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Abstract. Radon is increasingly being used as a tool for
quantifying stability influences on urban pollutant concentra-
tions. Bulk radon gradients are ideal for this purpose, since
the vertical differencing substantially removes contributions
from processes on timescales greater than diurnal and (as-
suming a constant radon source) gradients are directly re-
lated to the intensity of nocturnal mixing. More commonly,
however, radon measurements are available only at a sin-
gle height. In this study we argue that single-height radon
observations should not be used quantitatively as an indica-
tor of atmospheric stability without prior conditioning of the
time series to remove contributions from larger-scale “non-
local” processes. We outline a simple technique to obtain an
approximation of the diurnal radon gradient signal from a
single-height measurement time series, and use it to derive a
four category classification scheme for atmospheric stability
on a “whole night” basis. A selection of climatological and
pollution observations in the Sydney region are then subdi-
vided according to the radon-based scheme on an annual and
seasonal basis. We compare the radon-based scheme against
a commonly used Pasquill-Gifford (P-G) type stability clas-
sification and reveal that the most stable category in the P-G
scheme is less selective of the strongly stable nights than the
radon-based scheme; this lead to significant underestimation
of pollutant concentrations on the most stable nights by the
P-G scheme. Lastly, we applied the radon-based classifica-
tion scheme to mixing height estimates calculated from the
diurnal radon accumulation time series, which provided in-
sight to the range of nocturnal mixing depths expected at the
site for each of the stability classes.

1 Introduction

The concentrations of gaseous and particulate pollutants in
the atmosphere are governed by the rate at which they are
emitted from their respective sources, lost by various sink
mechanisms (including surface deposition and in situ chem-
ical transformations), and characteristics of the atmospheric
volume into which they mix (e.g. Veleva et al., 2010; Perrino
et al., 2001, 2008; Avino et al., 2003; Duenas et al., 1996).
This “mixing volume” (or mixing depth) changes diurnally
over land, typically reaching maximum values early in the
afternoon, and minimum values immediately prior to sun-
rise. In the simplest of cases (cloud-free), daytime mixing
depth is determined primarily by the combined strength of
convective turbulence (thermal circulations driven by solar
heating of the Earth’s surface) and mechanical mixing (re-
lated to wind speed and surface roughness). Nocturnal mix-
ing depth, on the other hand, results from a balance between
mechanical mixing and its suppression by thermal stratifica-
tion in the lower atmosphere (e.g. Collaud Coen et al., 2014;
Williams et al., 2013; Stull, 1988).

During winter in Sydney, as for many urban centres, ac-
cumulated domestic heating emissions combine with ex-
haust from peak-hour traffic in the shallow morning inversion
layer, resulting in “brown haze” and pollutant levels that can
exceed threshold guidelines (e.g. Hinkley et al., 2008; Gupta
et al., 2007; Corbyn, 2005; Duc et al., 2000; Leighton and
Spark, 1997; Liu et al., 1996). In summer, however, photo-
chemical pollution events are more common; their severity
linked to prevailing winds and cloudiness (Hart et al., 2006;
Leslie and Speer, 2004; Azzi and Johnson, 1994; Hawke and
Iverach, 1974). Clearer understanding of the processes that
lead to haze or smog exceedance events, as well as an ability
to quantify their magnitude, is important for assessing po-
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tential health impacts on residents, as well as identifying the
need for, and evaluating the efficacy of, emissions mitigation
strategies.

The term “atmospheric stability” — sometimes used syn-
onymously with mixing depth — has been closely linked to
pollution exceedance episodes in many urban centres (e.g.
Grange et al., 2013; Ji et al., 2012; Perrino et al., 2008;
Desideri et al., 2006; Avino et al., 2003; Duenas et al.,
1996). Numerous measures of atmospheric stability have
been devised and applied with varying degrees of efficacy.
The most accurate of these measures are based on the val-
ues of, or ratios between, the near-surface temperature and
wind speed gradients or their turbulent flux counterparts
(Richardson number, Obukhov length, Turbulence kinetic
energy etc.; Foken, 2006; Mahrt, 1999; Leach and Chan-
dler, 1992). However, since these approaches are complex,
expensive and labour intensive, they are also the least com-
mon, and often restricted to the duration of specific research
campaigns. More widely used measures such as the Pasquill—
Gifford radiation and turbulence based stability classification
schemes (Pasquill, 1961; Turner, 1964; Pasquill and Smith,
1983; Venkatram, 1996; USEPA, 2007), designed to be de-
termined from routinely available climatological observa-
tions, are understandably less representative and versatile.
Furthermore, the interpretation of micrometeorological or
climatological observations necessary for all of these tech-
niques is obfuscated by variability due to the effects of a va-
riety of mesoscale motions operating in the nocturnal bound-
ary layer, including local drainage flows, nocturnal jets, and
intermittent turbulence (e.g. see review in Williams et al.,
2013).

Recently, a growing number of investigators have begun
exploiting the virtues of Radon-222 (radon) as a compara-
tively simple and economical means of quantitatively gaug-
ing atmospheric stability or mixing depth (Wang et al., 2013;
Zhang et al., 2012; Xia et al., 2011; Perrino et al., 2001,
2008; Desideri et al., 2006; Galmarini, 2006; Acker et al.,
2006; Sesana et al., 2003 and references therein; Duenas
et al., 1996; Febo et al., 1996; Porstendorfer et al., 1991;
Fujinami and Esaka, 1987). Radon is an unreactive, poorly
soluble, radioactive gas (o5 = 3.82d) that is emitted natu-
rally from ice-free, unsaturated terrestrial surfaces at a rate
that varies slowly both geographically and temporally (0.72—
1.2atomscm~2s~1; Turekian et al., 1977; Lambert et al.,
1982; Jacob et al., 1997) and is two orders of magnitude
greater than from open bodies of water (Wilkening and
Clements, 1975; Schery and Huang, 2004). The half-life of
radon is sufficiently long that it can be assumed to be an ap-
proximately conservative tracer over the course of a single
night, while being short enough that it does not accumu-
late in the atmosphere and typically exhibiting an order of
magnitude gradient between the atmospheric boundary layer
(ABL) and the lower troposphere. This combination of phys-
ical characteristics makes radon a quantitative proxy for the
effects (outcomes) of near-surface vertical mixing on scalar
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quantities, and one that is independent of micrometeorologi-
cal or climatological observations.

It has been demonstrated that near-surface two-point ver-
tical radon concentration gradients constitute an unambigu-
ous measure of vertical mixing and atmospheric stability
(Williams et al., 2013; Chambers et al., 2011; Porstenddrfer
etal., 1991; Gogolak and Beck, 1980; Malakhov et al., 1966;
Jacobi and Andre, 1963). The act of vertical differencing ef-
ficiently removes most contributions to the observed radon
signal that are related to processes on timescales greater than
the diurnal cycle, including synoptic to seasonal variations in
fetch regions and tropospheric exchanges with the boundary
layer. To date, however, most investigators employing radon
as a proxy for atmospheric stability have had access to obser-
vations at only a single height (e.g. Wang et al., 2013; Zhang
et al., 2012; Perrino et al., 2001, 2008; Sesana et al., 2003;
Duenas et al., 1996). If only a single height is available, the
unwanted effects of these larger-scale processes need to be
eliminated by careful conditioning of the radon time series.

The aims of this study are: (i) to demonstrate that radon
observations at a single height can only be used quanti-
tatively as an atmospheric stability indicator if contribu-
tions on timescales greater than the diurnal are first re-
moved or reduced by careful conditioning of the time se-
ries; (ii) to propose a simple, approximate method for sep-
arating these components in a time series of radon obser-
vations made from a single height that is well below the
minimum depth of a typical stable nocturnal boundary layer
(< 20mabove ground level, a.g.l.); (iii) outline a simple
method for generating a radon-based stability classification
scheme on a “whole night” basis; (iv) demonstrate the ef-
fectiveness of this scheme by quantifying the influence of
increasing atmospheric stability on diurnal concentrations
of selected climatological parameters and urban pollutants,
and nocturnal mixing depths; and (v) compare the perfor-
mance of the radon-based scheme against a more traditional
(Pasquill-Gifford) categorical stability classification scheme
using standard meteorological parameters as input.

2 Site and observations

All observations for this study were made on the grounds
of the University of Western Sydney, Richmond Campus
(33.618° S, 150.748° E). Richmond is approximately 55 km
inland from the New South Wales coast, 51 km northwest of
the Sydney CBD, and approximately 24 ma.s.l. While the to-
pography in the immediate vicinity of the site is relatively
flat, it is near the western extent of the Sydney Basin, such
that the foothills of the Great Dividing Range lie about 5 km
to the west. Unless otherwise specified, results are derived
from the 5-year period 2007-2011, all times are local Eastern
Standard Time (EST = UTC + 10 h), and the southern hemi-
sphere seasonal definition is employed.
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Continuous, direct, hourly atmospheric radon concentra-
tion measurements were made using a 1500 L dual flow loop,
two-filter radon detector (e.g. Whittlestone and Zahorowski,
1998; Chambers et al., 2014). Raw counts and detector op-
erational parameters were logged at half-hourly intervals to
a CR800 logger (Campbell Scientific, Inc.) and integrated to
hourly values for post processing. Air was sampled from a
height of 2ma.g.l. through 50mm 1.D. PVC pipe at a flow
rate of ~50L min—1. A 400L delay volume was incorpo-
rated in the intake line to ensure that thoron (Rn-220) con-
centrations entering the detector were less than 0.5 % of their
ambient values. The detector had a response time (time to
half-peak magnitude) of 45 min, and a lower limit of deter-
mination (defined here as the equivalent radon concentra-
tion for a detector counting error of 30 %) of 30mBgm~3.
The detector’s instrumental background increases approxi-
mately linearly with time, primarily as a function of the ac-
cumulation of the long-lived particulate radon daughter Pb-
210 on the second filter. Background checks were performed
every three months and the linear (R? = 0.99) background
model removed from the raw hourly counts before calibrat-
ing to final concentrations. Detector calibrations were also
performed every 3 months, by injecting radon for 5h from a
flow-through Pylon 245 kBq + 4 % Ra-226 source (traceable
to NIST standards) at a rate of 80 ccmin—1. The coefficient
of variability of calibration coefficients over the study period
was 5.2%. The combined error on an hourly concentration
estimate of 100 mBgqm~3 is expected to be 17 %. This mea-
surement uncertainty reduces with longer averaging times as
~ N~1/2 for N hourly samples. Furthermore, the contribu-
tion to this uncertainty by the detector’s counting error de-
creases with increasing radon concentration (e.g. from 30 %
at0.03Bqm—3t03.5% at 1Bqm—3).

Hourly observations of climatological parameters (wind
speed, direction, air temperature and humidity), as well as
standard air quality parameters (NO, NO,, Ozone, SO,
PM25), were provided by the New South Wales Office of
Environment and Heritage from a site adjacent to the radon
observations. Wind speed and direction were recorded at
10ma.g.l., other climate sensors and the intake for air qual-
ity observations was situated at ~5ma.g.l., on the roof of a
small enclosure.

It should be noted that slight calibration problems were
evident with the externally provided NO and SO, concen-
trations. An approximately linear drift in the NO data of
0.54 ppb per year was identified and removed, but some un-
certainty remains in the absolute values. A slight negative
drift in the SO, calibration was also evident, but the coarse
resolution of the data at low concentrations made it difficult
to correct. Consequently, small negative SO, values are occa-
sionally reported for periods of low concentration. However,
since the relative changes in concentration are the focus of
this study, these issues with the absolute calibrations will be
overlooked.

www.atmos-chem-phys.net/15/1175/2015/
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3 Development of a radon-based stability index

The observed variability of long-term atmospheric radon
measurements represents the superposition of influences act-
ing on a range of scales, including: synoptic to seasonal
changes in air mass fetch; synoptic-scale tropospheric ex-
changes with the boundary layer (via fronts and deep con-
vection); geographically generated mesoscale circulations;
and diurnal vertical mixing within the boundary layer. As-
suming that local diurnal contributions to the observed radon
signal can be meaningfully disentangled from the larger-
scale (“non-local”) contributions, and neglecting the decay
of radon over a single night, the nocturnal accumulation of
radon near the surface should be primarily controlled by two
factors: (a) the mean radon flux from a representative local
fetch region, and (b) the strength and extent of vertical mix-
ing, which is closely related to stability and the depth of the
nocturnal boundary layer.

3.1 The seasonal cycle of radon at Richmond

The composite seasonal cycle of radon at Richmond (Fig. 1a)
is characterised by low concentrations November through
February and higher concentrations March through October
(see also Crawford et al., 2013). Ignoring May for a moment,
at least ~ 30 % of the 4.2 Bq m~3 amplitude of mean monthly
radon concentrations seen in Fig. l1a is attributable to “non-
local” effects. This can be seen by inspection of the mean
afternoon (~ 15:00 EST) radon concentrations in the com-
posite diurnal cycles presented in Fig. 1c (see also Fig. 4a),
which exhibit a seasonal range of about 1.5Bqm~3. After-
noon radon values near the surface tend to be representative
of the mean concentration through the depth of the daytime
convective boundary layer (CBL), which is typically 1 km or
more and changes only slowly from day to day in response to
the passage of synoptic scale weather systems. Seasonal mi-
gration of the subtropical ridge leads to variations in the re-
cent terrestrial source regions for radon, and frontal systems,
deep convection and variations in the depth of the capping
inversion affects the degree of dilution of radon within the
CBL.

Climatological summaries of the Sydney Basin region
(e.g. Crawford et al., 2013; Chambers et al., 2011) show
that regional flow for this region in summer is predominantly
easterly to southerly, with recent land fetch typically less
than half a day. In winter, however, regional flow is often
south westerly to westerly, with recent terrestrial fetch over
south eastern Australia of the order of 2-3 days. In May,
low mean wind speeds often result in longer air mass time-
over-land, leading to particularly large nocturnal radon levels
(Fig. 1a, b).

The remaining ~ 70 % of the seasonal variation observed
in mean surface radon concentrations at Richmond is at-
tributable to local diurnal effects. The composite diurnal cy-
cle of radon at Richmond (Fig. 1c) is characterised by peak
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Figure 1. (a, b) Monthly distributions (10th, 50th and 90th percentiles) of radon and wind speed, (c) hourly mean diurnal composite radon

by season, at Richmond.

concentrations near sunrise, when the nocturnal boundary
layer is at its shallowest, wind speeds tend to be at their
lowest and the influence of local sources dominate. Mini-
mum values are found in the mid-afternoon, when the con-
vective boundary layer is at its deepest (maximum dilution),
and radon source influences are dominated by the air mass
fetch history of the last ~2 weeks (see discussion above).
The timing of the diurnal cycle (Fig. 1c) changes accord-
ing to seasonal variations in the intensity and duration of in-
cident radiation, with morning peak concentrations shifting
from 05:00 EST in summer to 07:00 EST in winter, and the
duration of the afternoon minimum period contracting from
6h in summer to 2h in winter. Typically lower mean wind
speeds (Fig. 1b) and colder drier conditions in autumn and
winter generate weaker mixing, leading to shallower noctur-
nal inversions with high radon levels.

3.2 Isolating the stability-related signal

Atmospheric stability indices are designed to provide mea-
sures of the atmosphere’s capacity to support vertical mix-
ing by local turbulence processes. Variations in the observed
radon signal due to the “non-local” processes described
above, however, are not directly related to atmospheric sta-
bility and can be comparable in magnitude to the stability-
related variations. The “non-local” radon signal is largest for
sites situated near the coast, due to the strong land/ocean con-
trast in the radon source function, but will be evident to some
degree at all sites since the 3.8 day half-life of radon means
that fetch regions over the last two weeks or more influence
the observed signal. It is therefore important to characterise
and remove (or neutralise) the effects of these “non-local”
variations prior to application of radon as a quantitative indi-
cator of atmospheric stability.

When vertically resolved radon measurements are avail-
able from towers, a two-point radon gradient can be calcu-
lated between the lowest and highest intake levels for the
purpose of characterising bulk mixing characteristics in the
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nocturnal boundary layer (Chambers et al., 2011; Williams et
al., 2013). This vertical differencing effectively removes con-
tributions to the absolute radon signal on timescales greater
than the diurnal. To demonstrate this point, 10 days of radon
gradients between 2 and 50 m from another site within the
Sydney Basin (Lucas Heights, 50 km SSE of Richmond) are
presented in Fig. 2. Described in Chambers et al. (2011) and
Williams et al. (2013), this site is located on a broad ridge
18 km from the coast. Topography in the immediate vicinity
is moderately complex, with changes in elevation of ~ 150 m
within a 1 km radius. 4-day back trajectories (Fig. 3) using
the HYSPLIT model (Draxler and Hess, 1998) indicated that
the increase in daily minimum (afternoon) radon concentra-
tions from day 253 to day 255 in Fig. 2a was a result of
an increasing land fetch over eastern Australia. On day 257,
both detectors indicated an abrupt reduction in radon con-
centration corresponding to a synoptic change in air mass
fetch from terrestrial (south westerly) to oceanic (south east-
erly). Inspection of the corresponding radon gradient time se-
ries (Fig. 2b), however, shows no significant influence from
either the slow or the abrupt fetch changes. Instead, the
maximum radon gradient values attained each night are pri-
marily a measure of the amount of locally sourced radon
trapped within the nocturnal inversion. Assuming a local
radon source function that is approximately constant in time
and space, the gradient time series is thus predominantly a
function of stability.

Unfortunately, few sites are set up to conduct vertical
radon gradient observations. However, the particular quali-
ties of radon, together with an understanding of its distribu-
tion in the boundary layer, allow us below to construct an ap-
proximate vertical radon gradient using only measurements
at a single height near the surface, for use as a stability indic-
tor.

In the mid-afternoon (Fig. 1c), the ABL is relatively
well-mixed from the surface to the synoptic inversion and
radon measurements close to the surface are representative of

www.atmos-chem-phys.net/15/1175/2015/
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Figure 2. (a) 2 and 50 ma.g.l. hourly radon concentrations at Lucas Heights, 30 km southwest of Sydney, in September 2009, and (b) the

corresponding hourly radon gradient.

bulk ABL radon concentrations (e.g. Chambers et al., 2011;
Williams et al., 2011; Moses et al., 1960). When the ABL
is deep and well-mixed, radon concentrations reflect the col-
lective influence of all sources (decay weighted) over the air
mass’s recent (~ 2-week) fetch history. After sunset, how-
ever, in the absence of low cloud or high winds, an inversion
layer begins to form from the ground up as a result of the
growing thermal stratification (the stable nocturnal bound-
ary layer, SNBL) (e.g. Collaud Coen et al., 2014; Sesana et
al., 2006; Stull, 1980). The radon concentration in the resid-
ual layer (RL), the air residing between the top of the SNBL
and the previous day’s synoptic inversion, remains similar to
that of the previous day’s ABL (ignoring radon decay; e.g.
Kondo et al., 2014) and can therefore be approximated from
the previous afternoon’s minimum (well-mixed) radon con-
centration near the surface. By linearly interpolating mini-
mum radon concentrations from one afternoon to the next, it
is therefore possible to produce a radon time series similar
to that which might be measured by a radon detector with
an intake height within the RL. Below the nocturnal inver-
sion, however, the radon concentration of the SNBL evolves
largely independently of the overlying radon concentration.
Since wind speeds are typically <1ms~! on stable nights,
the radon that accumulates between the surface and the cap-
ping inversion of the SNBL (e.g. morning peak of Fig. 1c)
is derived primarily from local sources (i.e. within less than
a 40 km radius; Chambers et al., 2011). A radon “pseudo-
gradient” can thus be formed by computing the difference be-
tween the near-surface observations and the constructed time
series approximating the radon concentrations in the RL.
This pseudo-gradient will be substantially free from variabil-
ity associated with “non-local” processes and thus mainly in-

www.atmos-chem-phys.net/15/1175/2015/

Figure 3. One week of 4-day HYSPLIT back-trajectories depicting
conditions of high (red), moderate (green) and low (blue) terres-
trial influence on air masses arriving at Lucas Heights, NSW. Each
trajectory is the average of five hourly trajectories between 13:00—
17:00 LST each day.

fluenced by the strength of the local radon source function
(approximately constant) and atmospheric stability.

3.3 Features of the radon pseudo-gradient
As an example of the above technique, a 5-week subsection
of the 5-year Richmond radon time series is presented in

Fig. 4a. Periods of oceanic fetch are evident where daily min-
imum concentrations drop below 0.5 Bqm~3, as well as peri-
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ods of multi-day terrestrial fetch with daily minimum radon
concentrations of 3-4 Bgm~—2. Included in this figure is a
linear interpolation between afternoon minimum radon con-
centrations (red line). The routine used to generate this line
identified the minimum hourly radon concentrations between
12:00-18:00 EST each day and linearly interpolated between
them. On occasion, when there was a large change in fetch
(terrestrial to oceanic) or a large nocturnal mixing event, the
difference between the observed radon and the interpolated
values (the “pseudo-gradient™) sometimes went negative. On
such occasions, the routine adjusted the interpolated series
by adding additional linear segments (as few as possible) to
maintain a non-negative “gradient”. A subsection of the re-
sultant pseudo-gradient time series is shown in Fig. 4b.

A feeling for the relative contributions of the “non-local”
and stability-driven contributions to the seasonal cycle of
radon at Richmond can be obtained by separately consid-
ering their monthly mean values (Fig. 5a). There is a pro-
nounced seasonality in both components. In the case of the
“non-local” signal, this is mainly due to changes in air mass
fetch, as already discussed. Stability-driven contributions are
smallest in November through February, when wind speeds
are higher (Fig. 1b) and air masses tend to be more hu-
mid (fetch predominantly oceanic) so that nocturnal cloud
cover is more common. These factors reduce the strength of
the nocturnal thermal stratification near the surface, leading
to deeper nocturnal boundary layers and lower near-surface
radon concentrations. In March through October, the pre-
dominantly terrestrial fetch results in drier conditions and
more cloud-free nights. This enables strong thermal inver-
sions to form near the surface when wind speeds drop, re-
sulting in near-surface radon concentrations that sometimes
exceed 40 Bqm~—23. May exhibits the largest monthly mean

Atmos. Chem. Phys., 15, 1175-1190, 2015

pseudo-gradient, corresponding to the smallest wind speeds
(Fig. 1b).

3.4 Whole-night radon-based stability classification

A mean hourly diurnal composite plot of the radon gradi-
ent is presented in Fig. 5b, with the time axis chosen to em-
phasise the nocturnal radon build-up, which begins around
sunset (18:00) and starts to erode after sunrise (06:00). We
define a 12 h “nocturnal stability window” from 20:00-08:00
(Fig. 5b), chosen to capture the full range of radon concen-
trations on the majority of nights. The mean radon pseudo-
gradient within the nocturnal stability window was calculated
for each night, and then quartile ranges of the cumulative fre-
quency histogram of this quantity (Fig. 6) were used to define
the following four radon-based whole-night stability classes:

Quartile  Nocturnal mean  Stability Vertical
radon gradient category mixing

Q1 <2.5Bq m—3 Near neutral Strong

Q2 2.5-6.3Bqm—3 Weakly stable Moderate

Q3 6.3-11.2Bgm~3  Moderately stable ~ Weak

Q4 >11.2Bqm—3 Stable Very weak

While the nocturnal mean radon gradients reported above
are specific to the Richmond site, updated values for any
measurement site can be determined by preparing a cumu-
lative frequency diagram (Fig. 6) for the site in question, and
reading the new quartile ranges off the graph.

After sorting each whole night of the 5-year data set ac-
cording to this stability classification, we calculated corre-
sponding diurnal composite radon gradient plots (Fig. 7). For

www.atmos-chem-phys.net/15/1175/2015/
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nights classified as near-neutral (Q1), there was little noctur-
nal accumulation of radon and the amplitude of the diurnal
cycle was 1.5Bgm~2. By contrast, nights classified as sta-
ble (Q4) showed a rapid radon build-up after sunset, peaking
near sunrise, with a mean diurnal amplitude of 22.9 Bqm~3.

4 Results
4.1 Evaluation against meteorological data

Standard climatological observations were available at Rich-
mond during the period of this study. Of these observations,
the parameters most easily relatable to measures of stability
and/or mixing are: wind speed, standard deviation of wind
direction, and temperature. Diurnal composite plots of these
parameters, grouped solely by our radon-based stability clas-
sification scheme for whole nights, are shown in Fig. 8.
Nocturnal (20:00-06:00) wind speeds were highest for
the nights classified as “near neutral” (on average almost
2ms1). High wind speeds result in a deep, mechanically
mixed nocturnal boundary layer, and these periods also ex-
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Figure 7. Hourly mean diurnal composite radon gradient plots for
the four designated nocturnal stability categories. Each curve repre-
sents an average of between 410-420 whole days of observations;
whiskers represent + 1o

hibited the smallest diurnal amplitude in wind speed and
temperature as well as a comparatively small standard de-
viation of wind direction. Such characteristics are consistent
with overcast conditions and the passage of frontal weather
systems. The smallest mean nocturnal wind speeds were ob-
served on nights classified as “stable” by the radon method,
usually dropping below 0.5 ms~. However, even the weakly
stable evenings had wind speeds <1 ms~1, which is consis-
tent with Sesana et al. (2003) who reported no significant
nocturnal accumulation for wind speeds above 1.5ms1.
The stable nights also exhibited the greatest standard devi-
ation of wind direction, consistent with the presence of mean-
dering mesoscale flows within the shallow SNBL. The am-
plitude of the diurnal temperature signal in cases identified
as stable was greater than for the other categories, as would
be expected for predominantly clear-sky conditions. Further-
more, atmospheric pressure (not shown) was 2 hPa greater on
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temperature.

average in the “stable” cases, consistent with anti-cyclonic
activity and regional subsidence.

4.2 Evaluation against urban pollution data

In the previous section, it was seen that the radon-based at-
mospheric stability classification scheme is clearly an effec-
tive quantitative tool for delineation between various noctur-
nal atmospheric mixing states. As a further evaluation, we
used the new classification scheme to quantify changes in
various urban pollutant concentrations as a function of atmo-
spheric stability. As can be seen in Fig. 9, despite the “whole
night” resolution of the radon-based stability classification
scheme, it is capable of characterising the influence of noc-
turnal mixing on primary and secondary gaseous and aerosol
pollutants.

In the case of NO, NO, and PM> 5, the most stable at-
mospheric conditions (shallow mixing depths) identified by
this scheme are associated with dramatically increased near-
surface pollutant concentrations. On average, the diurnal
range of NO increases from 1.6 ppb under well mixed con-
ditions to 14 ppb under the most stable conditions. The cor-
responding diurnal range increase for NO> is 2.8 to 9.4 ppb,
and for PMy5 3.6 to 12 pg m—3. However, increasing atmo-
spheric stability has the opposite effect on near-surface con-
centrations of ozone and SO,. Since ozone is highly reac-
tive, when trapped in a shallow inversion layer (stable class)
surface deposition processes and titration by NO emitted by
vehicles rapidly reduce the concentration. Conversely, when
near-surface wind speeds are higher (near-neutral class),
ozone is mixed downward from the overlying air mass, re-
sulting in higher nocturnal concentrations. Similarly for SO,
when trapped in a shallow inversion layer chemical sink pro-
cesses rapidly reduce the near-surface concentration of SO,
formerly present in the ABL. Since there are no significant

Atmos. Chem. Phys., 15, 1175-1190, 2015

sources of SO in the immediate vicinity of Richmond, no
accumulation is observed leading up to sunrise.

As was the case for the climatological variables, the diur-
nal behaviour of each pollutant species in each of the radon-
based stability categories was clearly consistent with current
knowledge for urban areas (e.g. Oz, Avino et al., 2003; Acker
et al., 2006; Di Carlo et al., 2007; Zhang et al., 2012, Pitari
et al., 2014; SO», Jenner et al., 2012; PM> 5, Gupta et al.,
2007).

While Fig. 9 clearly demonstrates a close correspondence
between mean nocturnal radon accumulation near the surface
and pollutant concentrations, the pronounced differences in
diurnal cycle characteristics between radon (Fig. 7) and ur-
ban pollutants (Fig. 9), largely brought about by spatio-
temporal differences in their sources and sinks, can result in
low, or highly variable, correlations between radon and spe-
cific pollutant concentrations.

4.3 Comparison with Pasquill-Gifford stability
classification

Pasquill-Gifford (P-G) atmospheric stability typing
(Pasquill, 1961; Turner, 1964; Pasquill and Smith, 1983)
is usually employed to facilitate estimates of lateral and
vertical dispersion parameters in Gaussian plume models.
The P-G stability categories employed here were defined
according to the turbulence-based variation of Turner’s
method (Turner, 1964), based on scalar mean wind speed
and the standard deviation of wind direction. In all, there
are seven P-G stability categories ranging from A through
G (Table 1), although for many regulatory applications (and
the turbulence-based version of Turner’s method) the more
strongly stable categories F and G are grouped together.
The key used for assigning the P-G turbulence stability
categories are provided in Tables 2 and 3 (see also USEPA,
2007).

www.atmos-chem-phys.net/15/1175/2015/
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atmospheric stability classifications.

Table 1. Pasquill-Gifford stability class names. Table 2. Lateral turbulence criteria; step 1 of P-G turbulence stabil-
ity classification.

Class  Description

Initial estimate of  Standard deviation of

A Extremely unstable ; At o

B Moderately unstable P-G category wind direction o6 (°)

C Weakly unstable A 225 <00

D Neutral B 175 <060 <225

E Weakly stable C 125 <060 <175

F Moderately stable D 75<06<125

G Strongly stable E 38<06<75

F 06 <38
All hourly data of the 5-year data set was assigned a P—

G turbulence stability category according to Tables 2 and 3. cal and pollutant concentration data on a whole-day basis ac-
To best match the classification performed by the radon- cording to the assigned P-G stability class; selected results
based technique, we then assigned “whole-night” P-G stabil- are shown in Fig. 10.
ity classes based on the modal (most common) hourly stabil- Using the radon “gradient” data as a benchmark (Fig. 10a

ity category defined over the 9-hour period 21:00-05:00 EST; cf. Fig. 7), the P-G stability classes D-F appear to fall
a reduced nocturnal window compared to the radon method roughly between the four radon-defined stability classes.
was used here to avoid the lag known to exist between hourly For example, peak radon concentrations for the moderately
P-G stability categories and radon-separate concentrations and strongly stable classifications in the radon-based scheme
(Duenas et al., 1996). Lastly, we categorised the climatologi- were 13 and 23 Bqm~3, respectively, whereas the peak “very

www.atmos-chem-phys.net/15/1175/2015/ Atmos. Chem. Phys., 15, 1175-1190, 2015
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Figure 10. Mean hourly diurnal composite plots of selected climatological and pollution quantities for whole days categorised by their
dominant nocturnal Pasquill-Gifford stability category: D — neutral; E — weakly stable; F — moderately stable.

stable” P—G turbulence value was 16 Bqm~2. This indicates
that the P-G “very stable” category is less selective of the
strongly stable nights than the equivalent category in the
radon-based scheme, a fact that is confirmed by a smaller am-
plitude in the diurnal temperature composite in Fig. 10c (cf.
Fig. 8c). Comparing the morning evolution of near-surface
temperature between days classified as stable by the two
schemes, fewer of the days classified as stable by the P-
G turbulence scheme appear to develop into clear-sky con-
vective conditions than is the case for the radon scheme. In
fact, mornings of P-G “stable” days are cooler than the P—
G “moderately stable” days. Both schemes predict nocturnal
wind speeds of around 0.5 ms~! under the most stable con-
ditions, whereas the P-G scheme attributes a smaller propor-
tion of wind speed events to the neutral category, as evident
from the higher mean wind speed and greater variability over
the diurnal cycle.

Perhaps most significantly, the fact that the P-G “stable”
category is less selective of the strongly stable nights than
the radon-based scheme means that the relationship between
atmospheric stability and peak nocturnal pollutant concen-
trations are underestimated by the P-G scheme (Fig. 10e cf.

Atmos. Chem. Phys., 15, 1175-1190, 2015

Fig. 9d for SO»; Fig. 10f, cf. Fig. 9e for PM55). Such dis-
crepancies (30-50%) can have significant implications for
public exposure records and would influence air quality man-
agement.

5 Discussion
5.1 Applicability, limitations and caveats

While the method described here to derive the radon-based
stability classification scheme is applicable to most near-
surface radon (or radon progeny) time series, the absolute
threshold values adopted for the four stability classifications
(shown in Fig. 6) will vary according to site-specific changes
in the frequency distribution of the nocturnal mean radon gra-
dient (see Sect. 3.4). At sites that experience consistent snow
cover or freezing soils, separate stability classifications may
needed for the “warm” and “cold” parts of the year to ac-
count for changes to the local radon source function. Sim-
ilarly, at sites where there is a large summer/winter change
in daylight hours, separate seasonal stability classification

www.atmos-chem-phys.net/15/1175/2015/
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Table 3. Wind speed adjustments to determine final estimate of P-G
turbulence categories.

Final estimate of
P-G category

Initial estimate of
P-G category

Time of day 10 m wind speed

(ms™h

u<3
3<u<4
4<u<6
6<u
u<4
4<u<6
6<u
u<eé
6<u
JEorF ANY

u<2.9
29<u<36
36<u
u<4
4<u<6
6<u
u<eé
6<u
ANY
u<4
4<u
u<4
4<u<6
6<u

Day

Night

TMTTMTTMMOUOOTEEP>D>P> TOOTIE> D> D> D>
OMTMOUMOOUOMUOMTMUMTM| OUO0OTOTTOT>

may be required to account for differences in nocturnal ac-
cumulation times. Furthermore, for sites located at, or close
to (say <20 km) the coast, it may be necessary to derive vary-
ing thresholds for the classification scheme which take into
account the fact that part of the nocturnal radon footprint may
be over the ocean with effectively zero flux (e.g. onshore vs.
offshore flow). It is also important to note that the choice of
four stability classes in this study was essentially arbitrary.
The number of stability classes used to apportion the noctur-
nal radon data could be increased if desired, although care
needs to taken to ensure that a sufficient number of observa-
tions remain within each defined category to provide statis-
tically sound results. Based on the five years of observations
used here, results from each of the four stability categories
represented in Figs. 8 and 9 were derived from approximately
400 individual observations (for each hour of each curve in
the diurnal composites).

Although radon gradients are calculated hourly, stability
classifications in this study have been defined on a “whole-
night” basis (20:00-08:00). This was done so that a mean-
ingful analysis of “typical” diurnal patterns could be per-
formed. While intermittent events of various natures can se-
riously disrupt the atmospheric stability regime on a given
night, long-term observations in the Sydney Basin reported
by Chambers et al. (2011) have indicated that in more than
70 % of cases a night that begins within a broadly defined sta-
bility category will usually persist as such. As evident from
the daytime values of Figs. 8 and 9, this level of synoptic
“persistence” often extends for the whole day; e.g. stable
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nights are often associated with, warm, clear-sky days. Hav-
ing said this, there is no strong reason why radon gradients
could not be applied on an hourly basis, for example in an
operational environment. If “future” values are unavailable,
an estimation of the current RL value can be obtained simply
by extrapolating the minimum value from the previous after-
noon. The uncertainties introduced by this additional approx-
imation have not been estimated in the current study, but are
likely to be small in general.

Since it is usually the larger-scale synoptic conditions that
drive atmospheric stability conditions at the surface, the sta-
bility categories derived from the current approach are often
applicable to a broader region than the immediate vicinity of
the observations. For example, an atmospheric stability clas-
sification scheme based on hourly radon observations from
Warrawong (70 km south of the Sydney CBD; Chambers et
al., unpublished data), was more successful at categorising
hourly measurements of NO, NO2, Ozone and PMy 5 at a
site 10km to its north, than a Pasquill-Gifford scheme cal-
culated from climatological observations made adjacent to
the pollution monitoring station. A corollary of this obser-
vation is that, while multiple pollution monitoring stations
might be required to assess the pollutant levels for a large
urban region (Duenas et al., 1996), a single radon monitor-
ing station could be sufficient to assess the nightly stability
regime of a region within a radius of 10s of km, large enough
to cover a modestly sized urban area. Furthermore, it is im-
portant to note that the method of stability classification out-
lined here is completely independent of any climatological or
micro-meteorological observations, making it a simple and
economical alternative to conventional approaches to stabil-
ity classification.

The consistent and effective way in which the radon-based
stability classification scheme resolves the diurnal behaviour
of gaseous and fine-particle urban emissions is likely to be a
valuable tool in the assessment of chemical transport model
performance, by providing diurnal composite pollutant con-
centrations for a range of nocturnal mixing depths which
may, or may not, be resolved by a given model. Since this
method enables hourly distributions to be calculated for each
quantity over the diurnal cycle for a range of stability classi-
fications, it would be an ideal benchmarking tool.

5.2 Stability influences on mixing depth: a box model
analysis

An alternative interpretation of radon measurements in the
stable boundary layer is possible with time-resolved mea-
surements. Radon is assumed to be emitted with a constant
flux, F; into a well-mixed box. The height of the box can be
determined from the near-surface radon concentration, C, if
radon emissions are known.

The box-model approach has been used for several stud-
ies since the 1970s (including Pitari et al., 2014; Griffiths et
al., 2013; Grossi et al., 2012; Di Carlo et al., 2007; Sesana et
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al., 2006; Galmarini, 2006; Pasini and Ameli, 2003; Kataoka,
1998; Allegrini et al., 1994; Fujinami and Esaka, 1988;
Guedalia et al., 1980; Fontan et al., 1979). In the model, the
change in radon concentration within the well-mixed layer
adjacent to the surface is due to a balance between surface
emissions, radioactive decay and, if the layer is growing, di-
lution. These assumptions lead to the budget equation:

de = F/he—AC — D, (1)
dt

where % =2.098 x 10 — 651 is the radon decay constant,
D is the dilution term, nonzero when the boundary layer
is growing and therefore entraining low concentration air
from above, and here the radon flux, F, is assumed to be
20mBgm~2s~1, arepresentative value for New South Wales
(Griffiths et al., 2010).

Equation (1) can be solved iteratively to obtain a time-
series of the effective mixing depth, i (Griffiths et al., 2013)
or can be solved analytically by assuming that D = 0. If dilu-
tion is assumed to be zero, we call the resultant length-scale
the accumulated estimate of the mixing height, Aacc, which
is given by Fontan et al. (1979) as:

F (1 - e_)")

A(C—e*Co)’ @

hacc =

where Cq is the concentration at time ¢ = 0, the time when
radon concentration reaches its minimum. The effect of ra-
dioactive decay is included in Eq. (2), although over the
course of a single night it only changes the estimated mix-
ing length scale by less than 5 %.

We used the above two methods to calculate the hourly
nocturnal mixing depth since sunset, then — based on the 5h
before sunrise each morning — calculated the distributions
(10th, 50th, and 90th percentiles) of mixing depths for each
stability category (Fig. 11).

Based on these mixing height estimates the pseudo-
gradient classification method leads to similar results as ei-
ther of the box-model approaches (%e Or hacc), in spite of the
different conceptual framework. Stronger agreement is seen
with haee than with he, and this is not surprising since facc
— like the pseudo-gradient — is based on a measured change
since the previous afternoon’s minimum.

Under the most stable conditions the radon-based mixing
length scale is typically 30—35 m, but occasionally drops be-
low 20-25 m. For the near neutral (well mixed) cases, how-
ever, the nocturnal boundary layer is typically 400-500 m
deep, but occasionally over 1000 m.

5.3 Seasonal and fetch effects on extreme pollution
events

As we have a sufficiently long (5-year) data set at Richmond,
it is possible to analyse stability effects on pollutant concen-
trations as a function of season and air mass fetch. Figure 12
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compares winter and summer concentrations of PM> 5, SO»
and ozone in very stable (extreme pollution) conditions. At
Richmond, there are strongly contrasting urban signatures
within the air mass fetch for winter and summer. In winter, as
previously mentioned, regional flow is mainly from the west
to south west; emissions are typically of a rural or domestic
nature. In summer, however, air mass fetch varies from east
to south; frequently directly from the Sydney CBD (to the
southeast).

In winter, the peak PM> 5 concentrations (occasionally ex-
ceeding 15ugm~23) occur in the morning, when accumu-
lated smoke from domestic heating around Richmond and
the foothills dominates. During the days, however, the west-
erly fetch covers extensive forested regions of the Great Di-
viding Range, and PM, 5 concentrations are comparatively
low. In summer, both the morning and evening traffic plumes
are evident in the PM; 5 concentrations, and — despite deeper
daytime ABL depths in summer than winter — the daytime
PM2 5 concentrations from Sydney are more than double that
observed from the west.

Wintertime SO2 concentrations are generally low at Rich-
mond; during the days, when atmospheric mixing is deepest,
the slightly elevated SO, concentrations likely represent ad-
vection from distant pollution sources. For example, Cohen
et al. (2012) estimated that 30-50 % of sulfate measured in
the greater Sydney region during the cooler months of the
year was attributable to releases from distant coal-fired power
stations. In summer, SO, concentrations are higher overall,
with morning and evening traffic-related peaks evident (al-
though delayed compared to PM3 5). Although derived from
near-surface sources, this urban SO, can mix throughout the
ABL en route to Richmond (>30km from Sydney). Since
stable nocturnal conditions are usually associated with clear-
sky days, these represent the peak ozone times for the respec-
tive seasons. In summer, when fetch is from the Sydney CBD
and solar insolation is much greater, 0zone concentrations are
seen to occasionally (15-20 % of the time) exceed 60 ppb; al-
most twice the peak concentrations observed in winter.

For comparison with the distributions reported here
(M£1lo) of the most stable atmospheric conditions for
this 5-year period, as presented in Fig. 12) the Na-
tional standards for criteria air pollutants in Australia
guidelines (http://www.environment.gov.au/resource/
national-standards-criteria-air-pollutants-1-australia) ~state
that: daily mean PMy 5 concentrations should not exceed
25ugm~—2, hourly average SO, concentrations should not
exceed 200 ppb, and hourly averaged ozone concentrations
should not exceed 100 ppb.

6 Summary and conclusions
We used 5-years (2007-2011) of continuous hourly surface

atmospheric radon measurements at Richmond NSW with a
1500 L two-filter dual flow-loop radon detector, to demon-

www.atmos-chem-phys.net/15/1175/2015/
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strate a technique that isolates local diurnal contributions to
the radon signal and uses them to derive a four category
radon-based scheme for classifying atmospheric stability on
a “whole night” basis. Compared to some other stability clas-
sification approaches (e.g. Perrino et al., 2001), this method
is simple to implement. It is also a robust and economical al-
ternative to radon gradient observations when data from only
a single height is available. Without first removing contribu-
tions on greater than diurnal timescales, radon data cannot be
used quantitatively as an accurate indicator of atmospheric
stability.

Using the devised scheme, we classified and subdivided
a selection of climatological and pollution observations ac-
cording to nocturnal stability conditions; results were con-
sistent and well-resolved annually and seasonally. As condi-
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tions progressed from near-neutral to stable, mean nocturnal
wind speeds reduced from 2 to 0.5 ms~1, with a correspond-
ing increase in the wind direction standard deviation from 25
to 60°. On average, the diurnal amplitude of NO (NO3) in-
creased from 1.6 (2.8) ppb under near-neutral conditions, to
14 (9.4) ppb under stable conditions; the corresponding in-
crease in PMy 5 diurnal range is 3.3 t0 8.19 ugm—3.

Comparison of the radon-based scheme against a com-
monly used Pasquill-Gifford (P-G) type stability classifica-
tion that uses standard climatological data revealed that the
most stable category in the P-G scheme is less selective of
the strongly stable nights than the radon-based scheme. This
leads to significant underestimation of pollutant concentra-
tions on the most stable nights by the P-G scheme.
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Applying the radon-based classification scheme to mix-
ing heights estimated from the diurnal radon accumulation
time series provided insight to the range of mixing depths
expected at the site for each of the four stability classes, with
median values increasing from 35ma.g.l. under stable con-
ditions to 500 ma.g.l. for near neutral conditions.

This stability classification technique has the potential to
greatly increase our understanding of processes leading to
pollution exceedance events in urban centres, and provides
a quantitative means of assessing their magnitude. Careful
study of trends in urban pollution under the most stable con-
ditions will be critical for assessing potential health impacts
on residents, as well as identifying the need for, and evaluat-
ing the efficacy of, emissions mitigation strategies.
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