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Introduction 

The ability of the atmosphere to disperse excess 
heat or pollutants within an urban canopy depends 
on the atmospheric mixing state (“stability”). Tra-
ditional (meteorological) stability measures seek 
to quantify the combined infl uences of mechanical 
mixing and thermodynamic stability through near-
-surface observations of wind speed and temperature 
or their vertical gradients. Such methods are either 
categorical (and thus approximate, e.g. Pasquill-
-Gifford typing [1, 2]) or subject to unrealistic ideal 
fetch requirements or expensive or labour intensive 
to implement over broad regions (e.g. Richardson 
number, Monin-Obukhov similarity theory [3]). 
Recent studies [3–8] have demonstrated that 
a relative classifi cation for the combined infl uences 
of all near-surface atmospheric mixing processes at 
night can be effectively determined solely through 
near-surface observations of atmospheric radon-222 
(radon) concentrations. 

The poorly soluble, noble gas radon is the gas-
eous decay product of uranium-238, ubiquitous 
in all rocks and soils. The terrestrial surface (unfro-
zen and unsaturated) is the only signifi cant source of 
radon, over which its emission has historically been 
considered as relatively well constrained and well 
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distributed (terrestrial radon fl ux of 0.75–1.25 atoms 
per cm2·s excluding polar regions [9–13], however, 
suggests a greater variability). Although meteoro-
logical factors (e.g. wind speed, pressure, or rainfall) 
can locally alter the radon fl ux on hourly to daily 
timescales, the average emission over synoptic to 
seasonal timescales is more consistent than anthro-
pogenic emissions. Unlike many atmospheric trace 
constituents, the short half-life of radon (3.8 days) 
prevents it from accumulating in the atmosphere on 
greater than synoptic timescales, although this period 
is long enough compared to mixing timescales within 
the boundary layer for radon to be considered as 
a relatively conservative tracer for either daytime or 
nocturnal mixing studies. The combined physical 
characteristics of radon make it a powerful, un-
ambiguous indicator of the integrated effects of all 
near-surface vertical mixing processes [3, 4, 8, 14]. 

A qualitative relationship between near-surface 
radon concentrations and atmospheric mixing (or 
stability) has been realized and exploited by numer-
ous researchers over the past century [15–25]. Until 
recently, however, more quantitative relationships 
have remained elusive due to a lack of separate 
attention being paid to the three main contribut-
ing factors to observed radon concentrations: (i) 
dilution of relatively consistent local surface emis-
sions within a diurnally changing mixing depth; 
(ii) advection or fetch effects due to the 2-week 
atmospheric “memory” imposed by radon’s half-
-life, and (iii) short-term (meteorologically induced) 
variability in the local radon fl ux. Only the fi rst of 
these contributions is directly and uniquely related 
to the atmospheric mixing state. For absolute radon 
concentrations at a particular site to be related in 
a consistent quantitative way to the nocturnal mix-
ing state, fi rst, fetch effects need to be removed from 
the radon observations and second, subsequent 
statistics need to be generated from averages over 

synoptic to seasonal timescales to account for short-
-term local radon fl ux variability. 

The most reliable way to account for fetch ef-
fects is to measure vertical radon gradients [3, 14], 
but running multiple research-grade detectors can 
be costly. Some researchers have sought to avoid 
fetch contributions by limiting their studies to short 
periods of near-stationary atmospheric behaviour 
[26], but this necessitates rejecting large amounts of 
data. Others have made use of the fact that observing 
time rates of change in radon concentration mostly 
accounts for fetch effects [27–29]. Chambers et al. 
[4] proposed a simple technique based on measure-
ments at only a single height that approximately 
separated fetch and mixing contributions of long-
-term atmospheric radon observations and showed 
for the fi rst time how to relate the mixing component 
of this signal to the mean nocturnal mixing state 
at a given site. Recently, Podstawczyńska [7] and 
Chambers et al. [5] applied this technique for the 
fi rst time to urban climate studies. 

The aims of this study were to provide (i) a step-
-by-step explanation of exactly how the technique 
can be applied based on a case study dataset from 
Central Poland and (ii) a summary of potential ap-
plications so far conceived for this kind of analysis, 
including references to existing studies. 

Sites and equipment 

This study is based predominantly on summer 
observations of paired hourly meteorological and 
atmospheric radon within and outside the urban 
region of Łódź, Central Poland, from 4 years (Janu-
ary 2008 to December 2011) (Fig. 1). The urban and 
rural sites were separated by a distance of approxi-
mately 25 km. Detailed descriptions of the measure-
ment sites, instrumentation, and data quality control 

Fig. 1. Relative location of study sites with respect to the city of Łódź, relative location of Łódź within Europe, and 
wind rose indicating the percentage of fetch directions for the 2008–2011 period. 
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have already been provided by Podstawczyńska [7] 
and Chambers et al. [5]. Briefl y, wind speed, direc-
tion, temperature, relative humidity and pressure 
were measured from 10 and 2 m towers in the urban 
and rural sites, respectively. Vertical air temperature 
gradients between 0.2 and 2 m a.g.l. were measured 
at both sites. Atmospheric radon concentration was 
measured at 2 m a.g.l. at both sites using commercial 
AlphaGUARD (PQ 2000 PRO, Genitron Instru-
ments) ionization chambers operating in the diffu-
sion mode with a 1-h integration time, mounted in 
Stevenson Screen shelters. Intercomparisons of the 
Rn-222 and meteorological monitoring equipment 
for both stations were performed before and during 
measurement campaign. All meteorological observa-
tions were integrated to hourly values for analysis 
and were checked in detail for consistency. All 
reported times were local times (LST  UTC  1 h). 

Methods 

A typical diurnal cycle of radon in summer is shown 
in Fig. 2. The cycle is characterized by a pre-dawn 
maximum, when the nocturnal boundary layer 
(NBL) is typically shallowest and most stable, and 
an afternoon minimum, when the atmospheric 
boundary layer (ABL) is deepest and most well 
mixed. A rapid decrease is observed between sunrise 
and noon as the nocturnal inversion is eroded by 
convective turbulence, and the high surface concen-
trations are mixed into the residual layer (RL) from 
the previous day. Concentrations begin to increase 
again shortly before sunset as the nocturnal inver-
sion begins to form again from the ground up and 
gradually strengthen. 

For a given site and season, the amplitude of 
the diurnal cycle is primarily controlled by (i) the 
depth of the NBL (since the radon source function 
is relatively consistent and well distributed over the 
typical scales of nocturnal fetch) and (ii) the radon 
sampling height a.g.l. [30]. The afternoon minimum 
concentration, on the other hand, upon which the 
diurnal amplitude is superimposed, is controlled 
by (i) the air mass’ fetch history (the strength of 
the various radon sources passed over in the past 
2 weeks), (ii) the depth of the ABL, and (iii) vent-
ing (entrainment) that has occurred from (to) the 
ABL [30–32]. 

Figure 3a shows 10 days of hourly radon ob-
servations where diurnal variability and changing 
afternoon minimum values are evident. As discussed 
in Chambers et al. [5], at this site, afternoon radon 
concentrations 1.5 Bq·m3 (e.g. on day 137) were 
typically associated with easterly or westerly fetch 

Fig. 2. Diurnal composite mean-hourly radon concentra-
tions at Ciosny (rural site) under “fair weather” conditions 
in summer 2008. 

Fig. 3. Hourly mean (a) observed radon, afternoon minimum values, and interpolated estimation of fetch infl uences 
and (b) diurnal mixing component of radon time series (Rnobserved  Rnfetch). 
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or slow-moving air masses (i.e. a long recent air mass 
time-over-land). By contrast, afternoon radon con-
centrations 1.5 Bq·m3 (e.g. day 141) were typically 
associated with faster moving air masses or fetch from 
the northwest (recently from the ocean, from which 
the radon fl ux is essentially zero). These greater-
-than-diurnal timescale changes in absolute radon 
concentration (3 Bq·m3 at this site) are not related 
to local changes in atmospheric mixing (i.e. stability). 

At night, when the stable NBL forms, radon 
gradually increases above the afternoon minimum 
value. Above the NBL (in the RL), however, radon 
concentrations typically remain around the previous 
afternoon minimum value. In the afternoon, when 
the ABL is deep and well mixed, there is usually very 
little difference between the 2 m radon concentration 
and the radon concentration observed much higher 
in the ABL [16, 31]. It is therefore possible to ap-
proximate a radon measurement at a second height 
(above the extent of the nocturnal inversion) by 
linearly interpolating between afternoon minimum 
values of the 2 m observations (e.g. dashed line in 
Fig. 3a). Fetch effects on the observed 2 m radon 
time series can then be approximately accounted 
for by calculating the vertical gradient between the 
observed and fabricated (interpolated) radon time 
series. We refer to this as a “pseudo-gradient”, and it 
represents the diurnally varying mixing-related con-
tribution to the observed radon time series (Fig. 3b). 

The solid triangles in Fig. 3a represent the mini-
mum radon concentration each day between 1200 
and 1800 h. Minimum values occurring outside 
this 6-hour afternoon window are likely to be due 
to changes in air mass fetch, not changing mixing 
depth. The fetch contribution to the 2 m radon 
time series is approximated for a complete dataset 
simply by linearly interpolating between afternoon 
minimum values. In cases when the interpolated 
series would result in some negative pseudo-gradient 
values (e.g. between days 139 and 140; Fig. 3a), the 
interpolation routine moves to the next hourly ob-
served value and attempts once more to interpolate 
to the next afternoon minimum value. The end result 
is the minimum number of straight line segments 
joining successive afternoon minimum values such 
that the pseudo-gradient is never negative. 

A diurnal composite of the radon pseudo-
-gradient for all non-precipitating summer days in 
2008–2011 is shown in Fig. 4a (note that the lower 
limit of detection of the AlphaGUARD detectors is 
approximately 2 Bq·m3). For the purpose of radon-
-based atmospheric stability analysis, we have de-
fi ned 24-hour periods of data from afternoon to af-
ternoon (1500–1400 h), between times of minimum 
radon concentration, rather than from midnight to 
midnight. The larger standard deviation of radon 
at night in Fig. 4a compared to that during the after-
noon is evidence that relative changes in the typical 
nocturnal mixing depth are much larger than relative 
changes in the typical ABL depth. The corollary be-
ing that within a given season, fetch effects dominate 
radon variability in the afternoons and changes in 
mixing depth dominate nocturnal radon variability. 

For the entire multi-year dataset, we now defi ne 
a 10-hour nocturnal window from sunset to sunrise 
of the shortest night in the year (Fig. 4b). Since fetch 
effects have been removed, the average pseudo-
-gradient value over this nocturnal window will be 
directly related to the average of all combined noc-
turnal near-surface atmospheric mixing processes. 
If analysing data from multiple seasons, in order to 
account for the effects of seasonality (changing day 
length), as described in Chambers et al. [6] and Wil-
liams et al. [8], it is necessary to subtract the initial 
value of this window period ([Rn]1900h) each night 
from the mean pseudo-gradient within the 10-hour 
nocturnal window. A cumulative frequency plot of 
nocturnal mean summertime pseudo-gradient values 
(referenced to the 1900 h value) is shown in Fig. 5a. 
Note that, in order to simplify the appearance of 
Fig. 5a to facilitate this discussion, a small positive 
shift was applied to the radon bin values to account 
for times when referencing to the 1900 h value 
resulted in negative mean pseudo-gradient values 
(e.g. during the passage of strong frontal systems 
involving large sudden fetch changes). 

Radon concentrations corresponding to quartile 
ranges of the nocturnal pseudo-gradient values were 
then used as thresholds to distinguish between dif-
ferent nocturnal atmospheric mixing states (Fig. 5a; 
note that threshold values will be site specifi c due 
to changes in the local radon fl ux). At sites when 

Fig. 4. (a) Diurnal composite radon pseudo-gradient at the rural site under non-precipitating conditions in the summers 
of 2008–2011 (time axis shifted to emphasise nocturnal period) and (b) depiction of the 10-hour nocturnal window. 
Whiskers represent ±1. 
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signifi cant snow cover or soil saturation is common 
at some times of the year (potentially changing the 
local radon fl ux for extended periods), this clas-
sifi cation of mixing states should be performed 
separately for each season [6, 8]. Each 24-hour 
period (1500–1400 h) of the entire dataset is then 
assigned a label according to the nocturnal mixing 
category (e.g. 1  least stable, 2  weakly stable, 
3  moderately stable, and 4  stable). As an example 
of how these categories are subsequently used, diur-
nal composites of the radon pseudo-gradient within 
each mixing category in summer are presented 
in Fig. 5b. 

At this site, when the least stable nocturnal 
conditions prevailed, the amplitude of the diur-
nal cycle of the radon pseudo-gradient was small 
(2 Bq·m3; Fig. 5b). Conversely, when stable 
nocturnal conditions prevailed, the corresponding 
amplitude was greater than a factor of 10. Although 
the radon threshold values defi ning nocturnal mixing 
states in Fig. 5a are site and season specifi c, the ap-
proach used here to defi ne nocturnal stability states 
in summer can be universally applied to most sites 
(except within 20 km of the coast, where strong spa-
tial gradients in the radon source function exist, or 
high-elevation sites where anabatic/katabatic fl ows 
are common). 

Results and discussion 

To demonstrate how the above classifi cation scheme 
for the nocturnal mixing state can be applied to 
companion datasets, diurnal composite plots of 
2 m air temperature, 2–0.2 m vertical temperature 
gradient, and wind speed at the rural site for the 
summer months of 2008–2011 are shown in Fig. 6. 

In all, 24-hour periods classifi ed as having the 
most stable nocturnal conditions had the largest 
amplitude diurnal temperature cycle (Fig. 6a), 
largest near-surface vertical temperature gradients 
(Fig. 6b), and lowest nocturnal wind speeds (Fig. 6c). 
Conversely, least stable nocturnal conditions were 
associated with low amplitude diurnal temperature 
cycles and higher nocturnal wind speeds. 

Often, the meteorological conditions giving rise 
to stable nights (clear skies and low-gradient winds) 
persist through to the following day, as evidenced by 
the hot daytime temperatures and strong daytime 
near-surface vertical temperature gradients fol-
lowing a stable night. Similarly, windy and cloudy 
conditions giving rise to the least stable nocturnal 
conditions persist through to the following day, re-
sulting in lower daytime temperatures and smaller 
near-surface vertical temperature gradients following 
a “least stable” night. A corollary of this observation 
is that nocturnal radon-based atmospheric stability 
classifi cation can also provide useful (approximate) 

Fig. 5. (a) Cumulative frequency diagram of nocturnal mean summer radon pseudo-gradient over the 10-hour nocturnal 
window and (b) diurnal composite plots of the radon pseudo-gradient in summer according to each of the defi ned 
nocturnal mixing categories. 

Fig. 6. Summer diurnal composites of (a) 2 m air temperature, (b) near-surface vertical temperature gradient, and (c) 
wind speed at the rural site as a function of nocturnal stability category for the 2008–2011 period.
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information regarding adjacent daytime conditions 
due to short-term atmospheric persistence. 

Since the afternoon (1200–1800 h) variability 
of radon is small (e.g. Fig. 2) and is dominated by 
changing fetch conditions, these observations can-
not be used directly to infer the daytime mixing state. 
However, by investigating the rates of change in 
radon concentration in either side of the afternoon 
window (e.g. 500–800 h and 1900–2300 h) and 
considering the distribution of these gradients for 
the whole dataset as shown for nocturnal radon con-
centrations in Fig. 5a, radon observations can also 
be used to directly infer the daytime atmospheric 
mixing state. Refi nement of this approach, which is 
based on early investigations by Perrino et al. [28, 
29], is a subject of ongoing research. 

Figure 7 shows diurnal composite plots of the ur-
ban heat island intensity (UHII) (T2m_urban  T2m_rural) 
in summer and winter as a function of radon-derived 
stability category. The consistency of the results 
demonstrates that while the radon-based stability 
classifi cation was derived only at the rural site, it 
also applies equally well at the urban site, some 
25 km away. This is not to say that the same absolute 
atmospheric stability simultaneously exists over 
the rural and urban regions; rather, in a relative 
sense, conditions will change from least stable to 
most stable on the same nights over the rural and 
urban regions. A corollary of this observation is that 
radon-derived atmospheric stability classifi cation 
based on a single observation can be applied across 
a region larger than a typical urban centre. 

In both summer and winter, stable nights (clear 
sky, low wind speed conditions) gave rise to the larg-
est UHII values. In winter, however, with frequent 
snow cover, maximum UHII values were approxi-
mately a factor of 6 lower than those in summer (see 
also [5]). Under “least stable” nocturnal conditions 
(cloudy and windy), UHII values were lower than 
their maximum by more than a factor of 7. 

In addition to the utility of the radon-based 
stability classifi cation method for urban climate 
studies demonstrated here and in Podstawczyńska 
[7] and Chambers et al. [5], there are numerous 
other applications. This relatively new technique 

has already been effectively used in several urban 
pollution studies [4, 8, 33]. By selectively targeting 
stable nocturnal conditions and using near-surface 
radon observations to account for dilution of emis-
sions within the ABL, Williams et al. [8] were able to 
relate observed concentrations of benzene and car-
bon monoxide to traffi c density in the city of Bern, 
Switzerland, with unprecedented accuracy. Further-
more, Chambers et al. [6] used this technique in 
the vicinity of a decommissioned nuclear research 
reactor near Bucharest, Romania, to investigate the 
infl uence of atmospheric stability on tritium releases 
and what impact this may have on neighbouring agri-
cultural regions. A conclusion of this study was that 
radon-based atmospheric stability classifi cation has 
the potential to signifi cantly enhance routine disper-
sion modelling efforts in the vicinity of research and 
power reactors since the results are demonstrably 
superior to those obtained using more conventional 
Pasquill-Gifford stability typing. Williams et al. [3] 
demonstrated that measurements of the near-surface 
accumulation of radon can provide more detailed 
information about the nocturnal atmospheric mix-
ing state than conventional micrometeorological 
techniques (e.g. Richardson number or Monin-
-Obukhov similarity theory). Lastly, Pal et al. [30] 
used the radon-based stability analysis technique to 
improve understanding of the daytime behaviour of 
trace gases in the ABL. 

Conclusions 

Single-height, near-surface radon measurements 
are capable of providing classifi cation of the atmo-
spheric mixing state more consistently, accurately, 
and economically than conventional meteorological 
techniques. Furthermore, the radon-based stability 
classifi cation approach is completely independent 
of meteorological observations and is not subject 
to ideal fetch requirements. Since the technique is 
applied at night, when radon concentrations are the 
highest, instrumental lower limit of detection and 
absolute accuracy requirements are also compara-
tively relaxed, making it possible to use portable, 

Fig. 7. Diurnal composites of the urban heat island intensity (UHII) in (a) summer and (b) winter, as a function of 
radon-derived nocturnal atmospheric stability category for the 2008–2011 period. 
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relatively inexpensive commercial analysers. Fur-
thermore, stability classifi cation determined from 
a single measurement site can be applied without sig-
nifi cant loss of generality across spatial regions the 
size of a large urban centre. This approach therefore 
brings effective and consistent atmospheric stabil-
ity classifi cation well within reach of projects with 
limited resources, potentially increasing the number 
of monitoring stations for other related parameters 
that could be established on a set budget. 
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