change in sign
of net radiation, compared with 2000h in winter.

The 50 m radon diurnal cycle in summer exhibits a small
gradual build-up from sunset to approximately 0500 h and slight
post-sunrise maximum. In winter, however, the 50 m concen-
tration remains relatively constant at near the afternoon mini-
mum value until around 0500 h, followed by a pronounced post-
sunrise maximum. These observations indicate that under poorly

mixed conditions in summer the 50 m observations are near the
top of, but still within, the stable nocturnal layer, whereas in
winter the 50 m observations are clearly above the nocturnal
inversion. Since nocturnal wind speeds were comparably low
under poorly mixed conditions in each season (Figs 9e and f),
this contrast in nocturnal mixing depth is most likely attributable
to seasonal differences in thermal stability. This conclusion that
is supported by the temperature composites, which show much
larger temperature gradients in winter than in summer (Figs 9c
and d).

3.4.3. Site influences. A conspicuous feature of the diurnal
radon signal at LH is its low amplitude (peak to trough), the
annual mean value of which was 1.49 Bq m−3 at 2 m. De-
spite LH being 18 km inland, the amplitude of its 2 m diurnal
radon signal was comparable to measurements at our coastal
site (Warrawong: 34◦29′S, 150◦52′E; 1.45 Bq m−3). By compar-
ison, the mean diurnal amplitudes of 2 m radon concentration
at Richmond (33◦36′S, 150◦44′E; 55 km from the coast) and
Muswellbrook (32◦16′S, 150◦53′E; 110 km from the coast) were
9.95 Bq m−3 and 12.19 Bq m−3, respectively.

As discussed in Section 3.3.2, a pronounced marine influence
on the LH radon signal may act to suppress nocturnal radon
maxima (and hence the diurnal amplitude) when fetch is from
the south or east. Furthermore, the topographic setting of LH is
complex. With drops in elevation of up to 150 m within a 1 km
radius of the site, drainage flows into the adjacent valleys could
also be expected to suppress nocturnal radon maxima (Servant,
1966; Leach and Chandler, 1992; Kataoka et al., 2003).

A disparity between diurnal amplitudes of near-surface radon
observations over flat versus complex or coastal sites is also
evident in the literature. Butterweck et al. (1994) and Nagaraja
et al. (2003) reported diurnal amplitudes of >50 Bq m−3 at 1 m
over relatively flat ground, and an amplitude of 33 Bq m−3 was
reported by Moses et al. (1960). By contrast, Li (1974) reported
a diurnal amplitude of only 3.2 Bq m−3 at 6 m over complex
terrain, and Dueñas et al. (1996) reported a diurnal amplitude of
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Fig. 9. Seasonal variability of diurnal composites in poorly mixed nocturnal conditions: (a,b) 2 and 50 m radon concentrations and gradient, (c,d) 2
and 50 m potential temperatures and gradient, (e,f) 10 m wind speed and direction and (g,h) net radiation and LAPS mixing depth.

1.2 Bq m−3 at a near coastal site. With the exception of Nagaraja
et al. (2003) however, these statistics represent only days to
months of observations, not an average of the complete annual
cycle.

3.5. Nocturnal mixing patterns

The large variability seen in the radon and radon gradient obser-
vations discussed in Sections 3.3 and 3.4 is generated primarily
by changes in the strength and depth of nighttime turbulent mix-
ing. Focusing exclusively on the nocturnal window, we now
briefly investigate the relationship between radon-derived mea-
sures of vertical mixing in the SBL, the drivers of that mixing
and statistics of the turbulence itself.

For the following analysis we utilize the same categorization
of diurnal cycles introduced in Section 3.4, including results
from the third ‘intermediate’ category that has not yet been
used. Nights in our data set that included the passage of a frontal
system or apparent sharp change in fetch (as evidenced by a step

change in the radon time series) were excluded; as were nights
with discontinuous data. From the 942 possible nights, 698 were
retained for the current analysis.

3.5.1. Bulk diffusivities in the pre-dawn window. If the sur-
face radon flux density, Fs, within the local turbulence footprint
is well known from independent measurements, then a bulk dif-
fusivity parameter (KB) can be calculated by inversion of a bulk
diffusion relationship.

Fs = −KB

�C

�z
. (4)

KB is a robust and useful measure of the integrated strength of
mixing across the layer of interest (Servant, 1966; Hosler, 1969;
Cohen et al., 1972; Trumbore et al., 1990).

The mean radon flux density in the vicinity of LH is 8.2 mBq
m–2 s−1 (see Fig. 5d). Substituting this into eq. 4, KB estimates
were made in the pre-dawn sampling window, based on �Cmax

values in each of the three gradient categories (see Section 3.4).
The low gradient (‘well mixed’) nights were associated with a
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Fig. 10. Nocturnal composite plots of (a) 2–50 m radon-derived bulk diffusivity, (b) 2–50 m bulk Richardson number, (c) 50 m turbulence kinetic
energy and (d) 50 m σ (u,v)/σ (w), for high, medium and low radon gradient categories.

median bulk diffusivity of KB ∼ 3.9 m2 s−1, while high gradient
(‘poorly mixed’) nights had KB ∼ 0.25 m2 s–1.

Hosler (1969) used a similar technique to derive KB estimates
for a 90 m layer adjacent to the surface, based on 22 months of
intermittent radon observations at a semirural site in Washing-
ton D.C. For conditions ranging from near neutral to moderately
stable, his estimates of KB varied from 0.6 to 4.8 m2 s−1. These
values are consistent with KB estimates in this study under Inter-
mediate and Low Gradient conditions (Table 2). Druilhet et al.
(1980) reported seasonal changes in mean nocturnal diffusivi-
ties between 1.5 and 30 m agl based on 2 yr of 2 hourly radon
observations in Roissy, France. KB estimates at midnight ranged
from 0.002 m2 s−1 in summer, when conditions were most sta-
ble, to 0.15 m2 s−1 in winter. These estimates are considerably
lower than found in this study, but they were derived over flat-
ter terrain and for a thinner atmospheric layer. KB is known to
vary with layer thickness and surface roughness (Moses et al.,
1960; Jacobi and Andre, 1963; Hosler, 1969; Cohen et al., 1972;
Druilhet et al., 1980). Servant (1966) estimated the KB over a
100-m layer under various meteorological conditions over 7 d.
KB values obtained between 0000 and 0600h varied from 0.01
to 1 m2 s−1.

3.5.2. Turbulence and bulk mixing measures. The radon-
derived KB (eq. 4), represents an independent measure of the
integrated result of vertical mixing processes within the layer
of interest. This mixing is accomplished via the action of tur-
bulence and modulated by wind stress and thermal stability. In
this final results section, we will briefly explore the relationship
between KB, stability and turbulence.

In Fig. 10, the nocturnal composite median KB in the three
radon gradient categories is presented alongside the RiB:

RiB =
(

g

θv

) (
�θv

�U 2

)
�z, (5)

where θ v is the virtual potential temperature, g is gravity, U
is the wind speed, z is height agl and � represents a gradient
between 2 and 50 m. RiB is an appropriate stability parameter for
comparison with KB, as they are both bulk quantities computed
over the same layer. In very stable conditions, Ri is a more
suitable choice of stability parameter than that based on the
Obukhov length (L), as L is a function of the turbulence itself
and can be dominated by errors when turbulence levels are very
low (Mahrt and Vickers, 2006; Banta et al., 2007). Hosler (1969),
Cohen et al. (1972) and Leach and Chandler (1992) also advocate
the Richardson number as an appropriate stability benchmark for
evaluating near-surface radon gradients.

The interplay between bulk stability and integrated vertical
mixing is very clear in Fig. 10. On nights when the highest radon
gradients are observed, KB drops to very low values in the first
few hours after sunset, and then remains low for the remainder
of the night. At the same time, RiB rises over the course of
the night to reach values that are substantially greater than the
‘critical’ value (usually taken as Rc ≈ 0.25), indicating strong
suppression of vertical turbulence by thermal stratification. On
medium gradient nights, however, KB still drops to quite small
values, despite the fact that RiB does not climb above ∼0.1
(below Rc). This indicates that even moderately stable conditions
are enough to substantially suppress vertical turbulence. Finally,
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on low gradient nights RiB remains close to zero (indicating
near-neutral stability) and KB values are high all night. On both
high and medium gradient nights, after sunrise RiB drops sharply
to negative values (indicating unstable conditions) and KB rises.
Cohen et al. (1972) also found a strong relationship between the
6 and 270 m radon gradient and a stability parameter based on
the Richardson Number.

Figures 10c and d present turbulence statistics from the three-
dimensional sonic anemometer data at 50 m, computed in hourly
bins and composited to match the results from the bulk quanti-
ties. This improves upon the work of Li (1974), who used the
standard deviation of horizontal wind components as a TKE
proxy to characterize the dependence of radon observations at
6 m on turbulence levels. Figure 10c shows turbulence kinetic
energy (TKE) per unit mass:

TKE

m
= 1

2

(
u′2 + v′2 + w′2

)
= 1

2

(
σ 2

u,v + σ 2
w

)
, (6)

where m is mass, and [u′, v′, w′] are components of the 3-D
turbulent velocity vector. Comparing this plot with Fig. 10a,
it is clear that there is a very close correspondence between
the nocturnal evolution of the radon-derived KB and the TKE at
50 m. Both KB and TKE exhibit consistently low values on nights
when the highest �C values were observed, and high values on
low �C nights. On ‘intermediate’ (medium gradient) nights,
both KB and TKE drop to relatively low values (in contrast to
the situation described in the RiB comparison).

Thermal stratification acts to suppress the vertical compo-
nent of turbulence much more strongly than the horizontal com-
ponents. To indicate the relative contributions of vertical and
horizontal motions to the total TKE, Fig. 10d shows the ratio
between the median hourly standard deviations of the horizontal
and vertical velocity components at 50 m (σ u,v/σ w). In strong
mixing conditions (low �C), this ratio is around 2.6−2.8, and
changes little throughout the night. In medium and high �C
conditions, however, the velocity ratio increases as the night
progresses; in the high �C category, it reaches values of al-
most 5 in the pre-dawn hours. This ‘flattening’ of turbulence
motions into pre-dominantly horizontal flows as thermal strati-
fication increases (cf. Fig. 10b) is a well-known feature of very
stable boundary layers, and is expected to be strongest at sites
in complex terrain, where down-slope gravity currents and other
mesoscale motions can form, resulting in significant horizontal
contributions to the TKE (e.g. see review by Mahrt, 1999).

The results in this section confirm that the radon-derived KB

is an unambiguous measure of integrated vertical mixing in the
SBL, and qualitatively demonstrates its ability to reveal impor-
tant mixing relationships that are not illuminated using tradi-
tional stability parameters. A more quantitative investigation of
these relationships is beyond the scope of this paper and will be
reported in a subsequent study.

4. Summary and conclusions

Atmospheric radon-222 has long been employed as a tracer in
both long-distance air mass transport and vertical mixing stud-
ies. For practical reasons, direct radon measurements with a high
vertical and temporal resolution are only viable over short time
periods (days to weeks). This restricts our ability to use radon
to robustly characterize vertical mixing over the full spectrum
of meteorological conditions occurring at a given site on diurnal
to seasonal timescales. In this study, we have demonstrated that
hourly radon measurements at two heights (2 and 50 m) offer
a productive compromise to high vertical resolution measure-
ments in that part of the atmosphere accessible by towers, and
can be sustained routinely over long periods of time (more than
2 yr). The data set presented is unique in terms of its temporal
coverage, temporal resolution, continuity, detector sensitivity,
range of weather conditions represented and supporting meteo-
rological measurements.

With the help of model-derived backtrajectories and boundary
layer depths, we were able to characterize the pronounced sea-
sonal variability in afternoon surface radon concentrations in the
Sydney region in terms of air mass fetch, contact time with land,
ABL dilution and regional variability of the radon source func-
tion. Influences of coastal sea breeze circulations and the local
topography were identified, superimposed upon the dominant
seasonal variations in regional circulation patterns.

Focussing on the nocturnal pre-dawn window, we then ex-
amined the two-point radon gradient (�C) data. The seasonal
variability of nighttime �C is very different to that of the surface
radon concentrations, as it is mainly influenced by the strength
of vertical mixing and, to a lesser extent, variations in the local
flux density footprint. As mixing is mainly forced by vertical
variations in the wind stress and thermal stability on subdiurnal
timescales, and largely independent of horizontal advection, it
was appropriate to divide the data set into discrete diurnal cy-
cles and categorize them according to the maximum observed
nocturnal radon gradient. When this was done, strong and con-
sistent relationships were identified between the observed radon
signals, wind and temperature gradients and conventional mea-
sures of mixing and turbulence including the RiB and the TKE.

The radon-derived KB, was found to be a robust and useful
measure of the integrated strength of mixing across the layer
of interest. Comparison of RiB and TKE with KB verifies that
strong relationships exist between thermal stability, turbulence
intensity and the resultant mixing. RiB is an (bulk) indicator of
the potential/forcing for mixing within the layer, whereas KB is
a measure of the integrated result of that mixing. On nights with
very large �C (low KB), TKE levels were found to be extremely
low and RiB was well above the ‘critical’ value of 0.25. Under
these conditions, the ratio of horizontal to vertical wind pertur-
bations (standard deviations) was high, indicating ‘flattening’
of the turbulence into pre-dominantly horizontal flows. On the
other hand, when �C was very small (high KB), TKE levels were
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high and RiB was near zero. In the middle �C category, however,
both TKE levels and KB indicated significantly reduced mixing,
while RiB values remained below 0.1. It therefore appears that
the KB−RiB relationship is non-linear, with only mildly sta-
ble conditions being sufficient to significantly suppress mixing.
A more quantitative investigation of the relationships between
radon gradients and nocturnal mixing processes will be reported
in a subsequent study.

Hourly two-point radon gradients provide a direct, unambigu-
ous measure of vertical mixing in the lower atmosphere, with
the majority of background signals associated with horizontal
advection and fetch-related source variations automatically re-
moved by the differencing process. In addition to the information
regarding regional transport and boundary layer dilution that can
be extracted from analyses of single-point measurements, two-
point radon gradient data sets provide a powerful new tool for
routine verification of near-surface mixing processes in a range
of models.
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