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Abstract

Air pollution is not an exclusively urban problem as wood burning is a widespread
practice in rural areas. As we lack information on the air quality situation in rural
mountainous regions, our aim is to examine equivalent black carbon (eBC) pollution
in a typical rural Rarst area in the settlement of Loski PotokR (Slouenia). eBC mass
concentrations were measured by Aethalometer (AE-33) at two sites in Retje Rarst
depression. The rural village station was located at the bottom of the Rarst
depression whereas the rural background station was positioned at the top of the hill.
We show the diurnal variation of equivalent black carbon mass concentrations for
different seasons. In the populated karst depression, the major source of eBC pollution
are households using wood as a heating fuel reaching the highest mass
concentrations in winter. Diurnal pattern of eBC from biomass burning and traffic
differ due to different source activity and it is influenced by typical formation of a
cold air pool from late afternoon until late morning, restricting the dispersion of local
emissions. The large difference in mass concentrations between the lowest part of the
village (rural station) and the top of the hill (rural background station) indicates that
in a vertically stratified and stable atmosphere local sources of black carbon have a
major impact on air quality conditions in the area studied. Since in Alpine and Dinaric
regions there are many similar inhabited areas, we can expect similar air quality
conditions also in other rural hilly areas with limited self-cleaning air capacity.
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1. INTRODUCTION

During incomplete combustion of carbonaceous fuels carbon dioxide, water vapor,
carbon monoxide, carbonaceous aerosols, and other volatile organic compounds are
released.

Suspended matter has a negative effect on health and causes disturbance of the
respiratory system and blood circulation (MauRlen et. al, 2014). Carbonaceous aerosols
represent the major fraction of fine particulate matter (PM2s). Light-absorbing
carbonaceous aerosols with very large optical absorption across the visible part of the
optical spectrum are called black carbon or equivalent black carbon (eBC) if measured
optically (Petzold et al., 2013). As a primary pollutant, black carbon is a good indicator
of the impact of traffic and residential wood burning on local air pollution. In addition
to aduerse health effects, airborne particles also influence the climate, as they affect
the optical properties of the atmosphere and thus change the Earth's radiation balance.
Black carbon strongly absorbs solar radiation and is the most important cause of
climate change after carbon dioxide (Bond et al., 2013; Pachauri, 2014); howeuver, unlike
carbon dioxide, it is much less persistent and is eliminated from the atmosphere much
faster. The link between local sources of black carbon and local air pollution is seen
most clearly in areas with a high concentration of local sources and where the self-
cleaning capabilities of the atmosphere are also weaR. Such areas are, for example,
hilly areas, where most settlements are concentrated in valleys, basins or other
depressive landforms (e.g. ravines, Rarst poljes, valleys), and where the level of
background pollution is low.

In basins, valleys, and karst depressions, specific meteorological conditions result in
a different spatial and temporal pattern of air pollution compared to the wider region
or in flat areas (Rakouec and Zabkar, 2012). Cold air pools are formed due to the
influence of temperature inversions, and these are particularly persistent in the cold
half of the year (Ogrin, 2003). A stable air layer is thus formed near the ground, which
strongly impedes or euven preuvents the exchange of air with the upper parts of the
atmosphere and ventilation.

Due to the high concentration of sources, the diversity of spatial uses, the high
population density, and the large population in cities and urban areas, it is
understandable that the vast majority of global research on air quality, including black
carbon pollution, is based in these areas. Furthermore, the great majority of studies
were done on traffic-related air pollution. However, due to technological aduancements
and legislation, eBC emissions from traffic are declining, whereas emissions from
biomass burning are still largely unregulated in most European countries (Briggs and
Long, 2016; Klimont et al., 2017). Over time, interest in research on the impact of
biomass burning on air quality has also increased (Herich et al., 2014 and the reference
therein). Recent research even shows that the burning of biomass in households for
heating is the largest source of particulate concentrations in Slouvenia and in many
other European regions as well, particularly in rural areas (e. g. Caseiro et al., 2009;
Wabhlin et al., 2010; Herich et al., 2014 and the reference therein; Ogrin et al., 2016;
Houorka et al., 2015; EEA, 2016; GlojeR et al., 2019).

Evidently, we do not have enough information on the air quality situation in rural
hilly and mountainous areas in Europe. Therefore, the main aim of the study is to
examine eBC pollution in rural mountainous regions where biomass is the predominant
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source of heating fuel. For this purpose, a measurement campaign was conducted in the
model region Loski PotoR (Slouenia), specifically in the small-size, symmetrically
shaped Retje Rarst depression. Objectives of this paper are (1) to determine the diurnal
variability of equivalent black carbon (eBC) pollution in the village Retje (rural
station), and at the top of the hill Tabor (rural background station); (2) to compare the
eBC pollution levels and diurnal variability during days with temperature inversion and
days with normal temperature gradient (mixed atmosphere) for winter; (3) to estimate
the contribution of local wood burning to eBC pollution; (4) to compare the obseruved
eBC mass concentrations in the Loski PotokR model region with some other European
studies; (5) to show the impact of local sources on local air quality level in remote hilly
areas; (6) to propose some possible measures to improve the local air quality.

2. EXPERIMENT

2.1 Measurement sites

The measurements were performed in the Retje depression, Loski PotokR (“Loski Potok
campaign”), Slovenia. The study area is a typical rural site in the Dinaric Karst region
with an elevation of about 700 m at the bottom of the depression and reaching 900 m
at the top of the surrounding hills. It is a small (approx. 3 km long and 250-500 m
wide), shallow (approx. 100 m deep) Rarst depression (Figure 1) with a nucleated
settlement at its bottom and with populated south-facing slopes. The area is
surrounded by forest with the nearest industry more than 10 km distant from the site.
With low traffic densities in the wider area (mostly fewer than 100 vehicles per day),
households are assumed to be the main local emission source (Glojek et al., 2019).
Populated relief depressions with very similar characteristics can be found not only in
the Dinaric Karst region but also in other Rarst, hilly and mountainous areas across
Europe and elsewhere.

Al o~ (c)
R
.
L s
RS
! Xt N
> 'w" >
3
\ RN ANEY
Legend “\\ < “7-“'
@ station N\ ey Vf‘
=N \,@ o
Altitude [m] A\ Tabor % gy
e 1285 ° ¢ ’
800 \ ) ) )

Figure 1. Location of Slouvenia with municipality of Loski Potok marked in red (a). Topographic maps of
the municipality with marked selected Rarst depression in grey (b) and of the studied area with two air-
quality stations (Retje, Tabor) and a meteorological station (Hrib) (c). View of LosRi Potok from the air

(d).
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Two monitoring stations at different elevations were set up in the study area. One
was placed at the bottom of the depression in the village of Retje (45°42’ 34.8”N
14°34’53.8"E, el. 715 m a.s.l.) as a rural village station, and one on top of Tabor Hill
(45°42'01.5"N 14°35"19.7"E, el. 815 m a.s.l.) as a rural background site. In addition to
data from these air quality stations, meteorological data were also obtained from the
weather station of the Society for Weather and Climate Research in the settlement of
Hrib (45°42'4" N 14°35'27" E, el. 775 m a.s.L.).

2.2 Measurement of equivalent Black Carbon

At both air quality stations, equivalent black carbon (eBC) mass concentrations were
measured with Aethalometers (model AE33, Magee Scientific, Aerosol, d.o0.0.) in the
period from October 25, 2017, to May 28, 2018. The duration of the measurement
allowed the euvaluation of the relative contributions of biomass burning and traffic
sources to black carbon pollution in different seasons and under different weather
conditions.

The Aethalometer model AE33 prouides high time-resolution optical measurement of
light-absorbing carbonaceous aerosols in the wavelength range of 370-950 nm
(Drinovec et al., 2015). It measures light attenuation through a filter on which aerosols
are deposited. Black carbon concentrations are calculated at the wavelength 880 nm in
1-min time intervals. Attenuation is measured relative to the reference measurements
of light transmission through the unloaded part of the same filter, where there is no air
flow. Attenuation is defined as the logarithm of the ratio of the intensities of light
under the unloaded part of the filter tape and the part of the filter with the particle-
loaded spot. Attenuation is then conuverted to eBC mass concentrations using the mass
absorption cross section oair of 7.77 m?/g and a multiple scattering parameter C = 1.39
(manufacturer’s information). The filter tape used was TFE-coated glass fiber filters
(no. M8060). The inlet cut-off size was 2.5 pm. Aethalometers at locations performed
sampling using identical measurement settings. Further details about the
measurements at the stations can be found in Glojek et al. (2019).

2.3 Determination of the eBC sources

Measurements of the particles’ light absorption enable the determination of the
wavelength- dependent particle absorption coefficient (Moosmiiller et al., 2011). The
parameter describing the exponential wavelength dependence is the absorption
Angstrém exponent (a). This wavelength dependence is different for particles from
different pollution sources, enabling separation of traffic and biomass burning for
domestic heating (Favez et al., 2009; Sandradewi et al., 2008a; Sandradewi et al.,
2008b; Saleh et al., 2013; Zotter et al., 2017).

Based on recommendations from the literature (Sandradewi et al., 2008a) and
calculation of the common Angstrom exponent of all emission sources in the study area,
for the wavelength interval between 470 and 950 nm, at Tabor and at Retje, a of 1 for
traffic and 2 for biomass burning was used. Discrimination of fossil fuel and biomass
burning emissions of eBC was then performed by the two-component model based on
the preselected o values for traffic and biomass burning (Sandradewi et al., 2008a).
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2.4 Meteorological parameters

As noted in section 2.1., during the study additional meteorological data were obtained
from the database of the Society for Weather and Climate Research (Hrib station). One-
hour mean data of air temperature (T), air pressure (p) and relative humidity (RH)
from the three measurement locations were used for description of mean
meteorological conditions in all seasons during the study (autumn, winter and spring)
as well as for the selected days with temperature inversions and days with a normal
gradient (mixed atmosphere). Data for precipitation, wind speed and direction from the
Hrib station were used as well. Auerage temperature for every season was calculated
as a weighted average of temperatures at 7 am, 2 pm and 9 pm (CET) (Kamtz, 1860).
Other meteorological variables (average air pressure, average relative humidity,
average wind speed and direction) were calculated as the average of measured values
at 7 am, 2 pm and 9 pm (CET).

Table 1. Selection of days with temperature inversions, with normal gradient and undefined days in Loski
Potok from December 2017 to February 2018

Days with temperature Undefined Days with normal temperature
inversions days gradients
December 2017 15 7 9
January 2018 6 13 1
February 2018 5 4 18

The study also included the influence of winter temperature inuersions on air
quality. For the analysis of periods with a temperature inversion, we selected days
when a temperature inversion occurred both in the morning and in the evening,
whereas for periods with a mixed atmosphere, days without a temperature inversion
were used, when the atmosphere was mixed throughout the day and the temperature
decreased with increasing elevation. As undefined days were classified the days when
the weather changed during the day and when for part of the day the temperature
gradient was normal (i.e. the temperature dropped with increasing eleuvation), or the
temperature did not change with elevation (isotherm), while for part of the day there
was a temperature inversion (Table 1). The vertical potential temperature gradient was
determined based on the temperature at all three stations at different elevations -
Retje station (el. 715 m), Hrib (el. 775 m) and Tabor (el. 815 m). Days with temperature
inversions and days with a normal temperature gradient were compared with respect to
mass concentrations of eBC.

3. RESULTS AND DISCUSSION

3.1 Meteorological conditions

Mean meteorological conditions for different seasons during the measurement
campaign are shown in Table 2. Meteorological conditions for the selected days with
temperature inversion and days with mixed atmosphere in winter (December, January,
February) are presented in Table 3.
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Table 2. Mean (+ standard deviation) meteorological conditions for different seasons during the
measurement campaign from autumn 2017 to spring 2018 at three locations. Ambient temperature (T),
relative humidity (RH) and ambient air pressure (P)

RETJE (el. 715 m) HRIB (el. 775 m) TABOR (el. 815 m)

Measurement Period T RH T RH P T RH

[‘cl [%] [‘cl [%] [hPa] [‘cl [%]

A‘;g:':“ 43134 | 82:8 | 44234 | 8517 [1016.5:6.6 | 4.3:3.6 | 819

Winter —0.3:4.7 | 8446 |—0.2:4.6 | 88+5 |1016.64£9.5 | —0.324.5 | 8518
2017/18 34, 214, 619, 34,

s;;:':-‘ 8.5:6.2 | 77¢10 | 9.1:6.2 |8010 |1011.0:6.4 | 8.0:6.4 | 77#11

In autumn and in spring ambient mean temperatures were positive, while in winter
mean temperatures at all stations were below zero. Mean temperatures in autumn and
in winter were similar at all three stations, despite their different elevations. This is due
to the more favorable conditions for temperature inversions during the cold season,
when solar radiation is weakened. The winter mean temperatures are shown in Table 3
separately for days with temperature inversion and mixed atmosphere. For these days
the lowest mean temperature was at the bottom of the depression, at Retje village
station (—2.8 °C), and the highest at the top of the hill, at Tabor station (—0.7 °C),
which represents an average gradient of 2.1 °C/100 m. In contrast, a normal
temperature gradient prevailed in the spring season, with a mean temperature of 8.5 °C
at Retje village station. A mean temperature of 9.1 °C was observed at Hrib station,
located on the slope of the depression, and 8.0 °C on top of Tabor hill for the same
period. The negative (normal) temperature gradient was the strongest during days with
a mixed atmosphere. The mean temperature for all these days was the lowest at the
station with the highest elevation, Tabor, with a mean temperature of —1.3 °C. The
highest mean temperature (0.2 °C) was at the bottom of the depression, at Retje
station. South-east to south winds prevailed in all seasons, with average wind speeds
of only about 1 m/s.

Table 3. Mean ambient temperatures (T) for days with temperature inversions and for days with mixed
atmosphere at three locations in winter months (Dec. 2017-Feb.2018)

RETJE (715 m a.s.L.) HRIB (775 m a.s.l.) TABOR (815 m a.s.L.)
Measurement period T T T
Y| [°cl [°cl
Temp. inversion —2.8+4.8 —2.014.6 —0.7+4.4
Mixed atm. 0.2+4.5 —0.3+4.8 —1.3%4.8

During winter months, on days with temperature inversions, mean temperatures at
Retje village station and at Hrib station were lower compared to days with a mixed
atmosphere. At Retje the mean temperature for days with temperature inversions was 3
°C lower than the mean temperature for days with a mixed atmosphere. At Hrib the
difference was 1.7 °C. Conversely, the mean temperature for all days with temperature
inversions at Tabor station was higher by 0.6 °C than the mean temperature for days
with a mixed atmosphere.
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3.2 Diurnal variation of eBC during different seasons at Retje station

The objective of the study was to determine the diurnal variation of mass
concentrations of total eBC and mass concentrations of eBC separately by source (i.e.
from traffic or burning of biomass—heating), at Retje station in autumn, winter and
spring.

—— biomass burning — traffic
autumn winter spring
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Figure 2. Mean diurnal variation of mass concentrations of eBC (g/m?3) shown separately according to
source, from traffic or burning of biomass, for different times of year at Retje from autumn 2017 to spring
2018. The lines represent median concentrations and shaded area the variation of the concentrations
(25th to 75th percentile).

Figure 2 and Table 4 show large differences in eBC mass concentrations at Retje
during different seasons. Winters are particularly problematic, when the concentration
of total eBC in the morning reaches up to 16 pg/m?3 (75" percentile), with a median
value of 6.4 pg/m3. Concentration due to burning of biomass reaches 10.7 pg/m? (75%
percentile), with median of 3.6 pg/m3. eBC from traffic peaks in the morning as well,
reaching the median value of 2.5 pg/m3. During all seasons, the difference between the
highest mass concentration due to traffic and to heating is the largest in winter, as the
impact of wood burning is the greatest at that time, whereas traffic volume does not
significantly change with the season. The relative contribution of biomass burning to
eBC in winter was around 75 to 80%. The primary low is reached between 3 and 4 am,
when the concentration of total eBC drops to 0.6 pg/m3, to which biomass contributes
0.4 pg/m3. The primary low is associated with the cessation of sources during the night
and the dispersion of eBC. The secondary low, which occurs around 1 pm, is due to at
least partial decomposition of the inversion layer and reduction of sources, but
concentrations remain significantly higher than in the second part of the night.

Also noticeable is the autumn euvening peaR, when the concentrations of total eBC
reach median of 4.3 pg/m?3, of which heating alone contributes 3 pg/m3. While in winter
the contribution of each source is very different, in autumn the difference between the
contributions of the two sources is much smaller. On average 37% of eBC was from
traffic and 63% from biomass burning. The morning traffic and heating contributions
are almost equal in autumn (around 2 pg/m?3), whereas the evening contributions are
still quite different, as there is no afternoon-evening peak for the traffic contribution,
yet the evening biomass contribution is aRin to both sources together in the morning
(Figure 2). This is due to the heating of households in the afternoon and early euvening,
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which comprises a larger number of households than morning heating, while at the
same time the inversion in Loski PotoRk is shallower in the afternoon and euvening since
it is just beginning to form. In autumn the concentration of total eBC is also higher in
the morning than in the evening, as the traffic share is much lower in the afternoon. It
is also interesting that the diurnal variation of eBC mass concentrations due to traffic is
very similar in autumn and winter. The autumn primary low also occurs in the early
morning (between 3 and 4 am), when mass concentrations of total eBC fall to 0.5
pg/m3. At that time the contribution of biomass is the lowest, amounting to 0.2 pg/m3.
The contribution of traffic is lowest around 11 pm, when it reaches only 0.1 pg/m?.

Spring mass concentrations are the lowest for both sources, but the decline is much
larger for heating, as is to be expected. In spring, there is even lesser need for heating
than in autumn, representing 54% of the total eBC on average, and the atmosphere is
better mixed during the warmer half of the spring season. The measurement period has
to be considered for reliable data interpretation. Spring measurements lasted until 28
May, whereas autumn measurements did not begin until 25 October. The lower spring
mass concentrations compared to the autumn mass concentrations were therefore also
influenced by the fact that the autumn measurements took place only during the colder
half of autumn, while the spring measurements also took place in the warmer half of
spring. The contribution of biomass burning in the spring in the morning (median of 1.1
pg/m3) is very similar to the contribution of traffic (median of 1.4 pg/m?3). In the
evening, when the highest mass concentration of eBC from biomass burning was
measured (1.4 pg/m?), the median of total eBC was 2.3 pg/m?*and did not exceed that of
the morning.

Table 4. Maximum and minimum hourly median values of total eBC mass concentrations, contribution of
biomass burning (BCgs) and traffic (BCrr) expressed in absolute (ug/m?3) and relative values (%) during
the day from autumn 2017 to spring 2018 at Retje site

eBC BCBB BCBB/BBC BCTR BCTR/eBC
Period [pg/m’] [ng/m’] [%] [pg/m’] [%]
MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN
Autumn 5.0 0.5 3.0 0.2 86 40 1.9 0.1 52 5
2017 (9am) [ (3am) | (6pm) | (4am) | (11pm) | (4am) | (9am) | (11pm) | (8am) | (8pm)
Winter 6.4 0.6 3.6 0.4 97 50 2.5 0.0 43 0
2017/18 | (9am) | (3am) | (9am) | (5am) | (11pm) | (6am) | (9am) | (10am) | (8am) | (10pm)
Spring 2.5 0.5 1.4 0.2 66 37 1.4 0.2 66 24
2018 (8am) [ (4am) | (6pm) | (4am) (7pm) | (2pm) | (8am) | (4am) | (2am) | (9pm)

The traffic contribution is higher in the morning than in the euvening in all
seasons. This is due to an afternoon-evening peak, which is more spread out and
vehicles operating in the morning (before engines are warmed up), as these pollute the
air much more than those with warm engines. Most of the traffic in the morning travels
away from Loski PotokR and comes back to Loski PotoR in the afternoon, when the
engines of the vehicles are warmed up, so their emissions are somewhat lower. The
spring primary low also occurs early in the morning (around 4 am), when mass
concentrations dropped to only 0.5 pg/m3. The biomass and traffic contribution was
also the lowest in the early morning with the median values close to 0.2 pg/m3.
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Table 5. Arithmetic mean with standard deviation (AM) and median values (MED) of total eBC mass
concentrations (eBC), eBC from biomass burning (BCgg) and traffic (BCrr) in absolute (ug/m3) and relative
values (%) from autumn 2017 to spring 2018 at Retje site

eBC BCBB BCBB/GBC BCTR BCTR/eBC
. [pg/m’] [pg/m’] [%] [pg/m’] [%]
Period
AM MED AM MED | AM | MED AM MED | AM | MED

A‘;g:';'" 32:52 | 15 | 19227 | 09 | 63:26 | 63 | 1.3:3.6 | 04 | 37:26 | 37
Winter | o ).93 | 24 | 40s60 | 17 | 75623 | 79 | 11228 | 03 | 250623 | 21
sops | 524 ) .016. : 122, .

S;’(‘;:';g 2.2:43 1 12:¢23 | 05 | 54:26 | 51 | 1.0:29 | 0.4 | 46126 | 49

3.3 Diurnal variation of eBC during different seasons at Tabor

From Figure 3 it can be seen that the dynamics of eBC mass concentrations at Tabor are
similar to that at Retje, though with significantly lower mass concentrations.
Concentrations of total eBC reached just abouve 3 pg/m? (75" percentile) during the
winter peaks. The contribution of eBC due to biomass burning is significantly lower
than that at Retje and reaches only 0.9 pg/m3, while the traffic contribution reaches 0.6
pg/m3. Relative contribution of biomass burning to total eBC at Tabor site in winter was
lower (approx. 63% of total eBC) than at Retje (75% of total eBC on average) (Table 5,
Table 7). The winter morning peak exceeds the evening one, and there is no afternoon-
evening peaR for traffic emissions, since they are dispersed faster in the afternoon,
while the emissions peak from heating at this time is similar to the morning one. The
primary low occurs at around 4 am when mass concentrations drop to 0.5 pg/m3.
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Figure 3. Diurnal variation in mass concentrations of eBC (pg/m3) shown separately according to source,
from traffic or burning of biomass, for different times of year at Tabor from December 2017 to February
2018. The lines represent median concentrations and shaded area the variation of the concentrations
(25th to 75th percentile).

In autumn, the concentration of eBC was highest in the morning, when it reached
from 0.8 pg/m3 (25 percentile) to 2.1 pg/m? (75 percentile). The traffic and biomass
contributions are almost equal (close to 0.6 pg/m3), while the evening biomass
contribution (0.7 pg/m3) slightly exceeds the morning contribution and there is no
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significant traffic peakR. In autumn as well the primary low occurs between 3 and 4 am,
when mass concentrations were only 0.4 pg/m3. Average contribution of biomass
burning to eBC in autumn was similar at both sites, 55% at Tabor and 63% at Retje
(Tables 7 and 5).

The spring mass concentrations of eBC and eBC due to biomass burning were the
lowest at Tabor as well. The share of biomass was 47% (Table 7). The morning mass
concentrations of total eBC are close to 1 pg/m?3, the share contributed by traffic slightly
exceeds that of biomass burning (Figure 3). In the euvening, the biomass burning
contribution is 0.5 pg/m3, and there is no traffic peak at this time of day in spring,
either. The primary low occurs at around 2 pm, when concentrations fall to 0.4 pg/m?3.

Table 6. Maximum and minimum hourly median values of total eBC mass concentrations, contribution of
biomass burning (BCgs) and traffic (BCrr) expressed in absolute (pg/m?3) and relative values (%) from
autumn 2017 to spring 2018 at Tabor site

eBC BCgg BCBB/EBC BCir BCTR/EBC
Period [pg/m’] [pg/m’] [%] [pg/m’] [%]
MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN
Autumn 1.3 0.4 0.7 0.2 64 34 0.7 0.2 58 35
2017 (8am) | (3am) | (6pm) | (2am) | (6pm) (2pm) (8am) | (3am) | (11pm) | (8pm)
Winter 1.5 0.5 0.9 0.3 72 51 0.6 0.1 45 19
2017/18 | (9am) | (4am) | (8am) | (4am) | (8pm) | (midnight) | (9am) | (3am) | (11am) | (9pm)
Spring 1.0 0.4 0.5 0.1 54 27 0.5 0.2 69 43
2018 (8am) | (2pm) | (8pm) | (2pm) | (11pm) (noon) (8am) | (4am) | (2pm) | (8pm)

Table 7. Arithmetic mean with standard deviation (AM) and median values (MED) of total eBC mass
concentrations (eBC), eBC from biomass burning (BCgg) and traffic (BCrr) in absolute (pg/m3) and relative
values (%) from autumn 2017 to spring 2018 at Tabor site

eBC BCBB BCBB/eBC BCTR BCTR/eBC
Period [pg/m’] [pa/m’] [%] [pg/m’] [%]

AM MED AM MED AM MED AM MED AM MED

A‘;’:)‘:‘;"" 1.1x1.5 0.6 0.7+1.1 0.3 55+24 52 0.410.6 0.3 45124 48

Winter | 46,73 0.9 1.2+1.8 0.5 63+24 62 0.5:0.8 0.3 37124 38
2017/18

5;’5':';9 0.9:1.1 0.6 0.5:0.7 0.2 47124 45 0.4:0.6 | 0.3 53124 55

3.4 The influence of temperature inversions on air quality in Loski Potok

Temperature inversions in Loski Potok have a significantly greater impact on the lower
part of the depression, in which the village of Retje and part of the village of Hrib are
located. As most of the sources of eBC are of local origin, large differences in air quality
can occur between the depression and Tabor, which has already been shown by
comparison between the seasons, which otherwise include all types of weather. During
inversions, the air exchange between the inverted layer and the layer aboue the
inversion practically ceases and the sources below the inversion have very little or no
effect on the air quality at Tabor.
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As this is a Rarst depression, where much of the settlement is concentrated in its
lowest part, temperature inversions have a very significant influence due to their
frequency. A temperature inversion always occurs in calm and clear weather; in the
cold half of the year it occurs in the late afternoon, when the bottom of the depression
becomes shaded, and in summer a few hours later. The temperature inuversion
intensifies overnight and the cold air pool thickens. Due to the sun's radiation, the
inversion decays in the early or later morning in the warm half of the year, whereas in
winter it can persist for most of the day or euven several days. Temperature
measurements show that Tabor rises above the inversion layer, except in the case of
aduection inversion, which is not due to radiative cooling of the depression.

It can be seen in Table 1 that the atmosphere was most mixed in February 2018,
when the inversion was present for only five days. The usual temperature gradient
indicates good mixing of the atmosphere and an aduective type of weather. In February
2018, there were as many as 18 days with this type of weather, and the atmosphere had
a normal temperature gradient on 18 days. The most stable atmosphere, however, was
in December 2017, when an inversion occurred on 15 days. The differences in the state of
the atmosphere were very large, and the differences between Retje and Tabor were also
very great.

—— biomass burning — fraffic

mixed atmosphere
TABOR RETJE

eBC (ug/m?)

temperature inversion

TABOR RETJE
“’E 20 - 7
0
-
o 10 A .
2
0 6 12 18 0 6 12 18 0
time

Figure 4. Diurnal variation of mass concentrations of eBC (ug/m?) shown separately according to source,
from traffic or burning of biomass on days with mixed atmosphere and on days with a temperature
inuersion at the rural background station Tabor (left side) and at the rural village station Retje (right
side) from December 2017 to February 2018. The lines represent median concentrations and shaded area
the variation of the concentrations (25th to 75th percentile). Note different y-scales for periods with
different atmospheric conditions.

On days with temperature inversions, the median mass concentrations of total eBC
reached as much as 19.4 pg/m3 at Retje during the evening peak (between 7 and 8 pm),
with burning of biomass contributing as much as 18.6 pg/m?3 (96% of eBC). The greatest
contribution from traffic was only 4.9 pg/m?3, at around 9 am (34% of eBC). Euven the
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lowest mass concentrations are relatively high during an inversion, reaching 2.4 pg/m3
in the primary low, which occurs around 4 am.

The situation is completely different when the atmosphere is mixed, as the
concentrations of total eBC stay under 3 pg/m3, and it is interesting that the peaR is
reached at 4 pm. Even in cases of mixed atmosphere, the largest part is contributed by
biomass burning, which reaches a peakR around 6 pm, when the median mass
concentrations are 2.3 pg/m* (82% of eBC). The lowest median mass concentrations
were measured at 5 am, at only 0.3 pg/m?3.

At Tabor mass concentrations of total eBC were significantly lower than those at
Retje. During temperature inversions we measured around 4 pg/m3 (at 8 pm), while on
days with a mixed atmosphere the median was only 1.3 pg/m3 (at 4 pm). The highest
contribution from traffic at Tabor was only 0.5 pg/m?3, representing 38% of eBC.

Table 8. Maximum and minimum hourly median values of total mass concentrations of black carbon
(eBC) shown separately according to source, traffic (BCtr) or burning of biomass (BCbb), and maximum
and minimum median share of biomass burning (BCbb) in Loski Potok on days with temperature
inuersions and on days with a mixed atmosphere from December 2017 to February 2018

c eBC BCBB BCTR BCBB/eBC
(=]
2 | Period [pg/m’] [pg/m’] [pg/m’] [%]
) MAX MIN MAX MIN MAX MIN MAX MIN
Temperature 1?;} 2(: 1?{;6 1(2 4.9 0.0 100 61
,_ll:J inversion am) am) pm) am) (9 am) | (midnight) | (10 pm) | (7 am)
[FE]
% | Mixed 2(: 0.3 2(: 0.2 0.8 0.0 88 53
atmosphere 5am 5am 10 am 9 pm 6 pm 7 am
p omy | GO | oo [ Gam) | Goam) | @pm) [ (6pm) | @ am)
Temperature 1280 0.9 3.4 0.6 1.4 0.1 97 60
noc inversion pm) (3pm) | (7pm) | (2pm) | (10 am) (3 am) (1 pm) | (noon)
o
<
Lo Mixed 1(: 0.3 (:47 0.2 0.5 0.1 67 46
atmosphere 5am 5am 3pm 5am 9am 1pm
p omy |G [ | Gam) | Gpm) | sam) | (@am) | (1 pm)

Where does the source of pollution at Tabor come from? The rectory buildings and
residential houses in the immediate vicinity certainly contribute something, and an
access road also leads to the church and cemetery there, which makes a small
contribution from traffic possible (see Figure 5). As days with inversions, we considered
those days when the inversion occurred at least in the morning and in the evening, but
could also last throughout the day. During temperature inversions polluted air from the
cold air pool does not reach the areas aboue the pool, so it should not affect the
concentrations of black carbon at Tabor. If the upper limit of the inversion is aboue the
height of Tabor, the pollution from the village of Retje could reach Tabor. Howeuver, in
this case, Tabor would not be warmer than Retje, which was the basic condition for
determining the inversion. Such days can therefore be ruled out. If the polluted air at
Tabor was due to the decay of the inuersion during the day and the transfer of black
carbon from the bottom of the depression to Tabor, we would have a peak
concentration once in the middle of the day and not in the morning or euvening. Thus,
the pollution at Tabor during the inversions is also the result of sources in the village of
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Hrib, which lies aboue the inuversion, in addition to the houses and the access road in the
immediate vicinity. There are fewer of these sources there; they are more remote and
their dispersion is more intense, so their impact is smaller, which explains the much
lower concentrations of black carbon at Tabor. This is also confirmed by the diurnal
variation of pollution, as we see that the typical daily dynamics of concentrations are
maintained.

Figure 5. View of hill Tabor with church, rectory buildings and residential houses on the top. An access
road from the nearest biggest settlements Hrib (in the photo) and Retje (only partly seen in the photo)
leads to the church and cemetery (Photo: Kristina GLOJEK).

Considerably larger differences between pollution levels during an inversion and in a
mixed atmosphere are found at Retje, at the bottom of the depression. Concentrations
of eBC are very high during the time of an inuversion and reach 18 pg/m? in the morning
peak, and an euen higher peak occurs early in the evening when mass concentrations
reach 19.4 pg/m3 (median values). The morning peaR, which is caused by biomass
burning (81% of eBC), reaches its highest point around 10 am, occurring an hour later
than the traffic peak. The evening peak from biomass burning occurs between 6 pm and
9 pm, while the traffic peak in the afternoon or evening is practically nonexistent and
the contribution of traffic is around 1 pg/m3 (7% of eBC). When the atmosphere is
mixed, the dynamics of mass concentrations at Retje are similar, except that the
concentrations are much lower. The morning peaR is akin to the evening peak, while the
traffic peak occurs only in the morning and coincides with the morning peak due to
biomass burning. Values at Retje when the atmosphere is mixed reach below 3 pg/m3in
the morning and in the evening.

Measurements also clearly showed that the main source of eBC in the villages of
Retje and Hrib and on Tabor is of local origin, with biomass burning strongly
predominant (60—90% of eBC). Temperature inversions have a strong negative impact
on air quality in the depression and at those times the concentrations are also higher
above the inversion, which suggests the contribution of sources that are located abouve
the cold air pool. When the atmosphere is mixed, the situation is much better, but the
local contribution can still be seen in Retje, as the wind speed in the depression is poor,
and household burning of biomass also takes place in windy weather.
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4. CONCLUSIONS

In the study we present the diurnal variability of equivalent black carbon (eBC) mass
concentration in Rarst region LosRi Potok (Slouvenia), an example of a rural hilly area
with relief conductive for cold air pool formation. Measurements of eBC were carried
out from autumn 2017 to spring 2018 at the bottom of the relief depression in the
village Retje and at the top of the hill Tabor. eBC sources were determined by the so
called Aethalometer model (Sandradewi et al., 2008a).

Measurements showed large differences in the level of air pollution, especially
between winter and spring. Autumn mass concentrations of eBC were closer to those of
winter than of spring, but autumn measurements tookR place only in the cold half of the
autumn season and thus are not entirely representative. Especially in autumn and
winter, the daily variations of eBC mass concentrations resulting from the burning of
biomass are clearly visible, when the primary peak occurs around 10 am and the
secondary one around 8 pm. The contributions of biomass in the morning and evening
are very similar, but there is a crucial difference in the traffic contribution: in the
morning, a traffic peak usually occurs about an hour before the biomass peaR, but in
the late afternoon or evening, no major peak in the traffic contribution to eBC mass
concentrations was obseruved.

On days with a temperature inversion, the concentrations of eBC at Retje are
significantly higher than on days without an inversion. On days with an inversion, the
median of eBC in the primary peak at Retje reached 19.4 pg/m?3, which is comparable to
the traffic stations of larger urban centres (e.g. Fuller et al. 2014; Manigrasso et al.
2017; Di lanni, 2018; Kiipper et al. 2018), and even on days without an inversion they
reach 4 pg/m3 in the primary peakR. The air at Tabor is much cleaner; it is most polluted
during periods of calm weather, when there is an inversion in Retje and the influence of
sources located aboue the inversion layer reaches Tabor. But even then, the
concentrations reached only about 4 pg/m3. During periods of windy weather, the
concentrations at Tabor are lower than 2 pg/m3.

The strong impact of inversions on eBC mass concentrations in LoSRi PotoR confirms
the influence of local sources on air quality. To improve quality, emissions need to be
reduced at the local level. In particular, the focus should be on measures to reduce
emissions from households burning of biomass and less so on traffic-related measures.
This means renouating buildings to make them more energy efficient to reduce heating
needs, replacing old boilers with newer, more efficient ones, equipping combustion
systems with particle filters and also installing heat pumps and constructing district
heating systems that most households can be connected to.

This study has shown that even sparsely populated areas far away from densely
populated regions are exposed to high concentrations of eBC for part of the year. Areas
such as Loski Potok are found in Dinaric environments as well as in the Alps and
elsewhere in hilly regions, so similar conditions can be expected wherever biomass
predominates as an energy source and where local topography reduces the self-
cleaning capacity of these areas. This is a valuable piece of information that can
improve our understanding of areas with air pollution problems and factors that
contribute to the problems. High time-resolution study can enhance understanding of
eBC and wood combustion related health effects in rural areas and in general as well.
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Furthermore, the results can be valuable for managing and planning domestic heating
systems in rural areas.
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