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Emissions of Sulphur Dioxide (SO;) from Coal-Fired Power
Plants in Serbia and Bosnia-Herzegovina: First Attempts of a
Validation of TROPOMI Satellite Products with Airborne In
Situ Measurements

Heidi Huntrieser, Theresa Klausner-HarlaR, Heinfried Aufmhoff, Robert
Baumann, Alina Fiehn, Klaus-Dirk Gottschaldt, Pascal Hedelt, Ronny Lutz,
Sanja Mrazovac Kurili¢, Zorica Podrascanin, Predrag lli¢, Nicolas Theys, Patrick
Jockel, Diego Loyola, Ismail Makroum, Mariano Mertens, Anke Roiger

Abstract: The Western Balkan region is known for emitting alarmingly high sulphur
dioxide amounts from coal-fired power plants. Though a number of environmental
regulations have been introduced in recent years (e.g. desulphurisation installations,
construction of modern power plants), the pollution burden is still much higher than
recommended by the authorities. A number of different montoring systems are
required to observe the growing pollution situation in the Western Balkan region,
partly caused by a high energy demand from outside (e.g. Western Europe).
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Several of the top ten SO, polluters in Europe are located in Bosnia-Herzegovina and
Serbia. Here we present the first in situ measurements of sulphur dioxide in this
region conducted with a German research aircraft in cooperation with local
scientists in Bosnia-Herzegovina and Serbia. Two of the strongtest emitting coal-
fired power plants were selected for the measurements in autumn 2020: Tuzla in
Bosnia-Herzegovina and Nikola Tesla in Serbia (Nikola Tesla). The measurements
were mainly conducted in the boundary layer (below ~1 km altitude in winter).
Downwind of the power plants, extremely high SO, mixing ratios exceeding 100
parts per billion (ppb = nmol mol™?) were measured at a distance of ~20-40 km from
the sources. The SO, plumes from the power plants were trapped in well-defined
inversion layers between ~500-1000 m altitude. The airborne measurements can be
used to validate synchronous spaceborne SO, measurements from the
TROPOspheric Monitoring Instrument (TROPOMI) onboard the Sentinel-5P satellite.
A first intercomparison indicates some problems with dense smoke clouds frequently
covering these countries in the winter months. However, it turned out that the Nikola
Tesla flight is to some extent suited for a TROPOMI-SO; validation, since it was
obtained during cloud-free conditions with a well-defined vertical extension of the
probed SO; plume (needed to estimate the Vertical Column Density, VCD, measured
by the satellite). In addition, these airborne measurements accompanied by model
simulations can be used to determine the SO, emission strength of the power plants
and to compare it to the source strength reported by the power plant operators. The
results indicate a reasonable agreement between the airborne measurements,
model results, emission inventories, and satellite measurements for the Nikola Tesla
power plants.

Keywords: Sulphur dioxide emissions, coal-fired power plants, airborne
measurements, satellite validation, Balkans

6.1. Introduction

The Western Balkan region belongs to the most polluted regions in Europe
significantly impacting the health of the population (e.g. Lammel et al 2011;
Podrascanin and Mihailovic 2013; Ili¢ et al 2018; Mrazovac Kurili¢ et al 2019;
Podrascanin 2019; Banja et al. 2020; Ili¢ et al 2020; Mrazovac Kurili¢ et al 2020;
Ulnikovi¢ et al 2020; Milosevi¢ and Mrazovac Kurili¢ 2021; Mimi¢ et al. 2021; Bellis
et al. 2022; Radovi¢ et al. 2022; Sikoparija et al. 2022). It is well-known that
especially pollution from coal-fired power plants damages health, impacting
particularly the respiratory system, causing bronchitis, asthma, a number of
cardiovascular diseases and premature deaths (Lin et al. 2018; Matkovic et al.
2020).
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In Europe, the Western Balkan emits alarmingly high levels of pollutants as sulphur
dioxide (SO,), since a number of obsolescent and ineffective coal-fired power
plants are still in use (Puljic et al. 2019). Even though the active power plants in
this region account for only 6% of all European coal-fired power plants, they emit
more SO, than all remaining 94% European plants (Chronic coal pollution report,
2019).

The average power plant in the Western Balkans emits 20 times more SO, and
concurrently produces less energy compared to its European opponents. In the
Western Balkan region, mainly the power plants in Serbia (Nikola Tesla, Kostolac)
and Bosnia-Herzegovina (Ugljevik, Kakanj, Tuzla) are responsible for most SO,
emissions (e.g. Jacimovski et al. 2016) (Scheme 6.1).
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Scheme 6.1. Showing the top 10 polluting power plants in Europe by SO, emissions in
2016 (in tons SO, per year) (Chronic coal pollution 2019)

Cxema 6.1. lpuka3 10 enekmpaHa Koje Hajeuwe 3az2ahyjy y Eeponu no emucujama
S0,y 2016. (y moHama SO, 200uuwirbe) (Chronic coal pollution 2019)

Desulphurisation installations are rare or not properly applied in this region.
Though such an installation was added to Kostolac B in 2017, the SO, emissions
have only slightly reduced from 114.000 tons in 2018, to 95.000 tons in 2020
(Scheme 6.2).

According to the National Emission Reduction Plan (NERP), the total SO, emissions
from the twelve thermal power plants covered by NERP in Serbia are limited to

171



lli¢ P, Govedar Z, Przulj N (editors) Environment

54.575 tons per year. This means that Kostolac B by itself still exceeded this
number by a factor of almost two.
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Scheme 6.2. Showing the temporal evolution (2018-2020) of SO, emissions (in tons
per year) from the power plant Kostolac B in Serbia
(www.reri.org.rs/en/untrue-allegations-of-zorana-mihajlovic-emissions-of-
sulfur-dioxide-from-the-kostolac-b-thermal-power-plant-are-almost-12-
times-higher-than-the-values-allowed-by-the-national-emission-reduction-
plan/)

Cxema 6.2. [puka3 epemeHcke esanyuyuje (2018-2020) emucuje SO, (y moHama
200uwr-e) uz mepmoenekmpaHe Kocmonauy by Cpbuju
(www.reri.org.rs/en/untrue-allegations-of-zorana-mihajlovic-emissions-
of-sulfur-dioxide-from-the-kostolac-b-thermal-power-plant-are-almost-
12-times-higher-than-the-values-allowed-by-the-national-emission-
reduction-plan/)

In addition, recent results from spaceborne measurements support the finding
that the Balkans is a hot spot region for anthropogenic SO, emissions in Europe
(Theys et al. 2015; Fioletov et al. 2017; Liu et al. 2018; Fioletov et al. 2020; Theys
et al. 2021a). These emissions mainly originate from a few coal-fired power plants
located in Bosnia-Herzegovina and Serbia, as mentioned before (see also Fig. 6.1).
The Serbian power plants, Nikola Tesla A and B, are ranked as number 18 of the
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world’s strongest sources of SO, pollution according to Dahiya and Myllyvirta
(2019), whereas the Bosnia-Herzegovina power plant Tuzla ranks as number 25.
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Fig. 6.1. Sulphur dioxide (SO,) measurements from the Sentinel-5P satellite obtained
with the TROPOspheric Monitoring Instrument (TROPOMI). Mean SO,-values
in Dobson Units (DU) for Europe are shown for May 2018 — December 2019
for the operational TROPOMI product. The red circle highlights the SO, hot
spot area of the Western Balkans investigated in this study (composed by
emissions from the power plants Ugljevik, Kakanj, and Tuzla in Bosnia-
Herzegovina plus Kostolac and Nikola Tesla in Serbia). The SO, hot spot over
Sicilia and southern Italy is related to natural SO, emissions from the volcano
Etna

Cn. 6.1. Mjeperba cymnop-ouokcuda (SOz) ca camenuma Sentinel-5P ca
uHcmpymeHmom TROPOspheric Monitoring Instrument (TROPOMI).
Cpedre spujedHocmu SO, y JobcoHosum jeduHuuama (Dobson Units,
DU) 3a Espony cy npukasaHe 3a maj 2018 — deyembap 2019 onepamusHu
npou3eo0 TROPOMI. LipseHu Kpye Haenawasa ¥apuwme SO, 3arnadHoe
BankaHa Koje je ucmpaxceHo y 08oj cmyduju (cacmasseeHo 00 emucuja
u3 enekKmpaHa YaroesuK, Kakar u Ty3na y bocHu u Xepyez2o08uHu, nayc
Kocmonay u Hukona Tecna y Cpbuju). apuwme SO, uzHad Cuyunuje u
jyrcHe Umasnuje nose3aHa je ca npupodHUm emucujama SO, u3 8yanKaHa
Emna

The SO, emissions from these two coal-fired power plants were targeted in 2020,
within the framework of the METHANE-To-Go-Europe project, when scientists
from the German Aerospace Center (DLR: Deutsches Zentrum fir Luft- und
Raumfahrt) started a collaboration with local scientists in Bosnia-Herzegovina and
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Serbia to carry out first airborne in situ measurements of these strong SO,
emitters. The team has a wide experience in measuring trace gases from natural
sources (Huntrieser et al. 2016) and from air pollution (Huntrieser et al. 2004,
2005; Roiger et al. 2011a-b; 2012, 2015, 2017, 2018a-b; Klausner et al. 2018,
2020a-c; Fiehn et al. 2020a-c, 2021), as e.g. sulphur dioxide (Aufmhoff et al. 2011,
2012; Huntrieser et al. 2020, 2021a-c; Klausner et al. 2021), furthermore in
performing airborne field campaigns (Roiger et al. 2011a, 2015; Huntrieser et al.
2016; Fiehn et al. 2020a; Klausner et al. 2020b; Huntrieser et al. 2021a-c)
accompanied by model simulations (Jockel et al. 2005, 2006a-b, 2008, 2010;
Baumann and Schlager, 2012; Gottschaldt et al. 2013; Jockel et al. 2016; Mertens
et al. 2016; Gottschaldt et al. 2017, 2018; Mertens et al. 2018, 2020a-b, 2021).

6.2. Field campaign and data

The DLR-funded field experiment METHANE-To-Go-Europe, with the objective to
investigate anthropogenic methane (CH4) and sulfur dioxide sources (SO3), was
carried out in October and November 2020 together with local partners in the
Balkans (www.dlIr.de/pa/en/desktopdefault.aspx/tabid-2342/6725_read-70275/;
last visit 26 July 2022). The focus of the CHs measurements was on emissions from
off-shore gas facilities in the Adriatic Sea, whereas the focus of the SO,
measurements was on emissions from coal-fired power plants in the Balkans. Here
we only report on results from the latter objective.

Airborne in situ measurements were carried out with the German research aircraft
Falcon-20 of the DLR (max. flight altitude ~13 km) (Fig. 6.2), which was equipped
with a non-commercial Chemical lonization lon-Trap Mass Spectrometer (CI-ITMS)
(accuracy: ~15%; detection limit ~50 ppt; temporal resolution: ~3 s) (Speidel et al.
2007; Aufmhoff et al. 2011, 2012) and a commercial gas analyzer based on pulsed
fluorescence technology (Thermo Scientific 43i, less temporal resolution: 10 s,
higher response time and less accuracy compared to CI-ITMS) to measure the
amount of SO, in the air. Furthermore, meteorological instrumentation measuring
e.g. wind speed and direction was installed (Huntrieser et al. 2016). Two flights
were dedicated to power plant emissions, a flight to Bosnia-Herzegovina (Tuzla)
on 2" November and a flight to Serbia (Nikola Tesla near Belgrade) on 7%
November 2020. Here we mainly report on the latter flight to Serbia and only
briefly touch upon the first flight to Bosnia-Herzegovina.

To support the flight planning, a variety of SO, model forecasts (HYSPLIT, WRF-
Chem and MECO(n)) were used to forecast the position of the SO, pollution
plumes over the Balkan region a couple of days in advance (Baumann and Schlager
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2012; Mertens et al. 2016). The source strength was derived from various
inventories and reports as:

1) the European Pollutant Release and Transfer Register (E-PRTR)
(www.eea.europa.eu/data-and-maps/data/member-states-reporting-
art-7-under-the-european-pollutant-release-and-transfer-register-e-
prtr-regulation-22) and

2)  OMI-HTAP which includes emissions from OMlI-detected sources
obtained from satellite measurements (Theys et al. 2015; Liu et al. 2018)
and

3) EDGAR (https://edgar.jrc.ec.europa.eu/emissions_data_and_maps).

Fig. 6.2. The research aircraft Falcon-20 of the German Aerospace Center (DLR:
Deutsches Zentrum fiir Luft-und Raumfahrt) was equipped with trace gas
instrumentation to measure e.g. sulphur dioxide in-situ

Cn. 6.2. Ucmpaxusayku asuoH Falcon-20 HhemayKoe 8a30yxonao8Hoe ueHmpa
(DLR: Deutsches Zentrum fiir Luft-und Raumfahrt) 6uo je onpemsoeH ca
onpemMom 3a Mjeper-e 2aca y mpazosuma, Hip. cymrnop-0uoKcuoa in-situ

Here only details on the HYSPLIT simulations are given due to the limited space. In
the Lagrangian particle dispersion model (LPDM) HYSPLIT (Draxler et al. 1997,
1998, 1999; Stein et al. 2015) a set of continuously emitting, point-like sources in
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three distinct geographical regions were simulated for the METHANE-To-Go-
Europe field experiment (Fig. 6.3).
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Fig. 6.3. Location and strength of all SO, point sources used in the HYSPLIT dispersion
forecasts for the METHANE-To-Go-Europe field experiment

Cn. 6.3. J/lokauyuja u ja4uHa caux maykacmux useopa SO, Koju ce Kopucme y
npoeHozama oucnep3uje HYSPLIT 3a mepeHCKO ucmpaxcusarbe
METHANE-To-Go-Europe

All SOz-sources were simulated in HYSPLIT as squared patches with diameters
between 10 m (discrete stacks) and 15 km (some cities and large oil and gas
facilities). The injection height was simulated according to the known height of the
power plant stacks.

HYSPLIT was driven by meteorological data from ECMWF (European Centre for
Medium-Range Weather Forecasts) (horizontal resolution of 0.1°x0.1°, hourly
forecasts up to 3 days in advance possible). An example of a typical HYSPLIT-SO,
forecast for the region of interest is shown in Fig. 6.4.

One of the main objectives of this study is to validate spaceborne SO,-
measurements by the TROPOMI/S5P instrument with the airborne measurements
focusing on SO, emissions from coal-fired power plants, which is the first study of
its kind in the Balkans.

Previous validation studies were more focused on volcanic SO, (Theys et al. 2019;
Hedelt et al. 2019, 2020a-b, 2021; Theys et al. 2021b), which is released at higher
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altitudes where the sensitivity of the satellite measurements is higher compared
to ground-emitted SO..
HYSPLIT SO,-forecast from 13.10.2020 00 UTC for 14.10.2020 11 UTC
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Fig. 6.4. Example of a typical HYSPLIT-SO; forecast for the region of interest indicating
the direction of the SO, plumes from the coal-fired power plants depending on
the prevailing wind direction (color-coded: total vertical SO, column mass per
surface area in mg m?)

Cn. 6.4. Mpumjep munuyHe HYSPLIT-SO, npozHo3e 3a pe2uoH 00 UHMepeca Koju
yKasyje Ha npasay SO, 06s1aKa U3 e1eKMPaHa Ha y2ase y 308UCHOCMU 00
npeosnahyjyhez npasya sempa (KOOUPAHO 60joM: YyKyNHA 8€pMUKAIHA
maca cmy6a SO, no nospwuHu y mg m?)

For specific studies on volcanic SO, emissions, neural network methods and
inverse learning machines have been developed in the past to handle the high
amount of data gained by satellite measurements (e.g. Loyola et al. 2006, 2010,
2011, 2016; Hedelt et al. 2018 a-c; Loyola et al. 2020).

TROPOMI/S5P is a novel passive imaging spectrometer which combines different
methods/algorithms to retrieve SO, concentrations and cloud properties from a
near-polar, sun-synchronous orbit with a daily passage around local noon time
(Theys et al. 2017; Lutz et al. 2017, 2018a-b; Theys et al. 2018; Lutz et al. 2019a-b;
Theys et al. 2020). In this work, we use two different sets of TROPOMI-SO,
products, the official operational DOAS retrieval (Loyola et al. 2018) and the
COBRA retreival (Theys et al. 2021a), which will replace the current operational
product in the future.
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The variables extracted here in this study from the TROPOMI products are e.g. the
Vertical Column Density (VCD) SO, (here “pollution-VCD” used), and in addition
the quality assurance value (QA) and the Cloud Fraction (CF) from the TROPOMI
cloud product.

Satellite meaurements of SO, require cloud-free conditions, which were rarely
present during the second half of the METHANE-To-Go-Europe field campaign in
November 2020, when flights to the Western Balkan were realised. However, on
7" November, during the flight to the Nikola Tesla power plants in Serbia, the
weather conditions were suitable for a first attempt of a TROPOMI validation with
airborne SO, measurements.

The boundary layer was dominated by a strong inversion layer trapping the
emissions from the power plants in a thin layer (Fig. 6.5), which is of advantage
for the calculation of the vertical SO, column density (SO,-VCD) from airborne
measurements, as needed for the TROPOMI-validation.

Nikola Tesla (Serbia) - 7 November 2020 ~14:00-14:30 UTC
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Fig. 6.5. Vertical temperature and humidity profiles from the DLR Falcon-20 flight to
the Nikola Tesla A power plant on 7" November 2020 (left). The emissions
from the coal-fired power plant were trapped in an inversion layer located
between ~500 and ~900 m asl, as seen from Falcon (right)

Cn. 6.5. BepmukanHu npoguau memrepamype u eaarHocmu ca aema DLR
Falcon-20 do enekmpaHe Hukona Tecna A 7. Hogembpa 2020 (nujeeo).
Emucuje uz enekmpaHe Ha y2ass bune cy 3apobroeHe y UHBep3UOHOM
cnojy Koju ce Hanasu usmehy ~500 u ~900 m HaOMOpPCKe 8UCUHE, KaO
wmo ce 8udu ca ®ankoHa (0ecHo)
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6.3. Methods

This subsection describes the different steps and methods that were used to
determine the VCD SO, from airborne measurements in detail. In summary:

1) Selection of reliable TROPOMI pixels according to the TROPOMI product
Cloud Fraction (here CF<0.10 chosen) and Quality Assurance Index (here
QA=>50 chosen).

2)  Averaging of the airborne SO, mixing ratios measured over the area of
each selected TROPOMI pixels (e.g. P1so2). Repetition for all available
vertical levels (e.g. P1so2@950 hea aNd P1s02@900 hea).

3)  Vertical interpolation of these averaged measurements (P1soz@950 hpa,
P1so2@900 hea and so on) for each selected pixel (e.g. P1, P2 and so on) up to
the next inversion layer. Multiplication of this interpolated vertical profile
with the Averaging Kernel.

4)  Integration over the entire vertical column (here only up to the next
inversion layer) for each TROPOMI pixel area (e.g. P1 and P2 and so on) to
determine the VCD.

For the validation of spaceborne with airborne measurements, first reliable
TROPOMI/S5P pixels (size 3.6 x 5.6 km?) were selected which turned out to be
more difficult than expected. The inspection of daily TROPOMI-SO, images
showed a very noisy situation on many campaign days, especially in November.
The TROPOMI measurements along the long light path at this time of the year
were influenced by the low position of the sun in the winter months and the
unexpected high frequency of dense smoke clouds over the Balkans. Aerosols in
the smoke clouds have the capability to also absorb light in the same wavelength
range as SO; and therefore might disturb the SO, signal (e.g. Bergstrom et al.
2007). Fig. 6.6. indicates how the strong TROPOMI-SO, signals from the Balkan
power plants deteriorate from October to November 2019 and simultaneously the
noise from unspecified SO, sources in the surroundings increases. Similar noisy
observations were made for the months December/January. First in February, less
disturbed TROPOMI-SO; signals are available as for the entire summer season. By
using the COBRA retrieval instead of the operational TROPOMI DOAS retrieval, the
noise and biases in the signal could be reduced, as also illustrated in Fig. 6.6.
(comparable to Figs. 5-6 in Fioletov et al. 2020 and Fig. 4 in Theys et al. 2021a).

The mission flights to Bosnia-Herzegovina on November 2" and to Serbia on
November 7" 2020 were influenced differently by the noise in the SO, retrieval. A
number of nearby local fires affected the first flight (Tuzla power plant)
significantly and it was found that a reliable satellite validation is not possible due
to the high density of noisy SO, signals, as indicated in Fig. 6.7. (top). In contrast,
Fig. 6.7. (bottom) shows a textbook example from January 2020 (prior to the field
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experiment), when an extended snow cover caused very clear and less noisy SO>
signals over Serbia (due to the constant albedo of the snow cover)
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Fig. 6.6. Satellite measurements of SO, obtained with TROPOMI. Mean SO-values in
Dobson Units (DU) for the Balkans are shown for October (upper left) and
November 2019 (upper right) for the operational TROPOMI product. The red
circles highlight the two SO, hot spot areas of the Balkans investigated in this
study (containing SO, emissions from the power plants Ugljevik, Kakanj, and
Tuzla in Bosnia-Herzegovina plus Kostolac and Nikola Tesla in Serbia). A similar
SO, distribution for October 2019, as shown upper left, is found for the
TROPOMI-COBRA product, however related to less noise in the signal (lower
left and right)

Cn. 6.6. Camenumcka mjepera SO, 0obujeHa ca TROPOMI. Cpedrse
spujedHocmu SO, y [lobcoHosum jeduHuuama (Y) 3a bankaH npukasaHe
cy 30 okmobap (2ope nujeso) u Hosembap 2019 (2ope decHo) 3a
onepamusHu rnpouseod TROPOMI. LipeeHu Kpy2o8u Hazaawasajy 0suje
spyhe mayke SO, Ha bankaHy Koje cy ucmpaxeHe y 080j cmyoduju (Koje
cadpice emucuje SO, uz eneKmpaHa Yerwesuk, Kakar u Ty3na y bocHU u
XepuezosuHu, nayc Kocmonay u Hukona Tecaa y Cpbuju). CauyHa
ducmpubyyuja SO, 3a okmobap 2019, Kao WMo je NPUKA3AaHO y 20PHEM
nujeeom yeny, Hanasu ce 3a npoussod TROPOMI-COBRA, anu ce o0HocuU
Ha Marse Wyma y cueHany (0osve nujeso U 0ecHo)
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total vertical column density of SO2 for a plume at 1km altitude w.r.t. the topography
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Fig. 6.7. Satellite measurements of SO, obtained with the TROPOMI-COBRA retrieval
(color-coded unit in mol m?) including the Falcon flight track (in black) from 2
November 2020 investigating the SO, emissions from the Tuzla power plant
(top image). In the bottom image, SO, obtained from the operational
TROPOMII retrieval (color-coded unit in DU) is shown for 13 January 2020
where an extended, triangular snow cover was present over Serbia, as
indicated in the lower right satellite cloud image

Cn. 6.7. Camenumcka mjepera SO, 0obujeHa TROPOMI-COBRA y3opKosarba
(60jom o3HaueHa jeduHuya y mol m?) ykreyuyjyhu cmasy nema Falcon (y
upHoj 6oju) 00 2. Hosembpa 2020. Koja ucmpaxcyje emucuje SO, u3
enekmpaHe Ty3na (2oprHa cauka). Ha 0oroj cnuyu, SO, 0obujeH u3
onepamusHoe y3opkosara TROPOMI (6ojom o3HayeHa jeduHuya y DU)
npuKasaH je 3a 13. jaHyap 2020. 2dje je Hao Cpbujom 6uo npucyma
MPOWUpPEHU MpPOoy2aacmu CHeXHU MOKpUsaY, Kao Wmo je npuKkasaHo Ha
dorbem 0ecCHOM camesnumMcKOM CHUMKY 0671aKa
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However, the second flight to the Nikola Tesla power plants in Serbia (November
7™, 2020) was less affected by noise in the SO, retrieval and was found to be
suitable for a validation. To select reliable TROPOMI-SO, pixels from the Serbian
flight, the SO, data was combined with additional TROPOMI products (i.a. QA and
CF), as mentioned in Section 6.2. Reliable SO, pixels were defined when QA>50
and CF<0.10. Presently the TROPOMI/S5P pixel size is 3.6 x 5.6 km?2. For the
selected validation area, the airborne SO, measurements were averaged over the
area of each pixel. For the calculation of the VCD from the airborne
measurements, also information about the vertical SO, distribution is necessary.
For 7 selected pixels, measurements were performed at three different altitudes
(~400, 540 and 900 m), just below, inside and at the top of the strong inversion
layer (Fig. 6.8).

Serbia - 7" November 2020 (longitude >19 °E)
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Fig. 6.8. Vertical SO, profile from the DLR Falcon-20 flight over Serbia on 7" November
2020 (black dots). Superimposed is the daily mean value and standard
deviation (red dot with bar) of the ground-based SO, measurements in
Obrenovac (76 m asl), located near the Nikola Tesla power plants, on 7
November 2020. The SO, mixing ratios are given in parts per trillion (ppt)

Cn. 6.8. BepmukanHu npogun SO, ca nema DLR Falcon-20 flight usHao Cpbuje 7.
Hosembpa 2020 (upHe mayke). lpukasaHu cy cnojesu (layers) ca
spujedHocmuma cpedrbe OHesHe 8pujedHOCMU U cmaHOapoHe
desujayuje (yupseHa mavka ca ypmuyom) npusemHux mjepersa SOz y
ObpeHosuy (76 M.H.8.), Koju ce Hana3u y 6au3UHU enekmpaHe Hukona
Tecna, 7. Hogembpa 2020. O0Hocu mujewarsa SOz cy damu y dujenosa
Ha mpunuoH (ppt)
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From this figure it is clear, that the main amount of SO, contributing to the VCD
was located in this inversion layer between ~450 and 900 m (due to the elevated
emission height from the tall chimneys ~150-300 m), which was also confirmed by
HYSPLIT and MECO(n) (>90%).

Therefore, the airborne measurements were vertically interpolated between
these layers and then integrated over the inversion layer to receive VCD values
comparable with satellite measurements. Both the airborne measurements and
the ground-based measurements from the nearby site Obrenovac and HYSPLIT
indicate that the contribution to the VCD from the layer below ~400 m was less
important on this day (note the logarithmic scale).

6.4. Results

The horizontal distribution of SO, mixing ratios along the flight path in vicinity of
the Nikola Tesla A (NTA) and B (NTB) power plants is shown in Fig. 6.9. (left).

Areas with highly elevated SO, mixing ratios are highlighted in green, yellow and
red colors. It is clear, that the plumes from the NTA/NTB power plants are
advected with the wind to the northwest and are distinguishable from each other.
Unfortunately, one of the two airborne SO; instruments (CI-ITMS) had problems
to measure the unexpectedly high SO, mixing ratios inflight (as confirmed later by
laboratory test). Such time sequences were replaced by measurements from the
second SO, instrument onboard (Thermo Scientific 43i).

In Fig. 6.9. (right), several TROPOMI/S5P products have been added to the
airborne measurements. Noticeable is the agreement of the location of the
highest SO, values for the airborne and spaceborne TROPOMI measurements in
the westernmost part of the flight track capturing mainly the NTB plume.

In comparison, the NTA plume is not well captured in TROPOMI-SO, signal
compared to the airborne measurements. The reason is a nearby cloud remnant
from the morning fog in the river valley, as indicated schematically in the figure
according to the TROPOMI cloud product CF.

This result shows that only the westernmost part of the flight (including the NTB,
but not NTA plume) is suitable for a validation. This part of the flight was also flown
at three different vertical levels, as mentioned in Section 6.3.

Therefore, the VCD-SO, can be determined from the airborne measurements and
compared to the spaceborne TROPOMI-SO, measurements as discussed in the
next section.
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Nikola Tesla (Serbia) - 7" November 2020

Latitude °N
Latitude °N

Longitude °E Longitude °E

Fig. 6.9. Left: SO, mixing ratios (in ppb) along the DLR Falcon-20 flight track in vicinity of
the power plants Nikola Tesla A (NTA in red) and B (NTB also in red) on 7th
November 2020. The dotted lines with a star at the end indicate the measured
wind direction at the height of the power plant chimneys (~150-300 m):
northeasterly to easterly direction. The dotted lines with an arrow at the end
indicate the wind direction measured at the Falcon flight levels downwind of
the power plants (~540-900 m); predominantly from southeast. Right:
Underlaid below the flight track is the corresponding TROPOMI-SO, COBRA
product in DU (also color-coded). In addition, the cloud fraction (CF) is
superimposed as black crosses (CF >0.20) and as white circles (CF<0.20), and
the position of a cloud remnant from the morning fog is schematically
indicated

Cn. 6.9. /lujeso: O0Hocu mujewarba SO; (y ppb) dyxc nema DLR Falcon-20 y
6nu3uHuU enekmpaHa Hukona Tecna A (NTA upseHo) u b (NTA makohe
upseHo) 7. Hosembpa 2020. VicnpekudaHe AuHuje ca 38je30ulyom Ha
Kpajy nokasyjy usmjepeHu cmjep sjempa Ha 8UCUHU OUMHAKA
enekmpaHe (~150-300 m): cjesepoucmoyHU Ka UCMOoYHU. MicnpeKkudaHe
AIUHUje ca cmpenuyomM Ha Kpajy 03Ha4asajy cmjep gjempa mjepeH Ha
Husouma nema anKoH HU3 8jemap 00 enekmpara (~540-900 m);
npemexcHo ca jyzoucmoka. [jecHo: ucrod cmase 3a 1emerse je
o00zoeapajyhu TROPOMI-SO, COBRA npou3sod y DU (makohe o3Ha4eH
6ojom). Moped moaa, hpakyuja obaaka (CF) je cynepnoHUPAHa Kao ypHu
Kpcmosu (CF20,20) u Kao 6ujenu Kpyzosu (CF<0,20), a cxemamcKu je
MPUKA3aH 10a0#aj 0cmamka 061aKa U3 jymapr.e maane

6.5. Discussion
The final step of this first attempt of a validation of spaceborne SO, measurements

with airborne SO, measurements over the Western Balkan region also includes
the intercomparison with model simulations, as introduced in Section 6.2. In Fig.
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6.10. results for the flight to Serbia on November 7, 2020, is presented for the
HYSPLIT, WRF-Chem and MECO(n) models. In the westernmost part of the flight
track, where reliable TROPOMI and Falcon measurements are available, the
models indicate a SO, vertical column density (VCD) in the range of 2.45-11.0 DU.

[WRF-Chem SO, columnfup to 1000 m (mg/m?) at 12 UTC
1 L

MECO(n) SO; columi

up to 1000 m (mg/m?) at 12 UTC
L L

T T T T
196 198°E 20 202 204°€ 196°E 19.8°€ 2% 202 204°E

CH | |
0 90 180 270 360 450 540 630 720 810 900 0 90 180 270 360 450 540 630 720 810 900
mg/m2 mg/m2

Longitude

HYSPLIT: Expect values between 70-200
mg/m? (darkgreen-yellow) along western
flight track = corresponds to 2.45-7.0 DU

WRF-Chem: Expect values between 90-315
mg/m? (darkgreen-yellow) along western
flight track = corresponds to 3.15-11.0 DU

MECO(n): Expect values between 90-225
mg/m? (darkgreen-yellow) along western
flight track = corresponds to 3.15-7.9 DU

Fig. 6.10. SO, model simulations for the flight to the Nikola Tesla power plants in Serbia
on November 7, 2020, (left: HYSPLIT, center: WRF-Chem, right: MECO(n)).
The red dotted box indicates the area of interest downwind of the power
plants.

Cn. 6.10. Cumynayuje modena SO, 3a nem 0o enekmparHa Hukona Tecaa y
Cpbuju 7. Hosembpa 2020. (nujeso: HYSPLIT, cpeduHa: WRF-Chem,
decHo: MECO(n)). LipeeHa maykacma Kymuja o3Ha4aea obsaacm
UHMepecosarba HU3 gjemap 00 efleKMpaHa.

Next the SO-results from the Falcon vs. TROPOMI measurements and the model
simulations are combined in Fig. 6.11. (top) to receive an overall picture. Both
VCD-SO; values obtained from airborne (Falcon-20, y-axis) and spaceborne
(TROPOMI) measurements (COBRA retrieval, x-axis) are shown on the basis of the
selected 7 pixels (Fig. 6.9), indicating a clear positive correlation (r=0.70).
However, the number of data points is unfortunately rather limited, since only 7
reliable TROPOMI pixels (QA>50 and CF<0.10) with coincidental Falcon
measurements at 3 vertical levels are available (needed for the calculation of
representative VCDs).

In Fig. 6.11. (bottom) the SO, meanzstd values of all 7 selected data points
(Falcon/TROPOMI-COBRA) in Fig. 6.11. (top) were determined in addition to the
values for the TROPOMI operational product. For TROPOMI, the value for the
COBRA product is slightly lower (~10%) than for the operational product (due to
less noise and lower biases in COBRA). In addition, the determined airborne
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Falcon-SO; values are slightly lower (also ~10%) than the obtained COBRA values,
though the Averaging Kernels (AK) have been applied to the airborne data set.

| Nikola Testa (Serbia) - 7" November 2020 Nikola Tesla/(Serbla). : 7" November 2020

Regression 7 =050

S g
o' G s
@
c
o 4
£ 4 WRF-Chem: range 3.15-11.0 DU
w
* MECO(n): 3.15-7.9 DU R
[ ]
2 HYSPLIT: 2.45-7.0 DU 0
e COBRA: 1.9-10.5 DU

mmm mean & std Falcon-SO, along validation track
=== mean & std TROPOMI-SO, COBRA product
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Fig. 6.11. Validation of the TROPOMII-SO; retrieval based on the COBRA algorithm with
vertical column density (VCD) estimates in DU from airborne SO2-
measurements obtained from the DLR Falcon-20 in vicinity of the Nikola
Tesla B power plant on 7th November 2020 (top). For model simulations the
ranges obtained from Fig. 6.10. are given. For the TROPOMI and Falcon-20
measurements the range of the mean values + standard deviation of the 7
selected TROPOMII pixels (top figure) is given in the second figure (bottom)
and shown as ranges (columns) in the top figure. Averaging kernels (AK) have
been applied to the Falcon-SO, data set

Cn. 6.11. Banudayuja y3opkosearba TROPOMI-SO; 3acHosaHoz Ha COBRA
an20puMMYy ca PoUeHama 2ycmuHe eepmukanHux cmybosa (VCD) y DU
u3 8a30ywHux mjepersa SO, 0obujeHux ca DLR Falcon-20 y 6au3uHu
enekmpare Hukona Tecna b 7. Hosembpa 2020. (2ope). 3a cumynayuje
mooena damu cy ornce3u dobujeHu ca Cn. 6.10. 3a TROPOMI u Falcon-20
Mjeperba oricez cpedrux 8pujedHocmu = cmaHOapOHa desujayuja 7
usabpaHux TROPOMI nukcena (2oprba cAauKa) je dam Ha dpya0j cauyu
(Gorve) u npukasaH Kao oncesu (KosnoHe) Ha 20pH0j cauyu. Ycpedrasajyha

jesepa (AK) cy npumujerseHa Ha Falcon-SO, ckyny nodamaka

To quantitatively compare satellite measurements with airborne measurements
and model results, the AKs have to be calculated and applied (Theys et al. 2021a).
The reason for this step is that the sensitivity of the instrument varies with height,
due to the interaction of e.g. spectroscopy, optical characteristics (e.g. Rayleigh
scattering), radiative transfer and spectral response with atmospheric properties.
Furthermore, various interference factors attenuate the signal strength, as the
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thermal and chemical composition of the atmosphere (e.g. interferences from Os;
absorption in the UV), aerosols and the surface albedo (Krotkov et al. 2008). The
AK describes the profile sensitivity (low values = low sensitivity, e.g. for SO, at
ground level) and has to be applied (=multiplied) to the airborne measurements
(and model results) to mimic the altered signal that the satelliteborne instrument
observes. For the relevant pressure levels (900-950 hPa = 500-900 m), where the
inversion layer with the elevated SO, mixing ratios was located (Fig. 6.5), the AK
values of the most relevant TROPOMI pixels (certainly not influenced by clouds:
pixel number 4-8), vary between 1.0-1.3 (Fig. 6.12).

Averaging kernels 7" November 2020: Serbian flight
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Fig. 6.12. For eight selected TROPOMI pixels from the Falcon flight to Serbia on
November 7, 2020, the vertical distribution (with pressure) of the Averaging
Kernels (AK) is shown.

Cn. 6.12. 3a ocam o0abpaHux TROPOMI nukcena ca nema Falcon 3a Cpbujy 7.
Hosembpa 2020. npuKa3aHa je sepmukanHa oucmpubyyuja (ca
npumuckom) npocjeyHux jezeapa (AK).

By applying (=multiplying) these AK values to the airborne Falcon-SO,
measurements, SO,-VCDs in a similar range as obtained from satellite
measurements were achieved (on average only 10% difference to COBRA, Fig.

187



lli¢ P, Govedar Z, Przulj N (editors) Environment

6.11). No striking differences between model results — airborne measurements —
satellite measurements were observed meaning that the first validation attempt
looks promising (used source strength of NTB 83.500 tons SO,/yr in the models
seems to agree with measurements). The presented data set is though very sparse
due to the lack of more reliable TROPOMI pixels. This would require
measurements in a different season when noisy TROPOMI signals are less
pronounced (not winter) and when an extended area, where the power plants are
located, is cloudfree to allow for a more detailed probing.

6.6. Conclusion and outlook

Our measurements during the METHANE-To-Go-Europe field experiment are:

- the first airborne in situ measurements of SO, plumes from coal-fired
power plants in Serbia and Bosnia-Herzegovina,

- and the first attempt to conduct a satellite validation (here TROPOMI-SO,
instrument on Sentinel-5 Precursor) with airborne SO, measurements for
the power plants in this region to verify the quality of satellite
measurements monitoring the pollution situation in the Western Balkans.

We found that:

— a satellite validation is difficult in winter due to the low sun position and
the frequent, widespread occurrence of smoke clouds causing noise in the
TROPOMI-SO; signal (less pronounced in the COBRA retrieval compared
to the operational retrieval and less on days with extended snow cover),

— however, a satellite validation with airborne in situ measurements is
partly simplified due to the presence of pronounced inversion layers,
facilitating the perception of the vertical extension of emitted SO, power
plant plumes, an essential parameter needed to estimate the Vertical
Column Density (VCD) of SO, from airborne measurements for the
validation with TROPOMI measurements,

- for the Falcon flight to Serbia on 7®" November 2020, a coarse validation
of the SO, plume from the Nikola Tesla B power plant was feasible, despite
the availability of only few TROPOMI data points associated to a number
of uncertainties, and despite the time difference of 2-3 h between the
satellite overpass and the airborne measurements,

- for the Falcon flight to Bosnia-Herzegovina on 2" November 2020, a
validation of the SO, plume from the Tuzla power plant was not feasible,
because of the presence of too noisy TROPOMI-SO; signals (caused by
smoke clouds from coal heating and other local fire acivities).
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We learned that:

in the Western Balkan region satellite instruments measuring SO, from
space (here TROPOMI investigated) have considerable difficulties to
capture the pollution situation in the winter season compared to the
summer season,

satellite measurements require cloudfree meteorological sceneries, which
are rare in winter and frequently disrupted by man-made smoke clouds,
satellite validation with airborne measurements is generally a huge
challenge in the Western Balkan region: during the METHANE-To-Go-
Europe field campaign described here the conditions were in addition
hampered by the COVID-19 pandemic, since no stop-overs for the aircraft
were possible in this region and the duration of the airborne measurements
in the region was very short compared to the total flight time, which
prohibited a more complete validation with satellite measurements,

flight permission to conduct flights with a German research aircraft at very
low altitude in vicinity of power plants is very difficult to receive in Western
Balkan countries: in Serbia the METHANE-To-Go-Europe team finally
succeeded through the support by local scientists; in Bosnia-Herzegovina
the flight near the Tuzla power plant was performed as several so-called
“missed approaches” to the Tuzla airport,

flight planning was complicated by the unreliability of the meteorological
wind forecasts between flight plan submission (1-2 days in advance of the
flight) and the performance of the flights: HYSPLIT-SO, forecasts helpful,
finally, the foreseen airborne instrument for SO, (CI-ITMS) was not capable
of measuring the extremely high SO, mixing ratios (up to several hundred
ppb = nmol mol™?) observed ~20-40 km downwind of the investigated power
plants, fortunately measurements from a less precise SO, backup
instrument onboard were available.

Outlook:

More airborne SO, measurements of this kind are needed in the Western
Balkan region to improve satellite algorithms for SO,

a new measurement technique for airborne probing of point sources (as
power plants) has been set up by the METHANE-To-Go-Europe team and
successfully tested in 2022 in vicinity of coal mines in Poland, consisting of
a helicopter sonde (HELiPOD) flown in a wire below a helicopter (local
helicopter companies can be hired, which simplifies the flight permission
process considerable, furthermore flights closer to the targets are
possible compared to aircraft). Next measurements on sulphur dioxide
and methane emissions from oil and gas activities are planned in Oman.
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Emucmje cymnop-gmokcmpa (SO;) ns tepmoenektpaHa Ha
yrasmb y Cpbuju n bocHu 1 XepuerosuHu: Npsu NOKyLUaju
BaZvpaumje pesyatarta caTeNIMTCKOr in situ mjepera y Basayxy
nomohy TROPOMI

Xajou XyHTpusep, Tepesa KnaysHep-Xapnac, XajHdpug Aypmxod, Pobept BaymaH,
AnnHa ®uH, Knayc-Ounpk letwant, Mackan Xegent, PoHn Jlyu, Cavba MpasoBsal,
Kypunuh, 3opuua NMoapawyanun, Npegpar Navh, Hukonac Tejc, Natpuk Jeken,

[wnero Jlojona, Ucmann Makpym, MapujaHo MepTeHc, AHKe Pojrep

CakeTaK

PervoH 3anagHor basnkaHa MO3HaT je MO anapMaHTHUM KoAMuYMHama Cymmnop-
anokenga (SO;) emmTOoBaHOr y Basfyx M3 TepMOe/IeKTpaHa Ha yrasb. Mako je
noc/beaux roanHa AoHeceH BeaMKM 6poj nponuca y obaactu 3aWTuTe KUBOTHE
cpeamHe Koju ce ogHoce Ha pjelaBarbe 0BOr npobsema (HNp. o cucTemMmma 3a
0ACYMMOpaBakbe, O U3rPagHbM MOLEPHUX €NEKTPaHa), BPUjeaHOCTM KOHUEHTpaumja
SO, 1 pasbe cy mHoro Behe og NPOnNUcaHmXx.

3a npahewe pactyher 3arahera y pernoHy 3anagHor bankaHa, AjenMMunyHo
Y3POKOBaAHOI BE/IMKOM TMOTPaXKHOM 33 eHeprujom m3BaHa (3anagHa Espona),
noTpebHe cy pasHoBpcHe aHanu3e. HekonnKo o aecet Hajsehux 3arahueava SO, ¥
EBponu Hanasm ce y BocHK 1 XepuerosmHu u Cpbuiju.

Y oBOoM nornae/by NpeacTaB/beH je pag O NpBuMM in situ mjeperbmma cymnop-
OMOKCMOA Yy OBOM pPErMoHy CrnpoBedeHMM Yy Basgyxy nomohy Hemaykor
UCTpaXkMBayKor aBnoHa. Capahmeanu cy HayyHuuM M3 bocHe M XepuerosuHe u
Cpbuje. 3a mjeperba, Y KacHy jeceH 1 nodyetkom 3ume 2020. roanHe, nsabpaHe cy
ABUje TepMoOeneKTpaHe Ha yrasb ca Hajsehum emncmnjama HasegdeHor 3arahmBava:
,Ty3na“y bocHu u XepuerosmHu u ,,Hukona Tecna” y Cpbuju. Mjepersa cy yrnasHom
BplUEHa Yy rpaHuYHom cnojy (ucnog ~1 km Hagmopcke BucuHe). Mjeperbem HU3
BjeTap 04, eNeKkTpaHa YCTaHOB/bEHE CYy M3Y3eTHO BMCOKe BpujegHocTn SO,, Koje
npenase 100 jeanHunua Ha munnjapay (ppb = nmol mol-1). Mjepetbe je BpLueHO Ha
yaaseeHoctn ~20-40 km og nssopa. O6naum anma ca cagpajem SO, U3 enekTpaHa
3a4p»KaBanau cy ce y A4obpo aePpuHMUCaHUM MHBEP3NOHMM c/iojeBuma namehy ~500-
1000 m HagMmOpCKe BUCUHE. Pe3ynTaTn oBaKBMX Npoy4YaBakba MOry Ce KOPUCTUTHM 33
Ba/IMAaLUMjy CUHXPOHMX Mjepersa SO, y ceemmpy nomohy TROPOspheric Monitoring
Instrument (TROPOMI) onboard the Sentinel-5P satellite.
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HakoH pasunaxkera obnaka Koju cy yecto y oapeheHom nepuogy NOKpUBaau
AVjenoBe MNOCMATPAHMX TEpPUTOpUja Y XJA4HUjUM Mjeceumma, MOrna cy ce
N3BPLUNTU Mjeperba M3Hag, TepmoeneKkTpaHe ,,Hukona Tecna” nomohy TROPOMI —
SO,. YpaheHa je u Baangaumja, jep je mjepere 13BpLLIEHO Kag HMje 61uno obaayHo
Bpujeme, OOK cy 6una aobpo aedpuHMcaHa BepTUKaAIHA NPOLLIMPEHA COHAMPAHOT
obnaka guma ca SO, (noTpebHo 3a NpoLjeHy rycTMHe BepTUKanHe KonoHe (VCD),
MjepeHo catenntom). MiHaye, oBa Mjeperba y Basayxy, npaheHa cumynaumjama
MoAena, Mory ce Kopuctutu 3a opapehuBarbe jaunHe emucnje SO, u3
TEpMOEeNeKTpaHa M 3aTum 3a ynopehuBarbe ca M3BjewTajuma M3ZaTMM oOf
onepartepa enekTpaHe. OBMM paZloM yKa3aHO je Ha ymjepeHy ycknaheHocT namehy
Mmjeperba y Basgyxy, pe3yatata Mofena, MHBEHTapa emucuja U CaTeNUTCKUX
Mmjepetba 3a TepmoeneKkTpaHy ,Hukona Tecna”.

K/byuHe pujeun: Emucnje cymnop-aMoKkcnaa, TepmoeekTpaHe Ha yrasb,
Mjeperba y Basgyxy, caTeNMTcKa Baangaumja, bankax
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