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Abstract: In this work, we investigate the ability of a data assimilation technique and space-borne
observations to quantify and monitor changes in nitrogen oxides (NOx) emissions over North-West-
ern Greece for the summers of 2018 and 2019. In this region, four lignite-burning power plants are
located. The data assimilation technique, based on the Ensemble Kalman Filter method, is employed
to combine space-borne atmospheric observations from the high spatial resolution Sentinel-5 Pre-
cursor (S5P) Tropospheric Monitoring Instrument (TROPOMI) and simulations using the LOTOS-
EUROS Chemical Transport model. The Copernicus Atmosphere Monitoring Service-Regional Eu-
ropean emissions (CAMS-REG, version 4.2) inventory based on year 2015 is used as the a priori in
the simulations. Surface measurements of nitrogen dioxide (NO2) from air quality stations operating
in the region are compared with the model surface NO: output using either the a priori (base run) or
the a posteriori (assimilated run) NOx emissions. The high biases found between the in situ NO:
measurements and the base run surface NO2 decrease in the assimilated run in most cases. The bias
in the station near the largest power plant decreases to 2.0 pg/m? (2.83 pg/m?) from 10.5 pg/m? (8.46
pg/m?3) in 2019 (2018 respectively). Concerning the estimated annual a posteriori NOx emissions it
was found that, for the pixels hosting the two largest power plants, the assimilated run results in
emissions decreased by ~40-50% for 2018 compared to 2015, whereas a larger decrease, of ~70% for
both power plants, was found for 2019, after assimilating the space-born observations. For the same
power plants, the European Pollutant Release and Transfer Register (E-PRTR) reports decreased
emissions in 2018 and 2019 compared to 2015 (-35% and -38% in 2018, -62% and -72% in 2019), in
good agreement with the estimated emissions. We further compare the a posteriori emissions to the
reported energy production of the power plants during the summer of 2018 and 2019. Mean de-
creases of about -35% and-63% in NOx emissions are estimated for the two larger power plants in
summer of 2018 and 2019, respectively, which are supported by similar decreases in the reported
energy production of the power plants (~-30% and -70%, respectively).

Keywords: Data assimilation; TROPOMI; Air Quality modelling; NOx Emissions; Ensemble Kal-
man Filter; LOTOS-EUROS; power plant; anthropogenic

1. Introduction

Emissions of nitrogen oxides (NOx = NO + NO) play a pivotal role in local and global
atmospheric composition and air quality. NOx contributes to the formation of tropo-
spheric ozone, peroxyacyl nitrate (PAN) and nitrate aerosols, and contributes to the envi-
ronmental acidification [1]. Fossil fuel combustion, mainly originating from power plants,
transport and industry, are the main anthropogenic sources of NOx in the atmosphere,
while NOx is naturally emitted from soil, biomass burning and lightning [2]. Primarily,
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NOx s released in the form of NO that rapidly reacts with ozone and transforms into NO,
which is photodissociated during daytime.

The current anthropogenic emission inventories generally rely on the “bottom-up”
approach, which uses geographical and statistical data [3,4]. Due to low temporal and
spatial resolution of the underlying data, these estimates are highly uncertain. In addition,
the input data for an inventory is usually not available in near-real-time but is only com-
pleted with a delay of at least one or more years. Unfortunately, rapid changes in tropo-
spheric NO: levels have been observed and have been attributed to both environmental
policy measures [5,6] and global crises, such as the current COVID-19 pandemic [7,8]. A
bottom-up emission inventory is understandably unable to represent such changes if it is
used in studies that refer to recent years with such strong changes.

In a “top-down” approach, the discrepancy between chemical model predictions and
space-borne atmospheric observations is minimized to find the best matching emissions.
This approach is gaining more and more ground since satellite observations of improved
quality and spatial coverage become available. In recent years, the methods employed to
reduce the discrepancies between model and observations are advanced data assimilation
techniques and use either in situ observations [9] or satellite retrievals [2,4]. The Ensemble
Kalman Filter (EnKF) is such a data assimilation technique [10] that has already been em-
ployed in different atmospheric studies.

In the current study, we estimate NOx emission changes in Northwest Greece based
on the high spatial resolution Sentinel-5 Precursor (S5P) Tropospheric Monitoring Instru-
ment (TROPOMI) observations and simulations using the LOTOS-EUROS Chemical
Transport model. The topography of Northwest Greece is shown in Figure 1. In the centre
of the area, a basin is located in 650 m above mean sea level, which is about ~ 50 km long
and 10 to 25 km wide, surrounded by mountains of around 1350 m above mean sea level.
Inside the basin, small hills are present. Vegetation is restricted to isolated trees and small
bushes [11]. Four lignite-burning power plants (annotated in Figure 1), operated by the
Greek Public Energy Corporation, are located in this basin, and use lignite from nearby
open-pit coal-mines. In terms of total installed capacity, the biggest plant is Ag. Dimitrios
(~1450 MW; 40.3920°N, 21.9280°E), located in the southeast of the region, followed by Kar-
dia (~1100 MW, 40.4089°N, 21.7857°E), Amyntaio (~550 MW, 40.6178°N, 21.6858°E) and
Meliti (~290 MW, 40.8153°N, 21.59829°E). In addition, one more lignite power plant, near
the city of Bitola (~680 MW), is operating close to the border with the neighboring Repub-
lic of North Macedonia. The climate of the area is continental Mediterranean, character-
ized by high temperatures in summer and low temperatures in winter, while the prevail-
ing winds during summer in the centre of the basin are mainly of NW, NNW and WNW
directions (16.4, 15.6, and 9.9%, respectively) [11]. Nevertheless, the wind direction in the
southern part of the basin is NE, dominated by the topography of the region. The villages
and towns located in and around the basin, and their population are also shown in Figure
1. Finally, the locations of in situ air quality stations operating in the area are represented
by black dots on the map.
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Figure 1. The topography of the target region with the location of the power plants, cities and
towns, and air quality stations.

The Greek National Energy and Climate Plan (NCEP, https://ec.europa.eu/en-
ergy/sites/ener/files/el final necp main en.pdf) is a well-developed strategy that pro-
vides environmental objectives, policies and measures. The NCEP integrates the targets
set in the Directive 2016/2284/EC concerning the reduction of national emissions of certain
atmospheric pollutants, such as NOx, SO2 and NMVOC. Greece’s commitment regarding
NOx emissions is a reduction of 31% for the period between 2020 and 2029 and a reduction
of 55% after 2030 compared to 2005. According to the European Pollutant Release and
Transfer Register (E-PRTR), the region of western Macedonia in Northwest Greece, re-
ported the largest NOx emissions from lignite power plants (about 60 kt) for 2007 followed
by the Aegean Sea islands and Crete. NOx emissions in the region of Northwest Greece
are reported to decrease significantly in the following years, declining to ~17 kt in 2017.

The annual NOx 2015-2019 emissions, reported in E-PRTR based on measurements
of the NOx mass concentrations, for the four large power plants in the region of Northwest
Greece (dotted lines in Figure 2) are largest for the Ag. Dimitrios power plant, followed
by Kardia, Amyntaio and Meliti, in accordance with their installed capacity. The energy
production of the power plants (solid lines in Figure 2), reported by the Energy Exchange
Group-EnEx (www.enexgroup.gr), follows the variability of the emissions throughout the
years, showing large decreases in energy production in 2019 mainly in the Ag. Dimitrios
and Kardia plants. The important reduction of NOx emissions in the region is further con-
firmed by NO: column measurements from the Ozone Monitoring Instrument (OMI)
aboard of the EOS-Aura satellite [12]. The deseasonalized monthly tropospheric NO:2 col-
umns at the satellite pixel where the large power plant of Ag. Dimitrios is located is shown
in Figure S1 (top) between 2005 and 2020. Especially after 2016, strong reduction in NO2
levels is seen and corresponds very well with the reported decreases in Figure 2. The mean
annual tropospheric NO2 columns are shown in Figure S1 (bottom) together with the cor-
responding trend showing a decrease of about 2.5x10'> molecules cm? (about -55%) per
decade.
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Figure 2. Annual NOx emissions for the four power plants in the target region as reported by E-
PRTR between 2015 and 2019 (dashed lines) and the annual energy from the power plants in the
region over the same period (solid line) as reported by the Energy Exchange Group for the four

power plants; Ag. Dimitrios (blue), Kardia (orange), Amyntaio (green) and Meliti (red).

In this work, the emissions are studied for the summer periods (i.e. June, July and
August) of 2018 and 2019 and the data assimilation technique applied is a Local Ensemble
Transform Kalman Filter system developed around the LOTOS-EUROS CTM. The study
is conducted for the summer periods only, when satellite NOx time series are less suscep-
tible to gaps due to cloudy days. Since the emissions reported by independent sources
show an important decrease, even between the years 2018 and 2019, we study here the
ability of the assimilation of satellite observations to sense these changes as well. Further-
more, the lignite plants in the region are major and relatively isolated sources of emissions,
which renders them an appropriate candidate to apply such an assimilation technique.

After describing the different data sets and models used in this analysis, we present
the comparisons between the CTM NO:2 columns for the summers of 2018 and 2019 and
the TROPOMI tropospheric NO2 observations. The simulations are based on an inventory
for the year 2015, the most recent available at the time of study. We then show the im-
provement in these comparisons, after the TROPOMI observations are assimilated into
the CTM. The changes in estimated emissions between years 2018, 2019 and 2015 compare
with the changes reported in the E-PRTR emissions database for the four power plants for
the same years. We further validate the LOTOS-EUROS surface NO: concentrations
against in situ observations from air quality stations that are located near the power
plants. Finally, the reported changes in the power plants” energy production is compared
with the calculated changes in emissions found from the inversion algorithm, providing
further validation of the emission levels from the power plants.

2. Materials and Methods

2.1. The LOTOS-EUROS CTM

The LOTOS-EUROS (Long Term Ozone Simulation — EURopean Operational Smog
model) (https://lotos-euros.tno.nl/) simulates the air pollution in the troposphere while a
detailed description of the model is available in [13]. LOTOS-EUROS is one of the nine
state-of-the-art systems used in the operational Copernicus Atmosphere Monitoring Ser-
vices (CAMS, https://atmosphere.copernicus.eu/). An extensive evaluation of the overall
model performance over Greece using ground-based measurements and satellite derived
observations has been performed by [14]. In summary, it has been found that the modelled
NO: columns show a high spatial correlation (0.95) and a negative bias of -18% when com-
pared with S5P/TROPOMI tropospheric columns over Athens in summertime. The a priori
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emission inventory and boundary layer height assumptions were found to be significant
sources of uncertainty in model simulations.

In this study we use the model version 2.2.001. The simulations cover the domain in
Northwest Greece (Figure 3) and expand from 40.2° to 41.2°N and 21.2° to 22.2°E. The
horizontal spatial resolution is set to 0.1° longitude x0.05° latitude (about 10 km x5 km at
Greece latitudes). In the vertical, ten hybrid sigma-pressure layers are used with a top at
about 200 hPa; these are obtained as a coarsening of the layers in the meteorological input.
The gas phase chemistry follows a modified version of Carbon Bond Mechanism IV
scheme (CBM-1V) [15] while the aerosol chemistry uses the ISORROPIA II parameteriza-
tion [16]. Meteorological variables are obtained at 7kmx7km spatial resolution from the
Integrated Forecasting System (IFS) of the European Centre for Medium-Range Weather
Forecasts (ECMWF). The surface-layer meteorological variables are obtained at hourly
resolution while the 3-dimensional variables at model levels every 3 hours [17]. Boundary
and initial conditions are obtained from the Copernicus Atmosphere Monitoring Service
(CAMS, https://atmosphere.copernicus.eu/), global near-real time (NRT) product, at a 3-
hour temporal resolution and a spatial resolution of about 35 km. Anthropogenic emis-
sions are taken from the CAMS-REG (CAMS-Regional European emissions) inventory
version 4.2 for the year 2015 [18] at a spatial resolution of 0.1° longitude and 0.05° latitude
while the emissions temporal profiles used are the default provided with the inventory.
The latest available year in this inventory is 2015, and this year is therefore used for the
simulations in this study. Biogenic emissions are calculated online using actual meteorol-
ogy and depend on a detailed land use and tree-species database described in [19]. Soil
NO emissions are taken from a parametrization depending on soil type and soil temper-
ature [20]. Emissions for lightning are not included in the simulations. Emissions from
biomass burning are obtained from the Global Fire Assimilation System (GFAS) dataset
[21].

2.2. The a priori NOx emissions

The total a priori anthropogenic and biogenic emissions, used for the simulations in
summer 2019 are shown in Figure 3. The power plant locations are identified by the green
star symbols. The black triangles represent cities, the size of the triangle is proportional to
the population.
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Figure 3. NOxemissions used in the model in summer 2019. (a) Total emissions; (b) Anthropogenic emissions; (c) Biogenic
emissions 2019.

The sum of the anthropogenic emissions in the grid-cells where the power plants are
located constitute more than 95% of the total emissions (including biogenic), making an-
thropogenic the primary NOx source in this region (Figure 3). The annual anthropogenic
emissions from the point sources of public power sector in CAMS-REG over the pixels
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where the three larger power plants are located are by far dominant (> 96%) compared to
the rest emitting anthropogenic sources (Table 1). In the grid pixel where the smaller ca-
pacity, Meliti, power plant is located, the rest of the emitting anthropogenic emissions
account for about 15% of the total anthropogenic emissions.

Table 1. Annual NOx emissions from CAMS-REG emission inventory based on 2015 for the point
sources of category A (public power) and the sum of sectors from area sources at the four grid
pixels where the power plants are located.

CAMS NOx Emission
(Tonnes/year) Ag. Dimitrios Kardia Amyntaio Meliti
Point sources (Public power) 11000 8060 3190 694
Rest emitting sources 181 125 141 127

2.3. The S5P/TROPOMI satellite observations

The Sentinel-5 Precursor (S5P) satellite, launched in October 2017, carries the TROP-
Osperic Monitoring Instrument (TROPOMI), a passive nadir-viewing spectrometer. TRO-
POMI provides measurements of the atmospheric composition at an unprecedented spa-
tial resolution of 7x3.5km?at nadir (5.5x3.5km?since 6 August 2019) with near global cov-
erage in one day. S5P is in an orbit at an altitude of 817 km with an overpass of around
13:30 local solar time [22]. The TROPOMI NO: retrieval algorithm is based on the DOM-
INO NO: retrieval that is used on its predecessor instrument OMI/Aura [23] and is devel-
oped by the Royal Netherlands Meteorological Institute (KNMI), described in the product
Algorithm Theoretical Basis Document (ATBD, [24]). Validation studies indicated that
TROPOMI systematically underestimates the NO: columns at extremely polluted regions
reaching up to biases of 30% [25-27], while it overestimates low NO2 columns [28,29]. Re-
cent studies [25,28] suggest that the use of high-resolution a priori profiles from regional
models (e.g. from the regional CAMS ensemble) will increase the retrieved tropospheric
column by 10-30% over polluted locations with high emissions, explaining part of the bias.
Notably, when model outputs are compared with TROPOMI observations using the av-
eraging kernels (as is done in this paper), the a-priori profile shape used in the retrieval
does not influence the relative comparison. Other uncertainties are related to the surface
albedo climatology, and cloud (aerosol) retrievals, and may be responsible for remaining
biases of order 10-20%. The TROPOMI NO: data are routinely validated by comparisons
to ground-based reference measurements by the Mission Performance Center Validation
Data Analysis Facility (VDAF, http://mpc-vdaf.tropomi.eu).

The NO:2 S5P/TROPOMI observations used for the assimilation in the present study
are obtained via the Copernicus Open Data Access Hub (https://s5phub.copernicus.eu/).
The level 2 reprocessed data, RPRO, v01.02 for summer 2018, while for 2019 the offline
data (OFFL v1.03) are used. The data are filtered for a quality assurance value higher than
0.75 to ensure mostly cloud-free pixels, as recommended by the Product User Manual
(PUM, [30]).

2.4. Ensemble Kalman Filter around LOTOS-EUROS CTM

As mentioned above, the emissions used in the simulation model form a source of
uncertainty. In the context of the data assimilation algorithm, the uncertain emissions are
modelled according to:

e[k] = ey[k]de[k] (1)
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where e,[k] are the a priori emissions at time k and Jde[k] is a stochastic emission correc-
tion factor. In order to specify a smooth uncertainty as described in [31], the emission cor-
rection factor follows a structure of a colored noise process instead of a white noise that
would be uncorrelated in time [32]. The colored noise has zero mean and standard devia-
tion o and is implemented by:

Selk + 1] = alk]de[k] + V1 — a?ow[k] (2)

In here w[k] is a white noise vector uncorrelated in time with zero mean and unity stand-
ard deviation. Factor a € [0,1] is a time correlation parameter that is used to describe the
temporal variation following;:

|t[k] — tlk —1]|

a= exp (- ®)

where 7 is a temporal length scale, and t[k] — t[k — 1] is the time step used. The choice
of a suitable value for T is described in Appendix A.

In the Ensemble Kalman Filter, the model uncertainty is represented by an ensemble
of state vectors. Here, an augmented state vector is used, containing both the concentra-
tions (c) and the emissions correction factors (§e). In this way, the assimilated states also
provide an estimate of the emission correction. The state vectors are propagated in time
using the LOTOS-EUROS model, M, and the colored noise model:

- P e

The ensemble is propagated by the model until observations, y[k], become available.
The observations are then used to analyze the ensemble such that the remain distribution
is in agreement with the observations. The simulation of the observation by a state x is
described by:

ylk] = H[k]x[k] + v[k] , v[k]~N(O,R) 8)

In here, H is the nonlinear observation operator used to transform the background states
from the model space to the observational space; for the satellite NO2 observations this
contains the averaging kernel of the satellite product. Vector v[k] is the observation
representation error with zero mean and covariance R. The covariance R is defined by the
retrieval errors provided by the observational data.

For the analysis the Local Ensemble Transform Kalman Filter-LETKF algorithm is
used [33]. The algorithm analyses the state per grid cell. First, all the observations and the
corresponding ensemble simulations within a certain distance from the grid cell are col-
lected. This distance depends on the selection of a length-scale called localization radius,
p. Observations within a distance of 3.5p from the grid cell are selected and weighted
relative to the inverse of their distance from the grid cell and based on the p. These are
then used to update the ensemble in the grid cell. For small length-scales, the analysis only
changes the ensemble in the grid cells with or close to observations, while using a longer
length-scale more observations are used for the analysis of a single grid cell. In this way,
the observations that affect the point analysis in each time step depend on the length-scale.
In this study, we defined a localization radius equal to 14 km following sensitivity exper-
iments described in Appendix A. The required ensemble size depends (among others) on
the choices for p and 7, the sensitivity experiments suggested that a small ensemble size
of only 12 members is sufficient for the chosen configuration.

2.5. In situ NO2 measurements

For the validation of the simulations, as well as for choosing the optimal configura-
tion of the assimilation system over the studied region, hourly in situ surface NOz meas-
urements from air quality stations in the region have been acquired for the summers of
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2018 and 2019 (Dr Evagelopoulos V., University of Western Macedonia, private commu-
nication). The location of the stations is shown in Figure 1. Time series of NO2 measure-
ments from the Koilada station [21.9307 E, 40.3557 N], located in the grid cell of the biggest
power plant of the region, are shown in Figure 4. The NO: mean concentration in summer
2018 is 6.22+3.93 pg/m3, while in 2019 it is decreased to a mean value of 3.39+2.74 ug/m?3.
Time series at the Florina station [21.4103, 40.7821], which is in the town of Florina, and
the Amyntaio station [21.6818, 40.6789], which is ~8 km from the Amyntaio power plant
and ~1.5 km from the town of Amyntaio, are available as supplementary material in Fig-
ure S2 and Figure S3.
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Figure 4. Time series of NO2 hourly measurements (blue dots) at the station of Koilada and the
daily mean NO: (orange line) for the summer of 2018 (top) and 2019 (bottom).

3. Results

3.1. LOTOS-EUROS NO: simulations and S5P/TROPOMI observations

The S5P/TROPOMI tropospheric NO: observations are regridded onto the model
grid (0.10°x0.05°) using a standard area-weighted averaging method. The observations are
weighted depending on their distance from each grid point and the relative average is
then calculated. Simulations of the regridded observations are then obtained by applica-
tion of the averaging kernels (AK) of the satellite product to the LOTOS-EUROS concen-
trations. The simulated concentrations are first mapped to the retrieval’s a-priori layers to
make the comparison between them feasible; the model top at 200 hPa is exactly sufficient
to cover the TROPOMI tropospheric column. In this way, the vertical sensitivity of the
satellite instrument is taken into account in the comparisons between the model and the
observations. The averaging kernels are applied to the model output at the closest time of
the satellite overpass, which is on average between 11:00 to 12:00 UTC.

For summer 2019, the averaged NOz tropospheric columns as observed by S5P/TRO-
POMI are shown in Figure 5 (a). The corresponding model NO: values after the averaging
kernel of the satellite retrieval are applied are shown in Figure 5 (b). The same figures for
the summer of 2018 are shown in Figure S4. The number of available daily satellite obser-
vations over the two larger power plants is lower in 2018 compared to 2019, with ~53 and
~70 pixels, respectively. The retrievals and the simulations show similar spatial distribu-
tions, with higher values around the two largest power plants, Ag. Dimitrios and Kardia.
However, large discrepancies in the absolute values of NO: are found around the larger
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power plants where LOTOS-EUROS overestimates NO:z in comparison with S5P/TRO-
POMI observations. During summer 2019, LOTOS-EUROS simulates an average column
of about 9x10'5 molec.cm? while TROPOMI observes about 2x10'> molec.cm? over the
same grid cell where Ag. Dimitrios is located (Table 2). A high model bias is also found
over the power plant of Kardia (bias of 4.5x10' molec.cm?), whereas the discrepancy is
negligible over the small Meliti power plant. The column simulations are lower for sum-
mer 2018 than for summer 2019 (Figure 6) even though the a priori emissions used are the
same. This can be attributed to the different meteorological conditions taking place that
affect the NOz levels together with the different number of daily available satellite obser-

vations.
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Figure 5. (a) Seasonal averaged NO:2 tropospheric columns in summer 2019 from S5P/TROPOMI retrieval; (b) LOTOS-EUROS NO:

tropospheric simulation in summer 2019 after the averaging kernels of the satellite product are applied.

Table 2. Statistics (mean values, standard deviation and bias) of the NO:z tropospheric column observed by SSP/TROPOMI and the
simulations of LOTOS-EUROS after the averaging kernel is applied in 10" molecules/cm? for summer 2018 and 2019 over the 4 grid

cells where the power plants are located.

2018 2019
Power plants TROPOMI  LOTOS-EUROS Bias TROPOMI LOTOS-EUROS  Bias
Ag. Dimitrios 3.70+2.42 7.2945.14 3.59 2.11+1.43 8.97+6.17 6.86
Kardia 3.20+2.51 4.75+3.83 1.55 1.64+0.67 6.13+4.31 4.50
Amyntaio 2.13+1.20 2.88+1.90 0.75 1.37+0.53 2.38+0.93 1.01
Meliti 1.61+0.61 1.33+0.50 -0.28 1.46+0.47 1.40+0.96 -0.06

3.2. Updated assimilated NOx emissions

The choice for localization radius p and the temporal parameter 7 is crucial for the
performance of the assimilation system, and are studied with different sensitivity tests
shown in Appendix A. The selected localization radius is 14 km and the temporal param-
eter is 7 days, since these values showed the best performance during the assimilation. A
rather small ensemble size of 12 members was sufficient to obtain stable results, as also
found in other studies using the same system [34].
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After assimilation, the LOTOS-EUROS columns are decreased as expected (Figure 6).
The biases between the assimilated columns and the observations over the four power
plants are lower than 0.6 molec.cm? for both 2018 and 2019. In the grid cell where Ag.
Dimitrios is located, the average NO2 column in summer 2019 (2018) in the assimilated
run is about 2.4x10%5 molec.cm? (4x10%5 molec.cm2), while TROPOMI observes about
2x10' molec.cm? (3.70x10'® molec.cm?) during the same period.
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Figure 6. Mean tropospheric NO2 columns: observed by TROPOMI instrument (brown bars), simulated by LOTOS-
EUROS (orange bars) and assimilated with SSP/TROPOMI (purple bars) for (a) summer 2018 and ; (b) summer 2019.

The a priori and a posteriori NOx emissions during the summer of 2019 over the four
grid pixels where the power plants are located are shown in Figure 7 (Figure S5 for 2018).
The TROPOMI-based emissions are in general lower relative to the a priori emissions
which refer to year 2015. The updated emissions over the power plant of Ag. Dimitrios
are 38% and 63% lower than a-priori emissions in 2018 and 2019, respectively. Similarly,
over the Kardia power plant the emissions in 2018 were decreased by 27% in 2018 and by
63% in 2019. In 2018, over the Amyntaio plant negligible emission changes were inferred
whereas in 2019 the a posteriori emissions are 37% lower than the a priori. Finally, over
the smallest plant of Meliti no important differences are found, and only a small decrease
of 11% is found for 2018 (Table 3).
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Figure 7. Aggregated NOx emissions at the four pixels in Northwest Greece in summer 2019 (a) a priori and (b) assimi-

lated a posteriori.

Table 3. Relative differences between a posteriori emissions estimated in summer 2018 and 2019
and a-priori emissions used for the simulations over the four grid-pixels.

Relative differences = Ag. Dimitrios Kardia Amyntaio Meliti
2018 — 2015 -38% -27% -1% -11%
2019 — 2015 -63% -63% -37% -1%

The daily time series of NOx emissions over the grid cell where Ag. Dimitrios is lo-
cated is shown in top of Figure 8 for 2018 (left) and 2019 (right). A clear weekly profile is
visible in the a priori emissions (orange line) representing the lower NOx emissions as-
sumed during the weekends and stable emissions during the week. It is also shown that
during July the emissions are slightly lower than in June and August (~-1% and ~-8% re-
spectively). However, the a posteriori emissions (purple line) do not follow these profiles.
In 2018 the estimated emissions are found to strongly decrease in August by around 40%
and 30% compared to June and July respectively while in 2019 they remain low through-
out the period of summer and decrease by 28% in August compared to June and July. A
clear day-of-the week profile is not visible either. A large 7 selection is reasonable for the
case of the power plants, since a large day-to-day emission variation is not expected, but
rather a relatively constant bias during all months. No changes in the diurnal variability
are found (bottom of Figure 8), as could be expected, since only one satellite measurement
per day is available. However the a posteriori diurnal emissions in 2019 are much lower
than the inferred emissions in 2018 and are decreased by more than 60% compared to the
a priori emissions.
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Figure 8. Top: Aggregated daily NOx a-priori emissions (orange line) and a posteriori NOx emissions (purple line) to-
gether with the propagated uncertainty of the emission correction factors (shaded purple area) derived from
S5P/TROPOMI assimilation over the grid pixel where the Ag. Dimitrios power plant is located (a) for summer 2018
and ; (b) summer 2019. Bottom: Diurnal variability of the emissions over the same grid pixel and periods.

The annual amount of NOx emitted from the power plants for the years 2018 and
2019 are obtained from the E-PRTR repository and compared to the estimated a posteriori
emissions. To allow comparison with the yearly estimates of E-PRTR, we extrapolate the
summertime a posteriori emissions to annual totals estimates assuming that there is no
seasonal variability in the power plants emissions. The relative differences of the E-PRTR
reported from 2015 to 2018 and 2019 are shown in Figure 9. The NOx emissions of the
three larger power plants show a good overall agreement in both 2018 and 2019. The
changes reported by E-PRTR in 2019 are -62% and -72% for Ag. Dimitrios and Kardia
power plants respectively, while the estimated changes are -70% for both power plants.
In 2018, the changes reported by E-PRTR for Ag. Dimitrios and Kardia power plants are -
35% and -38%, respectively, while the estimated changes in the a posteriori emissions are -
50% and -42% respectively, showing a good agreement in this case as well. The case of
Meliti power plant is less representative of the grid cell where it is located, since as already
discussed before (in section 2.2) there are more emission sources in the region and the
power plant has a small capacity (~290 MW). Moreover, in Figure 5 a first indication of
transboundary pollution was evident. To further prove this, windroses are plotted using
the ECMWF wind components used for the simulations, for the hour closer to the TRO-
POMI overpass over the area (~12:00 UTC). Figure S7 and S8 show the wind direction and
speed over the pixels of the power plant and the city of Bitola, in the neighboring country
(Republic of North Macedonia), for the summer of 2018 and 2019 respectively. The domi-
nant winds for both seasons are North and Northeast. Furthermore, Figure S9 shows that
the dominant winds over Meliti power plant are of a Northwest direction for both 2018
and 2019. According to these findings, it is safe to assume that NOxfrom Bitola is affecting
the Meliti power plant near the border of the two countries.
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Figure 9. Relative differences of E-PRTR annual emissions of the power plants (orange bars) and relative differences
between the assimilated annual emissions of the grid pixels as estimated (purple bars) (a) for 2018 and (b) 2019, both
with respect to E-PRTR 2015 reported emissions.

3.3. Validation of the a posteriori NOx simulations
3.3.1.In-situ measurements

In order to validate the a posteriori NOx simulations, surface NO:2 concentrations sim-
ulated using the a priori emissions (base run) and the TROPOMI-based emissions (assim-
ilated run) are compared with hourly in situ NO2 measurements. In Figure 10 the mean
summer surface NO: as simulated by the base run (left) and the assimilated run (right) are
shown together with the mean summer NO2 values of the in situ stations in 2018 (top) and
2019 (bottom), depicted as colored circles. The assimilated NO:2 concentrations are re-
duced over the whole region and especially around the power plants of Ag. Dimitrios and
Kardia compared to the base run (Figure 10).

The NO:2 measurements of Koilada station, which is affected by the largest power
plant in the area, are lower in 2019 (3.39+2.74 pg/m?3) compared to 2018 (6.22+3.93 ug/m?3).
For both years the NO2 measurements are much lower than the base run results (bias of
10.52 pg/m? in 2019 and 8.46 ug/m? in 2018), while the assimilated run succeeds in reduc-
ing the bias (biases of 2.0 ug/m3in 2019and 2.8 ug/m?3in 2018) (Table S1 and Table 4).
Furthermore, the diurnal variability of the air quality observations in Koilada (Figure 11,
upper) is better represented by the assimilated runs since the concentrations are much
closer to the measurements, as is also found for the morning diurnal simulations at the
Florina air quality station (Figure 11, bottom).

Similarly, surface NO:2 concentrations measured from the Amyntaio air quality sta-
tion, which is affected by the neighboring town and power plant, are lower than the base
run results (bias 3.49 pg/m? in 2019 and 1.13 pg/m? in 2018), while the biases are reduced
when compared with the assimilated concentrations (bias 1.73 pg/m? and 0.85 pg/m? in
2019 and 2018 respectively). It is also worth mentioning that the NO2 measurements in
2019 are lower than in 2018 in this case as well (4.00£2.25 pg/m?and 6.37+3.82 pig/m?3 re-
spectively).

Surface NO: levels measured in Meliti station are high in 2019 (8.18+6.46 pg/m?3) and
2018 (10.93+11.05 pg/m?) and the model underestimates the NO:2 levels both before and
after assimilation. This is possibly due to possible transboundary pollution from the Bitola
power plant, already discussed in literature [35]. To state that, as already discussed in
Section 2.5, the prevailing winds of N-NW direction, appear to transport pollution
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from the power plant and the city of Bitola in the Rebublic of North Macedonia to

North Greece.
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Figure 10. LOTOS-EUROS surface simulations compared with in situ measurements, shown as coloured circles. (a)
base run for summer 2018; (b) assimilated run for summer 2018. (c) as (a) for summer 2019. (d) as (b) for summer 2019.
The color of the circles indicates the average summer-time level of the in situ measurements.
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Figure 11. (a) Diurnal variability of NO2 surface concentrations as simulated by the model using the a-priori emissions
(orange lines) and the a posteriori emissions from S5P/TROPOMI assimilation (purple lines) and in-situ measurements
(black lines) of the stations of Koilada (top) and Florina (bottom) in summer 2018; (b) same as (a) for 2019.

Table 4. Statistics of the comparison of LOTOS-EUROS surface simulations in the base and assimilated runs with surface measure-
ments in summer 2019. P.P. refers to power plant.

Air Seasonal mean (ug/m3) std Bias (ug/m?)
Quality
sta-
tions Emission sources Measurements Base run Assimilated Base run  Assimilated
Koilada  P.P. Ag. Dimitrios 3.39+2.74 13.92+10.18 5.39+4.65 10.52 2.00
Town of Filotas/ P.P.
Filotas Amyntaio 5.38+3.52 4.91+4.46 3.12+3.12 -0.47 -2.26
Amyn- Town of Amyntaio/
taio P.P. Amyntaio 4.00+2.25 7.49+7 57 5.73+6.35 3.49 1.73
Town of Meliti/P.P.
Meliti Meliti/ P.P. Bitola 8.18+6.46 6.55+6.23 5.84+6.49 -1.63 -2.34
Florina Town of Florina 4.93+£2.45 6.10+6.35 4.57+5.65 1.17 -0.35

3.3.2.Energy production of the power plants

In order to further evaluate the updated a posteriori NOx emissions, the reported
monthly energy production data per power station are examined. The aforementioned
data are available publicly through reports of the Day-ahead Scheduling Archive for
Greece and are available online by the Energy Exchange Group-EnEx (www.en-
exgroup.gr). Monthly as well as yearly energy production data for the four power plants
are extracted for years 2015, 2018 and 2019.

The total energy production per power plant for the summer period studied in years
2015, 2018 and 2019 is shown Figure 12 (a) together with the a priori emissions in summer
based in 2015 CAMS-REG emission inventory and the assimilated NOx emissions for 2018
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and 2019 in Figure 12 (b). The energy production of the Ag. Dimitrios, Kardia and Amyn-
taio power plants decreases in 2018 and 2019 compared to 2015. These reductions are in
accordance with the reductions found in the corresponding a posteriori NOxemissions (Fig-
ure 12 (b)). It is also shown that energy production and NOx emissions in 2019 are even
lower than in 2018. The relative differences between the a priori and a posteriori emissions
directly compared to the relative differences between the power plant energy productions
are shown in Figure 12 for 2018-2015 and 2019-2015. Over the two larger power plants
(Ag. Dimitrios and Kardia), the changes in energy and emissions are consistent for both
2018 and 2019. Larger decreases are found for both energy and emissions in 2019 com-
pared to 2018 as well. In the case of the Meliti power plant, the emissions remain nearly
the same, despite the fact that the energy production in 2019 is twice lower than in 2015
and 2018. Overall, the emission reduction is even more pronounced in 2019 compared to
2015 at the three largest power plants of Ag. Dimitrios, Kardia and Amyntaio and this is
further confirmed by the reduction of the energy production in the same year that reaches
at least 50%.
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Figure 12. Top: (a) Bar plots of the energy production of the four power plants reported for the summer of 2015 (orange bars),
2018 (blue bars) and 2019 (purple bars); (b) Bar plots of the a-priori 2015 CAMS-REG emissions in summer (orange bars) and a
posteriori emissions in summer 2018 (blue bars) and 2019 (violet bars) over the grid-pixels where the four power plants are
located. Bottom: Relative differences between seasonal a posteriori and a priori emissions (purple bars) in the four grid pixels
and energy production (red bars) of the four power plants between (a) 2018 and 2015; (b) 2019 and 2015.

4. 4. Conclusions

In this work, an advanced data assimilation system is used to estimate the NOx emis-
sion changes at four lignite power plants operating in Northwest Greece. The operation
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of the four power plants; Ag. Dimitrios, Kardia, Amyntaio and Meliti (sorted by the larg-
est reported capacity), is subject to massive changes due to Greece’s target of reducing the
total greenhouse gases by 2023. An ensemble Kalman filter operating around the LOTOS-
EUROS CTM is employed to estimate the NOx surface emissions with a resolution of 0.1°
in longitude and 0.05° in latitude using SSP/TROPOMI NO: column retrievals. The a priori
anthropogenic emissions are based on reports for 2015 and are obtained from Copernicus
Atmosphere Monitoring Service-Regional European emissions (CAMS-REG) version 4.2.
Our main conclusions can be summarized below.

o The a posteriori emissions estimated for the two largest power plants of Ag.
Dimitrios and Kardia are much lower in 2019 than in 2018. In 2019 the esti-
mated emissions are decreased by more than 60% compared to the a priori
emissions, while in 2018 are reduced by around 33%, relative to the 2015 in-
ventory. The a posteriori emissions over the Amyntaio power plant show no
changes in 2018, but are strongly reduced in 2019, by ~37%.

¢ The annual emissions reported by E-PRTR agree well with the calculated a
posteriori annual NOx emissions over the two largest power plants. The a
posteriori annual emission changes estimated over the two larger power
plants in 2018 compared to the a priori 2015 emissions, are ~ -40% to -50%,
whereas the changes for 2019 are ~ -70% for both power plants. The changes
in the annual emissions of 2019 (2018) compared to 2015 reported by the E-
PRTR emissions database over Ag. Dimitrios and Kardia are -62% and -72%
respectively (-35% and -38% respectively)

e Stronger decreases in the energy production are reported for the summer
period of 2019 compared to summer 2018 as well, in line with the estimated
emission reduction. The energy production of Ag. Dimitrios power plant de-
creased by around 50% in 2019 compared to 2015, while in Kardia and
Amyntaio by 90% for summer 2019. In summer 2018 the energy production
in the three larger power plants decreased by around 30-45%.

¢ NO: measurements from air quality stations of Koilada and Amyntaio,
which are directly affected by pollution from the power plants of Ag. Di-
mitrios and Amyntaio, respectively, show improved agreement with the as-
similated NOz simulations compared to the base run which is based on the
2015 CAMS a priori emissions. The bias in the station of Koilada near the
power plant of Ag. Dimitrios improves to 2 ug/m? (2.83 pg/m?) from 10.5
pg/me (8.46 pug/md) in 2019 (2018).

e  The results for the Meliti power plant were found not to be representative of
the grid cell where the plant is located due to presence of other emission
sources affecting that grid cell. Furthermore, the dominant winds over the
Bitola and Meliti power plants are Northerly for both summer 2018 and 2019,
showing that pollution may flow from the neighboring country of Republic
of North Macedonia to Northwest Greece.

e Overall, the method proposed here is appropriate in detecting emission
trends of local large emittors, and could be valuable also for regions in the
world where no up-to-date emission inventories are available.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
title, Table S1: title, Video S1: title.
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Appendix A

Since different parameters may affect the performance of the assimilation system, a
series of sensitivity tests were conducted in order to select the optimal configuration for
the present study. The experiments were performed for July 2019 and the NO:2 surface
simulations from the base run, using the a priori NOx emissions, and the distinct assimila-
tion experimental runs, using the updated a posteriori NOx emissions, are compared with
hourly NO: in-situ measurements of the air quality station Koilada (Table A1). The in situ
station Koilada is located at the same grid cell as the Ag. Dimitrios power plant, which is
the pixel with the largest bias between the model predictions and the SSP/TROPOMI ob-
servations (Table A1l).

The first parameter examined is the localization radius (p) described in 2.4. The ob-
servations that affect the grid cell analysis in each time step depend on the length scale,
which means that the larger the length selected the more observations are used for the
analysis of a single grid cell. According to [36] a localization procedure will prevent spu-
rious correlations that may appear in the analysis due to the finite ensemble size selected.
For the sensitivity tests, a temporal correlation parameter was set equal to 3 days and 5
different values of p were examined; p of 0, 5, 7, 14 and 20 km. The performance improves
when the length is increased to 14 km and the bias decreases to 2.68 ug/m? (Table Al),
compared to a bias of 12.21 pug/m? of the base run and 6.01 pg/m? when selecting p equal
to 7 km. The bias does not improve significantly when the localization radius is further
increased to 20 km (bias of 2.61 ug/m?) (Figure A1l). Moreover, since this study is focused
in point sources of power plants and in the area around the stations no other significant
NOx sources are found, choosing a very large length may affect the results with observa-
tions of background values leading to an artificial NOx decrease.
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Figure A1. Diurnal cycle of the assimilated simulations of NO:z in July 2019 from the sensitivity tests using p values of

0, 5,7, 14 and 20 km in the grid pixel where Koilada air quality station and Ag. Dimitrios power plant are located. The

black line denotes the in-situ measurement of Koilada station, with the associated standard deviation shown as a grey
shaded area, while the red line the base run performed.

The second sensitivity experiment performed concerns the temporal correlation pa-
rameter (7) described in section 2.4. Different values of 7 are studied in the assimilation
system; 7 of 1, 3, 5 and 7 days, while the localization radius during the tests is fixed and
equal to 14 km. The overestimations of the NO2 simulations when compared to the in situ
measurements reduces to a bias of 1.57 pug/m? (Table A1) when 7 is equal to 7 days while
when 7 is small the NO: concentrations are less influenced and closer to the base run sim-
ulations (Figure A2). As a result the temporal parameter used for the assimilations is set
to 7 days.

30 Diurnal NO= concentration in Koilada

—— Base run
—1=1
— T=3
=5
—_—=7

—— Observation at Koilada
20

NO:z (pg/m?)

10

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
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Figure A2 Diurnal cycle of the assimilated simulations of NO2 in July 2019 from the sensitivity tests using 7 values of
1, 3, 5 and 7 days [different coloured lines] in the grid pixel where Koilada air quality station and Ag. Dimitrios power
plant are located. The black line denotes the in situ measurement of Koilada station, with the associated standard de-
viation shown as a grey shaded area, while the red line the base run performed.

Table A1l. Performance of the EnKF system for different parameters; the localization radius (p)
and the temporal correlation parameter (7). Hourly in-situ measurements in the Koilada air qual-
ity station are compared with hourly surface simulations for July month. The statistics are given in

pg/m?.
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Localization radius (p) in km

Configuration Mean Bias RMSE
Base run 13.05 9.17 12.21
0=0 8.37 4.49 7.40
0=5 7.46 3.58 6.36
o=7 7.20 3.31 6.01
o=14 6.56 2.68 5.31
0=20 6.49 2.61 5.23

Temporal correlation parameter (t) in days

Configuration Mean Bias RMSE
Base run 13.05 9.17 12.21
t=1 8.83 4.95 8.04
t=3 6.56 2.68 5.31
t=5 5.82 1.94 4.52
t=7 5.46 1.57 4.18
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