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ARTICLE INFO ABSTRACT

Keywords: Using hourly meteorological, air quality and radon observations over two winters (2016-2017 and 2017-2018),
Radon we combine diurnal and synoptic timescale radon-based mixing classification techniques, for the first time, to
Stability better understand air quality variability in the sub-Alpine city of Ljubljana. Of the two winters, only the second

Persistent temperature inversion
Complex topography
Urban pollution

experienced significant snow cover (> 1 month). A total of six mixing classes were defined for each winter: 5
diurnal and 1 synoptic (“persistent temperature inversion”, PTI); the latter being internally categorised as
“strong” or “weak”. Diurnal and synoptic changes in mixing state played an important role in air quality
variability in both winters. Little diurnal accumulation of local pollutants (CO, NO,, PM;, and BC) was observed
for wind speeds =1.5 m s~ ! (mixing classes #1 to #3). Under these windy conditions significant remote con-
tributions to SO, and O3 concentrations in Ljubljana were observed, primarily from the Po Valley region. The
most stable conditions (class #5 and PTI days), characterized by nocturnal wind speeds <0.5 m s~ ! or rates of
2m air temperature change >1.5 °C h™ !, were associated with the worst air quality conditions. Only under class
#5 and PTI conditions did daily-mean PM;, concentrations exceed both EU and WHO guideline values. The
absence of snow cover in the first winter resulted in stronger thermodynamic stability and higher pollution
concentrations. Other contributing factors included a 28% larger traffic source near the monitoring site and a

17% greater consumption of heating fuel that winter in Ljubljana.

1. Introduction

The rapid growth of urbanization, vehicle numbers, energy con-
sumption, and industrialization throughout Europe has degraded urban
air quality (Karanasiou and Mihalopoulos, 2013; EEA, 2018). Most
pollutants are emitted directly into the atmospheric boundary layer
(ABL) from surface-based sources, or formed there as a result of pre-
cursor reactions. Since commuters and urban buildings primarily in-
habit the lower ~10% of the ABL, air pollution has become a major
cause of diseases and premature deaths (Pope and Dockery, 2006;
Goudie, 2014). Consequently, the World Health Organization (WHO)
and European Union (EU) have recommended limits for “criteria pol-
lutant” concentrations based on short-term (=<24-h) and long-term
(annual) exposure periods. Despite recent improvements in some as-
pects of air quality (e.g. sulphur dioxide, SO,, and carbon monoxide,
CO, levels; EEA, 2016, 2017, 2018), non-compliance with air quality
guidelines values for some species is still reported in many parts of
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Europe, especially in the Mediterranean Basin Region (MBR). In parti-
cular, target limits for nitrogen dioxide (NO,), particulate matter (PM)
and tropospheric ozone (O3) are frequently exceeded in the MBR (EEA,
2017, 2018). However, the levels of some pollutants (e.g. black carbon;
BC) are not yet regulated by the WHO or EU, despite exposure to even
small concentrations of BC having been linked with cardiorespiratory
diseases (Janssen et al., 2011; Dons et al., 2012).

Since urban pollution scales with population (Ayers et al., 1982),
and the size and population of urban regions is continually increasing,
it will be important to continually review target limits and assess the
efficacy of mitigation measures. The ability to do so effectively will rely
upon understanding controls on pollutant concentration variability
near the surface in the “zone of habitation”. In this regard, it is im-
portant to recognise that pollution concentrations vary according to
both “controllable” and “uncontrollable” influences. The ability to
distinguish between these influences will be crucial to more accurately
assessing the efficacy of mitigation measures.
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“Controllable” influences, the target of mitigation measures, relate
to matters directly affecting pollution source strengths and their spatial
and temporal variability. “Uncontrollable” influences, on the other
hand, include: meteorology, geographic setting and topographic effects,
and cross-boundary (remote) pollution transport. Diurnal timescale
changes in the ABL mixing state (“stability”), associated with daytime
convection and the formation of nocturnal inversion layers, are known
to influence pollution concentrations (Chambers et al., 2015; Wang
et al., 2016; Williams et al., 2016). Furthermore, in regions of complex
topography such as basin or steep valley environments, longer time-
scale (e.g. synoptic) changes in the ABL mixing state can also occur. The
most severe examples are persistent temperature inversions (PTIs) ty-
pically occur in winter months, when days are short and persistent
snow-cover limits the extent of daytime convection, under regional
subsidence (anticyclonic) conditions, which further retard dispersion
and lead to pollution events of potentially life-threatening duration and
intensity (Wang et al., 2019; Rakovec et al., 2002, 2015; Silcox et al.,
2012; Whiteman et al., 2014; Largeron and Staquet, 2016; Baasandorj
et al., 2017; Kikaj et al., 2019a). In Europe, where political boundaries
can be very close, another form of synoptic-timescale variability of
urban pollution arises through cross-boundary advection events from
regions whose land-use practices and emissions policies are beyond the
influence of local government mitigation efforts (Kallos et al., 2006;
Poberznik and §trumbelj, 2016; Chambers et al., 2016a; Chambers
et al., 2017; He et al., 2018).

It has been well-established that near-surface atmospheric radon
(**Rn or radon-progeny) measurements are a powerful indicator of
diurnal mixing and synoptic-timescale transport in the ABL, largely
attributable to radon's ubiquitous nature and unique combination of
physical characteristics (Allegrini et al., 1994; Perrino et al., 2001;
Sesana et al., 2003; Zahorowski et al., 2004; Williams et al., 2013; Kikaj
et al.,, 2019a). Furthermore, in many situations radon-based atmo-
spheric stability classification provides a simpler, more consistent and
representative indication of the nocturnal or daytime mean atmo-
spheric mixing state than conventional meteorological approaches
(Bowen, 1994; Chambers et al., 2015, 2019a; Crawford et al., 2016;
Kahl and Chapman, 2018).

Vertical radon gradients provide the most direct evidence of the
integrated effects of diurnal timescale near-surface mixing processes
since they automatically account for air mass fetch effects (Moses et al.,
1960; Cohen et al., 1972; Porstendorfer et al., 1991; Chambers et al.,
2011; Williams et al., 2011). Such measurements, however, have very
stringent requirements on instrument performance. Single-height near-
surface radon measurements, on the other hand, can be used to provide
a good approximation of vertical radon gradient observations for
diurnal timescale ABL mixing studies (Chambers et al., 2015; Williams
et al., 2016), with more relaxed measurement requirements. In fact, at
sites sufficiently removed from coastal influences (i.e. by at least
10-20 km), near-surface radon concentrations are often high enough to
be measured with portable, inexpensive instruments (e.g. Chambers
et al., 2016b). However, a fundamental assumption of both of these
approaches is that changes in the atmospheric mixing state do not
contribute to observed radon concentration variability on greater than
diurnal timescales. In complex terrain under PTI conditions this as-
sumption is clearly violated, since the basin atmosphere stagnates for
several days, allowing radon to accumulate between the surface and
synoptic inversion. Under these conditions a shallow stable nocturnal
boundary layer may also develop, but it would be weaker than if the
overlying persistent synoptic inversion was not present. When this
surface inversion breaks down the following morning, it mixes with the
already high-radon air beneath the persistent synoptic inversion. In
these situations, if “fetch effects” are removed as described by
Chambers et al. (2015), the multi-day accumulation of radon under the
synoptic inversion is incorrectly removed as a “fetch effect”, and the
affected measurement days are incorrectly assigned to an intermediate
stability class due to weaker surface inversion conditions. In regions
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prone to the development of PTI conditions it is therefore necessary to
identify synoptic timescale PTI conditions separately to the classifica-
tion of diurnal timescale changes in the atmospheric mixing state. To
this end, several approaches for PTI identification have been discussed
in the literature (Largeron and Staquet, 2016; Fiorella et al., 2018; Kikaj
et al., 2019a).

The primary objective of this study is to combine, for the first time,
new (Kikaj et al., 2019a) and existing (e.g. Chambers et al., 2019a, and
references therein) radon-based methods of atmospheric stability clas-
sification to separately characterize local influences on urban pollution
variability in the Ljubljana Basin region on diurnal and synoptic time-
scales, as well as remote contributions to pollution on synoptic time-
scales. The statistics based on each of the defined mixing states, with
well-defined occurrence frequencies, are used to inform upon potential
health effects within the Ljubljana Basin compared with existing WHO
and EU guideline values. Robust pollution statistics derived for only the
most stable nocturnal mixing conditions, when atmospheric mixing
depths are most well-constrained, will provide a benchmark against
which future values can be compared to test the efficacy of mitigation
measures.

Our study focuses only on winter months (December—February), the
time of most frequent pollution exceedance events, due to the typically
high rates of energy consumption (Energy Balance of City of Ljubljana,
Final Report, City of Ljubljana, 2018) and frequent occurrence of PTIs
in the Ljubljana Basin (Petkovsek, 1985, 1992; Rakovec et al., 2002;
Kikaj et al., 2019a). Two winter periods of contrasting permanent snow
cover are compared. Our results will summarize progress on the fol-
lowing specific tasks: (i) estimating nocturnal and forecasting daytime
stability classes for whole 24-h periods across two winters (2016-2017
and 2017-2018) (Section 2.3); (ii) identifying synoptic timescale per-
sistent temperature inversion events to extend the daily stability clas-
sifications of (i) from 5 to 6 classes (Section 2.3); (iii) characterizing
meteorological conditions across the diurnal cycle for each of the six
24-h atmospheric stability classes (Section 3.1); (iv) characterizing the
concentration variability of selected urban pollutants across the diurnal
cycle for each of the mixing classes (Section 3.3); (v) constraining re-
mote contributions to pollution variability in the Ljubljana Basin under
conditions of strong advection (Section 3.4); and (vi) comparing ex-
tremes of pollution variability to WHO and EU guideline values (Section
3.5).

2. Methods

Hourly air quality, meteorology and atmospheric radon concentra-
tion (*2°Rn) were monitored during the winters of 2016-2017 (W16_17)
and 2017-2018 (W;,_1g) at a sub-Alpine Basin site (SAB; Ljubljana
Bezigrad; Fig. 1b), in the central part of Ljubljana city, considered to be
an urban background site (Titos et al., 2015; Gjerek et al., 2016; Pucer
and Strumbelj, 2018).

2.1. Site and surrounds

Ljubljana (299 m above sea level, a.s.l.), the capital of Slovenia, is a
city of modest size (—~280,000 inhabitants) situated in a sub-Alpine
basin. The SAB site is surrounded by peaks of the Julian, Kamnik-
Savinje, and Dinaric Alps reaching elevations of ~1000 m (Vrhovec,
1990; Hitzenberger et al., 2006). The complexity of the topography
surrounding the basin retards synoptic winds, resulting in mean winter
wind speeds of 1.3 m s~ ! with frequent periods of PTI (33% of the year;
ARSO, 2017). The PTI periods are characterized by foggy days fa-
vouring the build-up of locally-sourced emissions (Kikaj et al., 2019a).

Air quality within Ljubljana Basin is influenced by a combination of
local and remote sources, the relative contributions of which depend on
the prevailing meteorology. Since there are no large industries in city,
the dominant local source of pollution is traffic; as well as domestic
heating in the colder months, which has increased by 17% in the last
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Fig. 1. a) Location of Ljubljana (LJ) within the most industrialized sites around (shaded area, Po Valley-PV, Port of Koper-KP, Zasavje-ZS, §0§tanj—§T and Velenje-VE),
and b) close-up of Ljubljana city, showing the location of monitoring point (radon, meteorological and air quality data), the nearest street (Vojkova) with modest

traffic. Basemap source: © OpenStreetMap and mapchart.

2 years (2016-2018) (Energy Balance of City of Ljubljana, Final Report,
City of Ljubljana, 2018). For W;4_;7 an overall higher consumption of
fuels was noted, mostly due to the lower air temperatures during the
heating season (Energy Balance of City of Ljubljana, Final Report, City
of Ljubljana, 2018). In contrast to W1¢_17, the next winter (W;,_,g) was
characterized by higher air temperatures and 31 days of snow cover. In
the city, the Toplarna thermal power plant is located 3 km ESE of the
SAB monitoring site. In Ljubljana, road maintenance and detours sig-
nificantly reduced traffic flow in Wy, ;3 compared with Wy¢_ 17, in-
cluding the number of vehicles passing through Vojkova Street (closest
to the measuring point, Fig. 1b). On average, there were 8128 vehicles
per day on Vojkova Street in Wy¢_17, compared with 6329 in Wy;_1g.

In terms of remote pollution sources, due its location the Ljubljana
Basin serves as a “crossroads” for polluted air masses originating from:
Africa (Kallos et al., 2006); across Europe from the North Atlantic
Ocean and across Italy from the Mediterranean Sea (He et al., 2018);
the northern Balkan Peninsula, and Eastern Europe (Poberznik and
Strumbelj, 2016; He et al., 2018). Specifically, the heavily in-
dustrialized Po Valley region of Northern Italy (Bigi et al., 2017) and
the shipping emissions (Slovenian seaport-Port of the Koper) lies
335 km and 60 km WSW, respectively, of Ljubljana city, while the
Zasavje region with coal mines and various kinds of heavy industry
(Lafarge Cement plant, Steklarna Hrastnik glass production, IGM Za-
garoje building material company) lies 37 km to the NE, and Velenje
town with Slovenia's largest lignite-thermal power plant-Sostanj lies
56 km to the NE (see Fig. 1a) (Gjerek et al., 2016; Gjerek et al., 2017;
He et al., 2018; Pucer and §trumbelj, 2018).

2.2. Air quality and meteorology observations

Air quality parameters including particulate matter of median
aerodynamic diameter < 10 pm (PM;,), carbon monoxide (CO), ni-
trogen dioxide (NO,), sulphur dioxide (SO,), and ozone (O3), were
provided by the National Meteorological Service at the Slovenian
Environmental Agency (ARSO). PM;o concentrations were measured
with a continuous direct mass measurement for particulate matter
utilizing a tapered element oscillating microbalance (TEOM). NO, was
measured with chemiluminescence, SO, with ultraviolet fluorescence,
and O3 with ultraviolet photometry (Gjerek et al., 2017). In addition,
black carbon (BC) was measured with a Magee Scientific Aethalometer
AE-33 and the data were provided by Aerosol d.o.o., Ljubljana, Slo-
venia. The total concentration of BC is the result of traffic (BC,) and
biomass burning (BCpp,) sources (Sandradewi et al., 2008). The Ae-
thalometer was only installed at the end of November 2017, therefore
BC data is not available for Wyg_17.

Hourly observations of meteorological parameters including atmo-
spheric pressure (hPa), global solar radiation (W m ~2), air temperature

(°C), wind speed (m s~ '), wind direction (°), precipitation (mm h~%)
were provided by ARSO.

In addition to the measurements outlined above, total cloud cover
(%) was obtained from the global data assimilation system (GDAS)
model of NOAA/ARL (National Oceanic and Atmospheric
Administration/Air Resources Laboratory).

2.3. ?22Rn observations and stability analysis

Atmospheric radon measurements were conducted using an
AlphaGUARD PQ2000 PRO (Bertin Instruments) operating in diffusion
mode with a 1-h integration time (Kikaj et al., 2019a; Kikaj and
Vaupoti¢, 2017). The instrument was mounted 1.5 m a.g.l., within a
Stevenson Screen instrument shelter. The AlphaGUARD has a lower
limit of detection (LLD) of 2 Bq m™~>. Setup in this way it is expected
that > 95% of the measured radon represents the isotope 22?Rn
(Kochowska et al., 2009). Therefore, relative to the AlphaGUARD's
measurement uncertainty for typical outdoor ambient radon mon-
itoring conditions, contributions of isotopes 2*°Rn (thoron) and ?'°Rn
(actinon) to the overall radon signal can be ignored.

Radon-based classification of diurnal timescale changes in stability
(***Rnpg) have already been described by S. Chambers et al., 2019b; S.
D. Chambers et al., 2019a and Kikaj et al. (2019b). Briefly, the ap-
proach involves isolating mixing-related (diurnal) changes in near-
surface radon concentrations by estimating and removing air mass fetch
effects, and then assigning stability thresholds to mean values of radon
accumulation within a defined nocturnal window (10h). Corresponding
daytime mixing states for each 24-h period are inferred from nocturnal
conditions based on an assumption of short-term atmospheric persis-
tence. The number of stability classes that can be distinguished in a
statistically robust manner (typically 3 to 5) depends on the size of the
available dataset.

Radon-based identification of synoptic timescale changes in the ABL
mixing state (**?Rngg) (specifically PTI events), was first described by
Kikaj et al. (2019a). Briefly, this method involves separating synoptic
timescale variability in radon concentration from contributions occur-
ring at other timescales, and then comparing the magnitudes of radon
variability occurring at diurnal and synoptic timescales. When synoptic
contributions to radon variability exceed the typical magnitude of
diurnal ones for more than two consecutive days, a PTI event is con-
sidered to have occurred.

A summary of the six mixing classes (5 diurnal and 1 synoptic) for
measurements at the SAB site that resulted from our combination of the
above two classification techniques (***Rnpg and **?Rngg) is presented
in Table 1. The table also provides a relative breakdown of the number
of events in each mixing class experienced in each winter period. Class
#6 (PTI) days of each winter have been further subdivided into “strong”
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Summary and description of the 24-h radon-based atmospheric mixing classes assigned to SAB measurements for W,¢_17 (December 2016-February 2017) and W;,_;g
(December 2017-February 2018). Occurrence frequency (as a % of each 90-day winter period) of each stability class for both winters is also provided.

24-h mixing Wie 17 (%) Wiy 1g (%) Night-time stability Daytime stability Expected meteorological conditions

class conditions conditions

#1 12 7 Mixed fetch or non- Mixed fetch or non- Moderate to strong gusty winds, often cloudy associated with passing
stationary stationary strong synoptic systems or fronts, precipitation is common.

#2 20 15 Near-neutral Near-neutral Moderate to strong winds, often overcast, precipitation is common.

#3 19 19 Weakly stable Weakly unstable Light to moderate winds, broken cloud or overcast, possible precipitation.

#4 15 15 Moderately stable Moderately unstable Light winds, scattered clouds, precipitation is uncommon.

#5 14 14 Most stable Most unstable Calm to light wind, mostly clear sky, typically no precipitation.

#6 20 30 Persistent temperature Persistent temperature Calm gradient wind, foggy or low-level clouds, no precipitation.
inversion inversion

Table 2 which acts to suppress vertical mixing. This is a good example of the

Quantile ranges of the amplitude of diurnal radon variability during persistent
temperature inversion (PTI) events for Wy_17 (December 2016-February 2017)
and W;7_,5 (December 2017-February 2018).

Quantile ranges Wi617 (Bqm™3) Wi7.18 (8q m—)

10th 2 1
50th 7 4
90th 13 9

and “weak” categories based on the amplitude of diurnal radon varia-
bility. The selection threshold in this case was chosen to be the median
(50th percentile) amplitude of diurnal radon variability during PTI
events (Table 2). PTI days under the 50th percentile value are consider
to be weak PTI events, and days that exceeded the 50th percentile value
are consider to be strong PTI events.

3. Results and discussion
3.1. Meteorological characteristics of radon-based mixing classes

Two of the strongest meteorological indicators of the atmospheric
mixing state are wind speed and the near-surface vertical temperature
gradient. In the absence of vertical temperature gradient measurements
at this site we found that the time rate of change in 2 m air temperature
provided a better contrast between atmospheric mixing states than the
observed hourly 2 m temperature record.

Class #1 days were characterized by strong and highly variable
nocturnal wind speeds (Fig. 2a), consistent with non-stationary sy-
noptic conditions (e.g. frontal passages), as described by
Podstawczyrniska and Chambers (2018). The non-stationary nature of
these days violates important assumptions of the 2??Rnpg method
(Chambers et al., 2019b) and, as a result, complicates the interpretation
of urban air quality statistics. Therefore, class #1 events (constituting
only 7-12% of observations; Table 1) will be excluded from further
discussion in this paper. Class #2 days had the highest nocturnal mean
wind speeds (1.5-2 m s~ '), whereas the corresponding wind speed for
class #5 days was much lower (0.2-0.5 m s™1). The lowest of all
nocturnal mean wind speeds were recorded on strong PTI days (con-
sistently ~0.2 m s~ 1). The wind directions under stable and PTI con-
ditions were consistent with drainage flow (NE) into the basin along the
Sava River valley (Kikaj et al., 2019b).

The windy (near-neutral) class #2 days were characterized by the
lowest diurnal amplitudes of 2 m air temperature, as evidenced by
average time rates of change in temperature of <0.2 °C h™! over the
diurnal cycle (Fig. 2b). By contrast, on class #5 days average 2 m
temperature changes of ~1.5 °C h™! were observed around sunset and
sunrise. The highest rates of temperature change (=2 °C h™') were
observed on strong PTI days. It is of interest to note that nocturnal mean
wind speeds of class #4 and #5 days are higher for Wy¢_17 than Wy,_;s.
However, the thermodynamic stability on Wi4_17, nights is stronger,

combined influences of these two parameters on the net effects of
nocturnal near-surface mixing processes, and the consistency of the
results is testimony to the ability of radon observations, alone, to dis-
tinguish between these mixing conditions.

Generally, from class #2 to #5 days the intensity of daytime solar
radiation increased (Fig. 2c), indicating a reduction in average cloud
cover (see also Table 3). It is the reduction in cloud cover, particularly
at night, that enables the increased rates of surface cooling/heating
after sunset and sunrise exhibited in Fig. 2b. PTI events are known to
occur under persistent cold-season anticyclonic conditions (see also
Table 3). Usually the anticyclonic regime persists for several days,
leading to the development of synoptic subsidence inversion layer (or
basin “capping inversion”). The height of this layer is usually coincides
with the average elevation of the summits surrounding the basin
(Whiteman, 1982; Largeron and Staquet, 2016), and persists for the
whole anticyclonic period. The fact that strong PTI events of both
winter periods (as selected only by radon) exhibit more intense solar
radiation than the weak PTI events, indicates that strong PTI events
occur closer to the centre of the anticyclonic systems, where regional
scale subsidence is strongest and the air driest; a hypothesis that is
supported by the atmospheric pressure observations in Table 3. On the
other hand, lower intensity of solar radiation on weak PTI events in-
dicate the low-level cloud cover or/and fog occurrence (VanReken
et al., 2017). The snow cover in W;,_;5 was the reason that PTI events
of this winter lasted longer than those of Wig_1, (Tables 1, 20% in
Wie-17 and 30% in W;7_1g). Snow-covered ground is cold across the
whole diurnal cycle, and its white colour reflects almost all incoming
solar radiation. Combined with shorter winter day lengths, this is one of
the main mechanisms leading to the development and long durations of
these inversion conditions (Whiteman et al., 2004).

The final piece of evidence regarding the efficacy of the radon-based
scheme to objectively and effectively separate atmospheric conditions
on diurnal and synoptic timescales is in the progressive reduction in
daily mean precipitation observed from class #2 to class #6 days
(Fig. 2d). These observations are consistent with the cloud cover and
atmospheric pressure summary of Table 3, and give credence to the
‘expected meteorological conditions’ summarized in Table 1.

3.2. Diurnal variability of radon concentrations within each mixing class

Diurnal radon concentrations corresponding to each of the six
radon-based atmospheric mixing classes for the two winter seasons
(W16.17 and W15 1g) are shown in Fig. 3a. The lowest amplitude of
diurnal radon concentrations was observed on the windy class #2 days
for both winters. Since radon concentrations serve as a good proxy for
the behavior of local primary pollutants with surface-based sources, this
is an indication that little diurnal accumulation of urban pollution
would be expected at this site for nocturnal wind speeds =1.5ms™'. A
similar conclusion was drawn by Sesana et al. (2003, 2006). The am-
plitude of the diurnal radon cycle (via nocturnal accumulation)
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Fig. 2. Diurnal composite plots of hourly mean a) wind speed, b) time rate changes of air temperature, c) solar radiation, and d) precipitation for W;4_;7 (December
2016-February 2017) and W;,_;5 (December 2017-February 2018) and six radon-based atmospheric mixing classes.

Table 3

Daily mean atmospheric pressure and cloud cover (u = o) for Wig 17
(December 2016-February 2017) and W;_;g (December 2017-February 2018)
and six radon-based atmospheric mixing classes.

24-h mixing class Wie_17 Wir1s

P (hPa) CC (%) P (hPa) CC (%)

u*o u+o u+o u+o
#1 988 + 11 51 = 28 980 = 5 76 = 33
#2 985 + 10 68 = 35 979 + 6 87 = 18
#3 988 + 8 55 + 37 976 = 9 87 = 22
#4 989 *= 8 45 = 36 978 = 7 77 = 26
#5 992 + 8 33 £ 31 989 + 7 44 = 26
#6 (weak) 991 * 6 55 + 40 988 + 7 57 = 36
#6 (strong) 996 *= 6 16 = 15 990 *= 6 33 = 29

progressively increased from class #2 to class #5 conditions (Fig. 3a).
In all mixing classes of W;4_17, the amplitude of the diurnal radon cycle
was a factor of 2-3 higher than in Wy, ;g (Fig. 2a). This was largely
attributable to a slight reduction of radon exhalation rate (Levin et al.,
2002; Mazur and Kozak, 2014) in W;,_15 due to the snow cover, higher
ice content of the frozen soils and soil moisture. However, within each
winter the radon source function was fairly consistent, enabling the
increase of nocturnal radon concentrations from class #2 to #5 con-
ditions to be interpreted as a decrease in mixing volume (formation of a
progressively stronger and shallower stable nocturnal boundary layer,
SNBL). This increase of radon concentration is consistent with the low
wind speeds and increase thermodynamic stability of classes #4 and #5
as indicated in Fig. 2a and b.

Typically, the afternoons of classes #4 and #5 were characterized
by low observed radon concentrations due to stronger convective

mixing of the atmosphere (Fig. 3b). By contrast, during PTI events (class
#6), the synoptic inversion layer and low wind speeds inhibit the
vertical and horizontal dispersal of radon across the whole diurnal
cycle, resulting in higher afternoon observed radon concentrations
(Fig. 3b). Another contributing factor to the higher radon concentra-
tions generally on PTI days is the extended air mass time over land
resulting from the near-stagnant synoptic anticyclonic conditions.

As evident from Fig. 3a, the highest diurnal amplitude of local radon
contribution was noted during strong PTI events, which cycle indicates
the formation of a shallow (strong) SNBL within synoptic inversion
layer around sunset that erodes after sunrise. The modest diurnal am-
plitude of local radon contribution of weak PTI events, on the other
hand, indicated the presence of a deeper (weak) SNBL within the sy-
noptic subsidence inversion layer.

3.3. Variability of pollutant concentration with atmospheric mixing class

The diurnal composites of air pollutants (BC,, NO5, CO, BCyy,, PM;,
SO, and O3) classified by the 222Rnps and ???Rngg for both winters, are
shown in Fig. 4. The diurnal cycle of pollutants is mainly influenced by
their source strengths and the diurnal and synoptic changes of atmo-
spheric mixing. A clear distinction is evident between diurnal behavior
of BC,, (specifically related to vehicle emissions) on class #5 days and
NO,, CO, BCy;, and PM;, (related to either combustion, or a combina-
tion of traffic and combustion sources). Only BC, reflects a pronounced
drop in source strength between 01:00-05:00 LT, when there are fewer
vehicles on the roads, but some domestic heaters were still active.
During classes #2 and #3 when diurnal variability of average tem-
perature rate of change (Fig. 2b) was the lowest (overcast conditions)
and the mean nocturnal wind speed was above 1 m s~ * (Fig. 2¢) almost
no accumulation of local (traffic related: BC,, NO,, CO and domestic
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Fig. 3. Diurnal composite plots of hourly mean a) diurnal (local) radon contribution (Cgy.10c), and b) observed radon concentration (Crp-obs) for Wie_17 (December
2016-February 2017) and W;;_;5 (December 2017-February 2018) and six radon-based atmospheric mixing classes.

heating: CO, BCyp, PM;) pollution occurred (Fig. 4a—e). On class #4
and #5 days, the diurnal amplitude of locally-sourced pollutants in-
creased (Fig. 4a—e), due to the near-calm wind conditions and strong
thermal suppression (using average temperature rate of change as
proxy) (Fig. 2c). Under such conditions (classes #4 and #5), BC,, and
NO, exhibited a bimodal diurnal distribution with one peak in morning
(07:00-08:00 LT) and other in afternoon (17:00-19:00 LT) (Fig. 4a and
b). These peaks are attributable to an overlap between “rush hour”
vehicle emissions and a period of the day when the mixing depth is
either low, or transitioning between day/night max/min values. On
average, peak BC,, and NO, concentrations on class #5 were a factor of
2-3 higher than for class #2 (Fig. 4a and b). The diurnal cycle of CO
was more similar to those of combustion-dominated (BCy;, and PM;,)
than traffic related pollutants. The pronounced diurnal peaks of CO,
BCypp, PM;o occurred between 21:00 LT and 23:00 LT (Fig. 4c—e), and
concentrations remained high for few hours. During evening time, the
traffic usually decreases, and residential heating increases as the air
temperature drops.

Over the composites of classes #4 and #5, there were two periods
when local pollutant concentrations reached minimum values: (i) in the
morning (03:00-05:00 LT) when light katabatic drainage winds flush
away some of the urban pollution, and (ii) in the afternoon
(11:00-15:00 LT) when vertical mixing was the highest (deepest ABL)
(Fig. 4a—e).

The amplitudes of diurnal cycles of traffic and domestic related
pollutants on class #5 days were similar to those on class #6 days (PTI
strong and weak). However, in an absolute sense a significant increase
of pollutant concentrations was observed under PTI conditions due to
the accumulation of pollutants either from upwind sources or under
near-stagnant conditions, as evidenced by increased afternoon con-
centrations. The peak concentration of BC, NO,, CO, BCy;, and PM;,
increased by a factor of 1.2-3 from most stable conditions (class #5) to
PTI strong conditions (class #6) (Fig. 4a—e) as a consequence of an
increase in source strength and decrease in SNBL under strong PTI
conditions.

As evident from Fig. 4a-e, the diurnal cycle amplitudes of local
pollutants (BC,, NO,, CO, BCy;, and PM;,) under weak PTI conditions
was lower than those observed under strong PTI conditions, when a
stronger SNBL formed within the persistent synoptic subsidence in-
version. For example, under strong PTI conditions, the diurnal PM;,
amplitude was 52 pg m ™3 (50-102 pg m ™~ %) in Wy¢_;7 and 20 ug m 3
(31-51 ug m™~3) in Wy,_15. By comparison, during corresponding weak
PTI events, the diurnal PM;, amplitude decreased from 27 ug m~3
(61-88 ug m~3) in Wyg_17 to 11 pug m~> (32-43 pg m~3) in Wy,_ys.
Although the concentrations typically trend downward from night to

day, the daytime concentrations of pollutants under PTI conditions
(weak and strong) did not reach the low daytime levels characteristic of
class #5 conditions. The stagnant anticyclonic conditions inhibited the
daytime mixing that usually disperses accumulated nocturnal pollution
on class #5 days.

The key differences in local pollutant concentrations observed be-
tween the two winters were attributable to a combination of changes in
stability and changes in source strength. In Wy4_1, there was a larger
traffic source near the monitoring site (Section 2.1), the domestic
heating source was also larger (due to lower air temperatures), and the
lack of snow cover lead to increased nocturnal atmospheric stability.
Combined, these factors lead to higher pollutant concentrations under
class #5 and PTI conditions in W;4_1, compared with W1,_;g.

Within all mixing classes the diurnal cycles of SO, and O3 were
markedly different compared with those of locally-generated primary
pollutants (Fig. 4f-g). In the case of SO,, peak concentrations occurred
after the breakdown of the nocturnal inversion, when the ABL was
deeper and more well-mixed. By contrast, SO, concentrations reduced
at night when the SNBL isolates the near-surface observations from
more remote influences. Consequently, while local traffic and domestic
heating are expected to contribute a little to SO, concentrations in
Ljubljana, remote SO, sources dominated in the winters of this study.
As an example, SO, concentrations were higher over the whole diurnal
cycle under weak PTI conditions in Wj6 1, when wind speeds were
slightly higher, than for the strong PTI conditions.

Compared with radon and locally-sourced pollutants, the atmo-
spheric mixing state appeared to have the opposite effect on O3 con-
centrations. This is largely due to the fact that O3 is a highly reactive,
photochemically-produced secondary pollutant. When trapped in a
shallow inversion layer (e.g. classes #4, #5 and #6) Os either reacts
with surface roughness elements (dry deposition), or gets titrated by NO
emissions. Comparing night-time O; levels on strong and weak PTI
events, the lowest values were found on strong PTI events due to the
stronger SNBL formation, which traps NO. By comparison, on class #2
and #3 nights, with the increase of wind speeds, the highest nocturnal
O3 concentrations were found due to remotely-sourced O3 being mixed
down to the surface from the residual layer or troposphere (Querol
et al., 2018). As nocturnal wind speeds decrease from class #3 to #4
conditions, a decrease of O3 levels in the morning is noticed due to the
titration by NO in the morning peak hour traffic. The highest overall O3
concentrations were observed during the day under class #5 conditions,
when skies were clear and solar radiation was most intense.

The combined radon-based atmospheric stability techniques per-
formed in this study helps to separate “uncontrollable” (natural) in-
fluences from controllable influences on pollution variability.
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Consequently, the results summarized in Figs. 2, 3 and 4 also constitute
a valuable benchmarking dataset that could be used in future evalua-
tion studies of chemical transport model performance (e.g. Chambers
et al., 2019b). Repeating this study in the future and comparing diurnal
pollutant variability under well-constrained class #5 and PTI conditions
would also provide valuable information regarding the efficacy of any
imposed pollution mitigation measures.

3.4. Cross boundary pollution transport

In order to better distinguish distant pollution sources (e.g. industry,
electricity production) from local Ljubljana emissions we investigated
SO, and O3 concentrations under only the more windy conditions
(classes #1 to #3). Here we also considered class #1 days since strong
frontal weather systems are also effective at transporting pollution. As
an example of the contrasting airmass fetch characteristics between
moderate-to-strong gradient wind conditions (classes #1 and #2) and
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Fig. 5. Trajectory density plots of a) radon-based atmospheric mixing classes #1 and #2, and b) radon-based atmospheric mixing class #5 for W;¢_17 (December
2016-February 2017) and W;7_15 (December 2017-February 2018). N represents the number of times a trajectory passes through a 0.5 x 0.5 grid cell. Ljubljana sub-

Alpine Basin is indicated with a black circle.

weak gradient wind conditions (class #5), Fig. 5 compares density plots
constructed from 4-day NOAA HYSPLIT v4.0 back trajectories with a
starting height of 100 m a.g.l. Shading in these figures represents the
different number of times that individual trajectories pass through a
given grid cell. Based on the red through green shading on these plots, it
is evident that the strong gradient wind conditions represent fetch re-
gions in all directions surrounding Ljubljana, over a large portion of
Europe (Fig. 5a). By contrast, airmass fetch for mixing class #5 days
(with weak gradient winds), represents a much smaller area, pre-
dominantly to the east of Ljubljana, and completely excludes the Po
Valley region (Fig. 5b). To minimise the chance of large local con-
tributions to this signal we also employed a “diurnal sampling window”
(between 11:00-15:00 LT), to best capture times when the near-surface
pollutant observations were the most representative of the whole ABL.
According to the GDAS mixing height information, this diurnal window
represents the time of deepest, least variable mixing depth that would
be representative of the largest fetch region. Further, to better identify
the likely specific sources of remotely-generated pollution, we used the
Conditional Probability Function technique (CPF) (Uria-Tellaetxe and
Carslaw, 2014), which estimates the probability of pollutant con-
centrations (> 90th percentile) occurring as a function of wind direc-
tion. CPF plots of SO, and O for the three **?Rnpg classes (#1, #2 and
#3) of Wye_17 and W;,_,5 based on data within the 11:00-15:00 LT
sampling window are shown in Figs. 6 and 7.

On class #1, #2 and #3 days, the O3 and SO, concentrations gen-
erally began to increase from background values as wind speeds in-
creased beyond 2-3 m s ™! (Figs. 6 and 7). These results suggested that
O3 and SO, concentrations were dominated by remote sources under
these conditions, since we have shown that little diurnal accumulation
of local emissions is observed for wind speeds =1.5 m s~ *. Hourly SO,
(> 90th percentile) ranged 12-32 ug m~2(6.7-10.0 ug m~3) in Wie_17
(W17_1g) (Figs. 6 and 7). While hourly O5; concentrations (> 90th per-
centile) ranged 72-95 ug m~3 (65-100 ug m~3) in Wig 17 (W17 1g)
(Figs. 6 and 7). As evident from Figs. 6 and 7, in case of O3, the highest
probability (0.9-1.0) was found when the directions were SW (Po
Valley/Port of Koper) or NE (Zasavje area). Probabilities were less
consistent (0.6) in the easterly direction. The CPF plots clearly reveal
four potential sources for SO, (NE-Zasavje/So$tanj area, E-Toplarna
power plant, and SW-Po Valley, shipping emissions-Port of Koper) with
probability range from 0.04 to 1 (Figs. 6 and 7). Taking into con-
sideration a conversion rate of 0.02 h™! for SO, — SO,>~ oxidation
during the long-range transport (Seinfeld and Pandis, 2006), and as-
suming that pure SO, was emitted at the identified source regions, then

$0427/ SO, ratio would have become 0.6, 1.6, and 3.3 after 24 h, 48 h
and 72 h of transport, respectively (typical transport times from Po
Valley to Ljubljana indicated by HYSPLIT back trajectories under near-
neutral conditions). Thus, SO, concentration becomes 61%, 38% and
23% of initial SO, after the 24 h, 48 h and 72 h of transport, respec-
tively.

In addition to the prevailing meteorology, the ability to detect
sources at specific receptor locations also depends on the terrain sur-
rounding the observation site. Terrain influences for the SAB site are
expected to influence that SW/SSW wind to be channeled up to the
basin, therefore, the bivariate polar plot reveals exactly the identified
pollution sources. The same, when winds approach from the NE/E di-
rections, the dispersion of pollutants is almost in straight lines un-
affected by hills going through the Sava Basin.

3.5. Health implications

Based on mean air quality data from Fig. 4, the worst potential
public exposure in Ljubljana urban background site occurs during the
most stable (nights of class #5) and strong PTI (class #6) conditions.
Class #5 conditions comprise 14% and PTI conditions 20-30% of ob-
servations for winter season. Due to that we indicated the variability
(u = 1o0) in air quality associated only with these two classes (Fig. 8).
The p = 1o PM;q concentrations exceeded both EU and WHO values
during the class #5 and strong PTI events (Fig. 8 and Table 4). The
p £ 1o concentrations of CO, NO,, SO, and O3 were well below hourly
and daily maximum of EU and WHO guidelines values. By looking into
the p + 20, which is a good indication of the absolute hourly peak
values clearly NO, also sometimes exceeded both EU and WHO values
during the class #5 and strong PTI events (Fig. 8 and Table 4). Due to
their high number concentrations and small diameters BC have higher
surface area per mass to absorb toxic materials than larger particles
(Sun et al., 2019), however their concentration is not yet regulated by
either EU or WHO. Peak BC;,; (BCy},) concentrations during strong PTI
events were 5 + 16 ygm™ > (3 + 5pg m™>). In an investigation of
health effects of black carbon particles, Jannsen et al. (2011) concluded
that daily mortality or hospital admissions were generally higher for
increases in black carbon than for PM;, and PM, s.

4. Conclusions

The main aim of this study was to combine, for the first time,
diurnal (***Rnpg) and synoptic (**?Rngg) timescale radon-based
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atmospheric stability classification methods to improve understanding
of urban pollution variability in the urban sub-Alpine site Ljubljana. For
this purpose, hourly air quality, meteorology and atmospheric radon
concentration were monitored during two winter periods of 2016-2017
(W16-17) and 2017-2018 (W7_1g). The combination of the two methods
(®**?Rnpg and **?Rngg), resulted in 5 diurnal and 1 synoptic (persistent
temperature inversion, PTI) mixing classes being defined. Furthermore,
“strong” and “weak” categories of the PTI class were defined based on
diurnal radon variability within that class.

Key differences in urban pollutant concentrations observed between
the two winters were attributable to a combination of changes in sta-
bility and changes in source strengths. In W;_;7 there was a 28% larger
traffic source near the monitoring site and the domestic heating source
was also 17% larger (due to lower air temperatures). Based on the

meteorological conditions for the 6 distinct mixing states, the thermo-
dynamic stability on stable nights of W;¢_17 was stronger, which acts to
suppress vertical mixing. Combined, these factors lead to higher pol-
lutant concentrations under stable (class #5) and PTI conditions in
Wi6-17 compared with W;,_15. Under the more windy conditions for
both winters results suggested that SO, concentrations were dominated
by remote sources (primarily from the Po Valley region). The diurnal
characteristics of O3 concentrations indicated both local and remote
sources. Little diurnal accumulation of local pollutants (BC, NO,, CO,
BCyp and PM;,) was observed for wind speeds =1.5m s~ ",

The combined radon-based atmospheric classification methods
performed in this study help to separate “uncontrollable” (meteorology,
geographic setting, topographic effects, and cross-boundary pollution)
influences from controllable (source strength) influences on pollution
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Table 4

Air quality standards for the protection of health, given by the European Union
(EU) and World Health Organization (WHO). Air quality standards in brackets
represent those stipulated by the WHO (EEA, 2018).

Co NO, PM;o SO, O3
mgm™> pgm~® pgm™> pgm > pgm”3
Max daily 50 (50) 125 (20)
Max daily 8-h mean 10 (10) 120 (100)
Max hourly (30) 200 350 240 (200)

variability. Consequently, the results also constitute a valuable bench-
marking dataset that could be used in future evaluation studies of
chemical transport model performance. Repeating this study in the
future and comparing diurnal pollutant variability under well-con-
strained most stable and PTI conditions would also provide valuable
information regarding the efficacy of any imposed pollution mitigation
measures. Based on the success of this winter study, the next step is to
characterize diurnal and synoptic timescale influences on the atmo-
spheric mixing state at this site year-round, and use this information in
conjunction with detailed traffic density data to better relate specific
source strengths to observed air quality variability in Ljubljana.
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