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Introduction 

Exposure to atmospheric pollution contributes to 
millions of premature deaths annually [1, 2]. Pollu-
tion concentrations vary as a complex function of 
controllable and uncontrollable factors [1] where 
controllable factors include source types, their spa-
tial and temporal variability, urban design, etc. and 
uncontrollable factors include prevailing meteorol-
ogy, geographic setting (topography and proximity 
to the coast) and pollution advection from other 
regions. Historically, urban pollution has scaled with 
population [3], so careful planning of new urban 
centres and pollution mitigation for existing and 
growing urban regions to minimize exposure risks is 
required. The magnitude of this problem, considered 
globally, necessitates reliance on air quality models. 
To develop or improve such models, and evaluate 
mitigation measures, an improved understanding 
of pollution variability is required. 

Mitigation measures can target only controllable 
pollution infl uences. To evaluate mitigation mea-
sures and better diagnose inaccuracies pertaining to 
model physics, chemistry or emissions inventories, it 
is helpful to separate controllable and uncontrollable 
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infl uences on pollution variability. One way to do 
this is ‘class typing’ based on the atmospheric mixing 
state [4, 5]. Forming classes of similar atmospheric 
conditions reduces the within-group variability of 
meteorological controls on pollution, thereby al-
lowing a more targeted investigation of controllable 
factors within each class. Comparing statistics for 
atmospheric class types also helps to bridge the 
‘scale gap’ between simulation and observation of 
meteorological and air quality parameters. 

The atmospheric mixing state (or ‘stability’) 
can change on many timescales; here we pay par-
ticular attention to diurnal, synoptic and seasonal 
changes. Conventional meteorological measures of 
atmospheric stability are typically approximate (i.e. 
categorical; e.g. Pasquil–Gifford schemes) or not 
well suited to the heterogeneous urban environment 
(Richardson number, Monin–Obukhov similarity 
theory). Consequently, this study employs a combi-
nation of two radon (222Rn)-based techniques [5–8] 
for diurnal and synoptic timescale stability classifi ca-
tion. Radon’s well-established history of application 
in atmospheric mixing studies [9–12] is testimony 
to the robustness and versatility of this tool. 

This article summarizes, and builds upon, a 
recent two-part study [13, 14] discussed at the 3rd 
International Conference on Radon in the Environ-
ment in Krakow in May 2019. We demonstrate the 
effi cacy of combined diurnal and synoptic times-
cale radon-based stability classifi cation, and its 
value in improving understanding of changes in mix-
ing state on urban pollution in all seasons, across 
which source types, strengths and the mixing state 
change signifi cantly. Examples are also provided on 
the ways in which class typing based on near-surface 
radon measurements can improve relationships 
between observed meteorological parameters and 
various air quality measures. The summarized re-
sults constitute a valuable set of benchmarking data 
for future evaluation of chemical transport models 
operated in Central Poland. 

Methods 

Site and observations 

This study, conducted for a period of four years 
(2008–2011), analyses meteorological, air quality 
and radon (222Rn) measurements in Central Poland. 
Meteorological and air quality data were collected 
in Zgierz (N 51.8567, E 19.4212), 10 km north of 
Łódź. Radon was measured in Ciosny, 8 km north 
of Zgierz. Zgierz is bisected by two national mo-
torways, and the monitoring site was ~1 km east 
of the intersection of these motorways. Detailed 
site and equipment information is provided by 
Podstawczyńska and Chambers [13, 14]. Meteoro-
logical measurements included shortwave radiation 
(in Wm2); temperature (in C), relative humidity 
(in %), precipitation (in mmh1), wind speed (in 
ms1) and wind direction (). Air quality observa-
tions included nitric oxide (NO; in gm3), nitrogen 
dioxide (NO2; in gm3), carbon monoxide (CO; 

in mgm3), sulphur dioxide (SO2; in gm3) and 
aerosols (PM10 and PM2.5; in gm3). All air quality 
instruments sampled from 4 m a.g.l. Atmospheric 
radon (predominantly 222Rn; see [14]) was measured 
at 2 m a.g.l., using an AlphaGUARD (PQ2000PRO) 
in diffusion mode in a shelter. 

Radon-based atmospheric stability classifi cation 

Since 222Rn is unreactive, not affected by washout 
and does not attach to aerosols, its primary sink is 
radioactive decay (t0.5 = 3.82 d). Compared with 
urban pollutants, it has a well-constrained and 
temporally consistent surface source at the urban 
scale and does not accumulate in the atmosphere 
on greater than synoptic timescales, but it is roughly 
conservative over a single night. This combination 
of physical characteristics makes radon a convenient 
and unambiguous tracer of vertical mixing in the 
boundary layer [5, 11, 12]. 

For atmospheric stability analysis, radon observa-
tions must resolve the diurnal cycle (i.e. temporal 
resolution of 4 h), for which active detectors are 
required. A range of direct and ‘by progeny’ active 
detectors are available [15, 16], with detection 
limits spanning several orders of magnitude. The 
two-fi lter ANSTO radon detectors [6, 17] have 
detection limits ranging from 0.005 Bqm3 to 
0.04 Bqm3. By contrast, detectors such as the 
AlphaGUARD or RAD7 have detection limits of order 
2–3 Bqm3. Ultimately, detector requirements are 
site- and application-specifi c. 

Radon time series spanning one or more years 
constitute a superposition of infl uences at least from 
three timescales: (i) seasonal changes in the regional 
radon source function driven by soil moisture and 
freezing; (ii) synoptic timescale changes in air mass 
time-over-land resulting from the behaviour of syn-
optic weather systems, and (iii) dilution associated 
with diurnal changes in boundary layer depth. This 
study employs combined diurnal and synoptic radon-
-based stability classifi cation techniques, separately 
for each season, in order to separately address these 
contributions. 

The radon-based diurnal stability classifi cation 
technique for this site has already been described by 
Chambers et al. [5]. Briefl y, the approach involves 
isolating boundary layer mixing-related changes in 
radon concentration by estimating and removing 
air mass fetch effects and then assigning stability 
thresholds to mean values of radon accumulation 
within a defi ned nocturnal sampling window. Cor-
responding daytime mixing states for each 24-h 
period are inferred based on assumed short-term 
atmospheric persistence. The technique for synoptic 
timescale stability classifi cation, pioneered by Kikaj 
et al. [8], was adapted for this site by Chambers and 
Podstawczyńska [14]. Briefl y, this method involves 
separating synoptic timescale radon variability from 
contributions occurring at other timescales and 
then comparing the magnitudes of radon variability 
occurring at diurnal and synoptic timescales. When 
synoptic contributions exceed the typical magnitude 
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of diurnal ones for more than two consecutive days, 
a synoptic persistent temperature inversion (PTI) 
event is considered to have occurred. Such events 
are common throughout Europe in non-summer 
months [8] and they can result in life-threatening 
high pollutant concentrations for vulnerable citizens 
(the elderly, the very young or asthmatics). 

A summary of mixing classes employed for this 
site is presented in Table 1 which also includes the 
average occurrence frequencies per composite sea-
son of each mixing class. For subsequent analysis, 
class #6 (PTI) days have been further subdivided 
into ‘strong’ and ‘weak’ categories based on the am-
plitude of diurnal radon variability observed within 
that class (using the median value as the selection 
threshold). Only the strong PTI events are discussed 
further. Since class #1 days can contain a large pro-
portion of non-stationary synoptic conditions (e.g. 
passing frontal weather systems), they have been 
excluded from further analysis. 

Results and discussion 

We formed diurnal composites of wind speed and 
near-surface temperature gradient (conventional 
meteorological stability indicators) within each of 

our radon-defi ned mixing classes (Fig. 1). For non-
-winter months, nocturnal mean wind speeds were 
consistently highest for class #2 days and lowest for 
class #5 days. Corresponding temperature gradients 
were lowest on class #2 days and highest on class 
#5 days. In winter, only the class #5 and strong 
PTI days exhibited nocturnal wind speeds and tem-
perature gradients which were clearly distinct from 
classes #2 to #4 days. Nocturnal wind speeds and 
temperature gradients on strong winter PTI days 
were clearly distinct from class #5 days and most 
comparable with classes #4 and #5 days of other 
seasons. Evident from the temperature gradients 
(Fig. 1e,g), the number of daytime sunshine hours 
(effective day length) of strong PTI days in spring 
and autumn was lower than for days of other classes 
(presumably due to fog, smog or cloud), which 
would limit the capacity of the atmosphere to dis-
perse pollutants that had built up through the night. 

Diurnal cycles of the traffi c and combustion-re-
lated gases CO, NO and NO2 (Fig. 2) were bimodal, 
with peaks in the morning and evening. With the 
exception of NO, evening peaks were larger and 
broader than the morning peaks, due to the added 
contribution of domestic combustion to the dimin-
ishing evening vehicle emissions and the typically 
low nocturnal mixing heights. The lowest diurnal 

Table 1. Average composite seasonal occurrence (in %) of each atmospheric mixing class (only valid hourly data each 
season are reported) 

 Mixing 
  class Comment Winter Spring Summer Autumn

1 Moderate to strong or gusty winds, non-stationary synoptic condi-
tions (fronts, etc.), rainfall common

13 18 17 16

2 Moderate to strong winds, often overcast, rainfall common 14 18 17 15
3 Light to moderate winds, cloudy to overcast, occasional rainfall 13 18 16 15
4 Light winds, scattered cloud (mostly clear), rainfall uncommon 14 18 17 16
5 Calm to light winds, mostly clear skies, convective daytime rainfall 

if any
14 20 17 16

PTI Near-calm, fog/haze common 30   5   0 20

Fig. 1. Diurnal composite (a–d) wind speed and (e–h) 2.0–0.2 m temperature gradient by radon-derived stability class 
and season. Note time axis shift. 



62 S. D. Chambers, A. Podstawczyńska

cycle amplitudes of all pollutants were observed on 
class #2 days, for which atmospheric mixing was 
strong and most uniform over the diurnal cycle, and 
comparatively deep at night. 

In all cases, pollutant concentrations were high-
est under either class #5 or strong PTI conditions. 
Winter snow cover, and generally higher wind 
speeds, prevented nocturnal mixing depths from 
becoming as shallow as in other seasons. Based on 
nocturnal radon accumulation [5], estimated noc-
turnal mixing depths on class #5 (averaged across 
all seasons) days are <20 m at the rural Ciosny, but 
>40 m over central Lodz. By comparison, estimated 
nocturnal mixing depths during winter strong PTI 
events at Ciosny are ~50 m [14]. Class #5 nocturnal 
mixing depths at Zgierz are expected to be deeper 
than at Ciosny (due to the simple Zgierz urban can-
opy architecture and low mean urban canopy height 
compared with the rural region), but not as deep as 
for Lodz. Consequently, despite continued traffi c 
emissions and the highest domestic fuel consump-
tion in winter, pollution concentrations did not reach 
the same levels experienced under spring strong PTI 
conditions during which nocturnal mixing depths 
were shallower. Another factor contributing to the 
high spring pollutant concentrations is that the qual-
ity of fuel burned at that time each year in Zgierz 
can be poor. As reported by Podstawczyńska and 
Chambers [13], daily minimum temperatures can be 
at or below zero for more than half of spring which 
would maintain a relatively high domestic fuel use. 

Diurnal cycles of particulate matter and SO2 
were also bimodal (Fig. 3) but with the evening 
peak dominating much more than was the case for 

CO and NOx (Fig. 2). Comparing the peak mag-
nitudes for PM2.5 in summer with those in other 
months indicates that combustion sources (non-
-vehicle-related) dominate in non-summer months. 
A similar comparison for PM10 indicates that ve-
hicles constitute a considerable source of PM10. 
Comparing peak SO2 concentrations in summer with 
those in spring and autumn suggests that vehicles are 
responsible for much of the SO2 observed in Zgierz. 
The comparatively low SO2 diurnal cycle in winter 
provides further evidence that the day/night change 
in winter mixing depth is not as large as for other 
seasons and specifi cally that the winter nocturnal 
mixing depths are substantially deeper than their 
non-winter counterparts [14]. 

On average, the World Health Organization 
(WHO) daily PM2.5 guideline value (25 gm3) was 
exceeded for strong PTI events of all seasons. The 
WHO PM2.5 guideline value was also reached by 
class #5 days in autumn and it was exceeded un-
der all conditions in winter. The WHO daily PM10 
guideline value (50 gm3) was exceeded for strong 
PTI events of all seasons and also on winter class 
#5 days. These observations are testimony to the 
ability of radon-based stability classifi cation to relate 
health-related air quality information to changes in 
the atmospheric mixing state occasionally brought 
about by subtle changes in separate meteorological 
quantities. 

Numerous studies have commented on a de-
pendence of urban aerosol concentrations on wind 
speed, but specifi c relationships derived have varied. 
The dependence of PM2.5 on wind speed in Zgierz, 
based on all hourly data, is shown in Fig. 4a. Com-

Fig. 2. Diurnal composites of NO2, NO and CO by season and radon-based mixing class. 
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positing this data by mixing class (Fig. 4b) reduces 
the overall scatter, but it still leads to an ambiguous 
result (as indicated by the dashed lines). Over a full 
diurnal cycle, however, it is not only the changes in 

wind speed but also the changes in source strength 
and dilution (mixing depth). Figure 4c,d focus only 
on the restricted morning and evening ‘rush hour’ 
periods, during which times source strength and 

Fig. 3. Diurnal composites of SO2, PM10 and PM2.5 by season and radon-based mixing class. 

Fig. 4. Relationship between Zgierz PM2.5 and wind speed.
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dilution are less variable. Under these restricted 
conditions, the relationship between Zgierz PM2.5 
and wind speed becomes much clearer and it is quite 
different for PTI and non-PTI conditions. 

Historically, relationships between PM10 concen-
tration and the atmospheric boundary layer depth 
(Zi) have also been diffi cult to formalize. As an 
example, Jędruszkiewicz et al. [18] concluded that 
“the relationship between Zi and PM10 exhibits com-
plex non-linear cause-and-effect dependencies”, only 
with their winter results giving relatively consistent 
relationships. To further demonstrate the benefi ts 
of radon-based ‘class typing’ in this regard, we se-
lected results from a single mixing class (#5) and 
investigated the relationship between mean-monthly 
afternoon PM10, PM2.5 and SO2 and afternoon mixing 
height estimates for the region (as retrieved from 
HYSPLIT v4) [19] (Fig. 5). Afternoon values were 
chosen since this is the time of most representative 
Zi estimates from HYSPLIT. Class #5 afternoons 
are typically characterized by clear skies and regional 
scale subsidence. The most consistent relationship 
was observed between Zi and PM10 (Fig. 5c). The 
progressively increasing scatter for the PM2.5 and 
SO2 (the largest outliers circled in blue) may be 
attributable to secondary photochemical reactions 
expected under class #5 conditions. 

Conclusions 

Four years of observation of radon, meteorology 
and pollution was used to demonstrate the effi cacy 
of combined diurnal and synoptic timescale radon-
-based stability classifi cation schemes in relating 
atmospheric mixing state to urban air quality in 
Central Poland. Nocturnal radon measurements 
were used to identify and remove periods of non-
-stationary synoptic behaviour and classify the re-
maining data into fi ve mixing states, including PTI 
conditions and non-PTI conditions with nocturnal 
conditions ranging from well mixed to stable. 

WHO guideline values for daily PM2.5/PM10 were 
exceeded only in non-summer months under strong 

PTI conditions (3–15% of non-summer months) or 
often under non-PTI stable nocturnal conditions 
(14–20% of non-summer months). Radon-based 
classifi cation of the mixing state may therefore prove 
to be a simple, economical alternative to detailed 
meteorological measurements to better quantify 
potential exposure to harmful pollutants in public 
health studies. 

Statistically robust characterization of diurnal 
cycles of meteorological parameters as well as traffi c 
and heating-related gaseous pollutants were derived 
for each of the radon-derived atmospheric mixing 
state for each season. This information will provide 
a useful benchmark for future studies assessing the 
need for, or effi cacy of, pollution mitigation measures 
in this region. It could also be used as benchmarking 
data for the evaluation of regional chemical transport 
model performance. 

Finally, it was clearly demonstrated that by 
analysing meteorological and air quality observa-
tions within radon-derived atmospheric mixing 
‘class types’ (for which within-class variability is 
constrained) it is possible to substantially improve 
the clarity of relationships between meteorological 
and air quality parameters, including wind speed vs. 
PM2.5 concentration, and atmospheric mixing depth 
vs. PM10, PM2.5 or SO2 concentration. 
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