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Abstract: The main objective of the present study is the development of an “on-line” heating emissions
modeling system based on simulated meteorological data and its integration with air quality modeling
systems in order to improve their accuracy. The WRF-CAMXx air quality modeling system is applied
over Greece for the cold period of 2015 (January—-April, October-December) for two emissions
scenarios: using the (a) “on-line” heating emissions based on WRF meteorology and (b) “static”
heating emissions based on static temporal profiles. The monthly variation in total “on-line” heating
emissions followed the temporal pattern of the air temperature over Greece, leading to the highest
heating emissions in January and February, while higher differences in emissions between winter and
spring/autumn months were identified in comparison with the static ones. The overall evaluation
of the WRF-CAMx modeling system using the “on-line” heating emissions revealed satisfactory
model performance for the mean daily air quality levels. The comparison between the simulated and
observed mean monthly concentrations revealed an improvement in the pattern of mean monthly
concentrations for the “on-line” scenario. Higher values of the index of agreement and correlation for
the mean daily values were also identified for the “on-line” scenario in most monitoring sites.

Keywords: air pollution; on-line heating emissions; WRF; CAMX; evaluation; Greece

1. Introduction

Air pollution in urban centers is a significant environmental problem that leads to
adverse effects on human health. According to the EEA [1], in 2015 in Greece, 12,000 prema-
ture deaths were linked to exposure to particulate matter (PM). Road transport, residential
heating and industry are some of the main anthropogenic activities that deteriorate the
air quality levels in urban centers [2—4], while the EEA [1] showed that residential heating
was the major contributor to PM10, PM2.5 and CO emissions in Europe in 2016. Several
studies in the past have examined the impacts of heating emissions on human health [5-7],
including effects on respiratory and cardiovascular health.

At this point, it is worth mentioning that the financial crisis that broke out in Greece in
2009 has resulted in a shift in the fuel used for heating (mainly residential) from conven-
tional fuels (i.e., oil) to biomass (mainly wood), leading to increased air pollution mainly
in urban centers [8-11]. Sariggianis et al. [7] identified a significant increase in particle
concentration levels during the cold period of 2012 compared to 2011, in Thessaloniki,
Greece, attributed to biomass burning for residential heating.
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It is of the utmost importance to develop accurate emissions inventories related
to residential and commercial heating integrated with air quality modeling systems in
order to ensure the validity of the simulated results for the adoption of the appropriate
mitigation measures for the improvement of air quality in cities and human health. Most
emissions methodologies for the estimation of heating emissions found in the literature
are based on static temporal profiles taken by European databases [2,9,12,13] or based
on monthly fuel consumption data according to the date of purchase of fuel (i.e., for oil
or wood /biomass), leading to an inaccurate temporal distribution of heating emissions.
The use of heating systems is directly associated with the meteorological conditions and
therefore static temporal profiles result in high uncertainties in the estimations of heating
pollutant emissions. Thus, there is the necessity for estimating heating emissions more
accurately, taking into account the changes in meteorological conditions.

For this reason, the current study aims to develop a validated “on-line” heating
emissions modeling system based on the calculated Heating Degree Days (HDD) from the
hourly meteorological simulated data of the meteorological model, the Weather Research
and Forecasting Model (WRF v4.1.2 [14]). The concept of the methodology is to develop
potential emissions data (i.e., mean daily potential pollutant emission data per HDD) that
can be representative for past or close future years since it has been considered that the
ratio of fuel consumption data per HDD in a region remains constant. Thus, the calculated
daily gridded emissions data based on the simulated HDD of a past or close future study
year will be proportional to the simulated air temperature data of the corresponding study
year. Moreover, mean daily potential emission data per HDD on a horizontal spatial level
over Greece (6 X 6 km?) or Thessaloniki (2 x 2 km?) can be provided to the scientific
community since they can be used by any air quality modeling system for air quality
studies or for operational air quality modeling systems. These data are based on mean
annual consumption data for three consecutive past years, as well as annual historical
statistical data of HDD over Greece. It should be noted that the main aim of the paper is not
to address climate change, in which the far-future socioeconomic development is crucial in
addition to temperature increases. The heating emissions presented fit the purposes of air
quality monitoring with shorter reference time periods with respect to the longer climate
change perspective. Finally, the heating emissions modeling system is integrated with an
air quality modeling system that has been previously implemented in many air quality
studies for European cities [15-21] and the Middle East [22,23]. However, major updates
have been done concerning mainly the anthropogenic emissions estimations over Greece
(see Section 2.2).

In the current study, the “on-line” heating emissions modeling system is integrated
with an air quality modeling system to be implemented and evaluated over high-resolution
domains over Greece for the year 2015. Section 2 presents the air quality modeling system
implemented and the methodologies used for the estimation of the anthropogenic emission
inventory focusing on the on-line heating emissions. Section 3 presents the temporal
and spatial distribution of the calculated heating emissions. The modeling simulation
scenarios implemented and the ground-based measurement data used for the evaluation of
the modeling system are also presented. The evaluation of the on-line heating emissions
modeling system, as well of the meteorological fields driving them, is presented through the
comparison of the simulated air pollutants’ concentration data with the observed ones for
two simulated scenarios (i.e., “on-line” and “static” heating emissions scenarios). Section 4
summarizes the major outcomes of the study.

2. Materials and Methods
2.1. Modeling Application

An air quality modeling system consisting of the meteorological model, the Weather
Research and Forecasting Model (WRF v4.1.2; [14]), and the three-dimensional Compre-
hensive Air Quality Model with extensions (CAMXx v.6.4; [24]) has been applied over three
two-way nesting domains: a coarse grid with 18 x 18 km? horizontal resolution that
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covered Europe, North Africa and Middle East (d01),a 6 x 6 km? horizontal resolution
grid that covered the Mediterranean Region (d02) and a 2 x 2 km? horizontal resolution
grid covering the greater area of Thessaloniki, Greece (d03) (Figure 1) for the year 2015.
Emissions results will be shown only for domain d02 (6 x 6 km?), which covers Greece.
Each domain has 35 unevenly spaced full sigma layers in the vertical direction with the
model top defined at 100 hPa. For the initialization of WRE, the various surface/upper-level
atmospheric and land-soil variables taken from the European Centre for Medium-Range
Weather Forecasts (ECMWE, [25]) at 3 h temporal and 0.75° spatial resolution have been
used. The chemical initial and boundary conditions from Copernicus Atmosphere Monitor-
ing Service Information (CAMS) [26] have been used for the application of CAMXx.

Figure 1. Modeling domains: (a) Europe, North Africa and Middle East (18 x 18 km?, d01),
(b) Eastern Mediterranean (6 x 6 km2, d02) and (c) greater area of Thessaloniki (2 x 2 km?, d03).

Anthropogenic emissions have been estimated for the following pollutants: car-
bon monoxide (CO), nitrogen oxides (NOx), non-methane volatile organic compounds
(NMVOC), ammonia (NH3), sulfur dioxide (5O;) and particulate matter (PM10 and PM2.5).
The anthropogenic emissions over Greece used in the simulations are presented in detail
in Section 2.2. For the other European countries, in the modeling domains, the anthro-
pogenic emissions database of CAMS Regional European Emissions version 2 (CAMS-
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REGwv.2.2.1; [27]) for the year 2015 was used, which provides annual gridded pollutant emis-
sions for each GNFR sector (i.e., aggregated sector ‘gridded NFR”) over a high-resolution
European domain (0.1 x 0.05 degrees, ~6 x 6 km?). The anthropogenic emissions database
of EDGAR v.4.3.2 [28] for the year 2010 was used for the estimation of anthropogenic emis-
sions over the non-European countries included in the modeling domains. The database
has a resolution of 0.1 x 0.1 degree. The aforementioned emissions data were spatially,
temporally (on a monthly, weekly and hourly basis) and chemically distributed over the
two studied domains for each emission source using the temporal and chemical split factors
(split factors are given on country level) provided by The Netherlands Organization (TNO),
along with the CAMS-REG database, being representative for the year 2015. The chemical
speciation was performed for NMVOCs into 23 species (alcohols, propane, butanes, etc.)
and for PM into 5 species: elemental carbon (EC), organic carbon (OC), sodium (Na),
sulfates (SO4) and other minerals. For the spatial distribution of the emission data over
the study domains, the open-source Geospatial Data Abstraction Library (GDAL; [29]) as
well as the Climate Data Operators (CDO; [30]) tools have been used. Moreover, updated
annual gridded (over the CAMS-REG domain) potential particle dust emissions from
resuspension due to road traffic have been provided by TNO [31]. Anthropogenic dust
emissions were spatially distributed over the study domains similarly to the emission data
of the other databases, while they were temporally analyzed using the temporal profiles
of the CAMS-REG database, taking also into account meteorological restrictions using
the 2015 hourly WRF meteorological data, i.e., dust emissions were forced to zero during
precipitation events.

Natural emissions from windblown dust, sea salt and vegetation (i.e., biogenic emis-
sions) have been estimated with the Natural Emissions Model (NEMO, [18,22]) using the
hourly meteorological data of WRE.

2.2. Emissions Inventory for Greece

In the current study, an anthropogenic emissions inventory over Greece for the year
2015 has been developed for the following pollutants—CO, NOy, SO,, NMVOCs, NHj,
PM10 and PM2.5—using either a bottom-up methodology (i.e., based on regional or na-
tional activity data) or the CAMS-REGv.2.2.1 anthropogenic emissions database.

A bottom-up methodology has been implemented in order to estimate air pollutant
emissions over Greece from the following emissions sources: heating, fuel transformation,
solvent use, road transport, agriculture (fertilizer, field burning, manure management). For
the rest of the emissions sources for which activity data were not available (i.e., energy, in-
dustrial sector, non-road transport and waste), the annual anthropogenic emission database
of CAMS-REGv2.2.1 [27] for the year 2015 has been used as described in Section 2.1. Their
spatial distribution over the study domains was performed similarly to the methodology
described in Section 2.1.

The most updated methodologies of the EMEP/EEA Air Pollutant Emission Inventory
Guidebook 2016 [32] have been used for the estimation of the annual air pollutant emissions
from heating, fuel transformation, solvent use and agriculture, while the emission model
COPERT v.5.2.2 [33] was implemented for the emissions estimations from road transport.
In the following, a description of the input data and methodologies used for each emission
source is presented. The current study focuses on the study and evaluation of the on-line
heating emissions modeling system and therefore a detailed description is provided for
this source.

2.2.1. Heating

Heating emissions have been estimated using the Tier Il methodology of the EMEP /EEA
Emission Inventory Guidebook 2016 [32] based on the annual fuel consumption of gas oil,
natural gas and biomass burning (only for wood). For the estimations of biomass burning
emissions (only for biomass), the Tier I methodology of EMEP/EEA 2016 was implemented.
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The final pollutant emissions were estimated separately for biomass burning and other
fuels (i.e., gas oil, natural gas).
The activity data used for heating emissions calculations are the following:

- The mean annual fuel consumption of gas oil and natural gas for each Greek prefecture
for the period 2015-2017, which have been derived from the Hellenic Statistical Au-
thority and the Hellenic Gas Transmission System Operator (www.desfa.gr, accessed
on 1 February 2019), respectively.

- The mean annual residential consumption of wood and biomass for the period
2015-2016 on a national level, which has been provided by the Center for Renew-
able Energy Sources and Saving (www.cres.gr, accessed on 1 February 2019) for the
estimation of biomass burning emissions. In addition, concerning the type of technol-
ogy /practice used for biomass burning, it was assumed that 66% of households use
fireplaces and 34% woodstoves [9].

Annual heating emissions have been initially estimated on a prefectural scale over
Greece. Given the fact that biomass burning consumption data were given on a national
scale, the spatial disaggregation of the biomass burning data was made on a prefectural
level using the number of households per fuel type used for heating purposes for each
Greek prefecture based on a survey conducted by the Hellenic Statistical Authority for 2011.

In the current study, heating emissions have been estimated for two scenarios using
two different methodologies in terms of the temporal and spatial distribution:

- “On-line” heating emissions have been estimated based on annual statistical data of
the Heating Degree Days (HDD) of Greek prefectures and using the hourly meteo-
rological data derived from the application of the WRF model for the cold period
(January—April and October-December) of 2015. In particular, the annual heating
emissions per Greek prefecture were converted to mean daily heating emissions per
degree day (°Cday) using statistical data of the mean annual HDD per Greek pre-
fecture. Following this, a further spatial distribution on a municipality level was
performed using population data on the municipality level (i.e., the number of house-
holds per fuel type used for heating purposes for each Greek municipality derived
from the Hellenic Statistical Authority). The mean daily heating emissions per HDD
from biomass burning and other sources for each municipality of Greece were spatially
distributed on the 6 x 6 km? and 2 x 2 km? resolution grids. The potential mean daily
emissions (g/°Cday) from biomass burning and other sources were firstly distributed
on a weekly basis using temporal profiles. The final daily gridded pollutant emissions
have been calculated based on the hourly meteorological data of the WRF model for
the year 2015 and the hourly profiles. More specifically, the HDD for each simulated
day of WRF and each grid cell has been estimated based on the hourly air temperature
T}, and the reference temperature T; used for the HDD estimations, which was defined
at 18 °C [34] as follows:

24
HDD = 21*4 Y (T — Thy) 1

k=1
The HDD and therefore hourly emissions have been estimated only when T; — Ty, i > 0.
The weekly and hourly profiles used for the temporal distribution of pollutant emissions
from oil and natural gas (other sources) were provided by TNO, along with the emissions
database of CAMS-REG v2.2.1. The distribution of heating emissions from biomass burning
on a weekly and hourly basis has been assessed using the temporal profiles used in the study
of Athanasopoulou et al. [8], which revealed a distinct diurnal variation in biomass burning,
with higher concentrations of the wood burning fraction of black carbon in the evening as
well as during weekends compared with the morning and weekdays, respectively, in the
area of Athens, Greece. Similar diurnal variations in Athens had been also shown in other
studies [4,35-37], while Saffari et al. [11] identified higher concentrations of wood smoke

tracers in the evening period compared with the morning in Thessaloniki, Greece.
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- Annual “static” heating emissions on a prefectural level have been spatially dis-
tributed over the 6 x 6 km? (Greece) and 2 x 2 km? (Thessaloniki) resolution grids
using only population data on the municipality level (i.e., number of households
per fuel type use for heating purposes for each Greek municipality derived from the
Hellenic Statistical Authority). Static heating emissions from oil and natural gas (other
sources) have been distributed monthly using only static monthly profiles derived
by the database of CAMS-REG v2.2.1. The temporal distribution on a weekly and
hourly basis was derived using the static temporal profiles of CAMS-REG v2.2.1 and
Athanasopoulou et al. [8] for oil and natural gas (other sources) and biomass burning
(wood/biomass) emissions, respectively.

2.2.2. Other Sources

The Tier I methodology of the EMEP/EEA Air Pollutant Emission Inventory Guide-
book 2016 [32] has been used for the estimation of NMVOC emissions from fuel transfor-
mation using the annual amount of fuel sold per Greek prefecture in 2015 derived from
the Hellenic Statistical Authority (EL.STAT). The Tier II methodology of the EMEP/EEA
Air Pollutant Emission Inventory Guidebook 2016 [32] has been used for the estimation
of NMVOC emissions from solvent use using the results of the Production and Sales of
Manufacturing Products (PRODCOM) survey for 2015 [38] on a national level. Data include
products such as pesticides, coatings and cosmetics. The spatial distribution of the annual
emissions per Greek prefecture over the study domains was performed using population
data on a municipality level [39].

Emissions from road transport over Greece have been estimated using the emission
model COPERT v.5.2.2 [33], which calculates emissions from the road transport sector
using the methodology of EMEP/EEA, including exhaust (covering hot- and cold-start
exhaust emissions), fuel evaporation (from gasoline vehicles) and non-exhaust (tyre, break
and surface wear) emissions from passenger cars, light-duty vehicles, heavy-duty vehicles,
mopeds and motorcycles. COPERT v.5.2.2 was implemented on a national level for the
urban and rural network using the annual COPERT data for Greece for the year 2015 [33].
For highways, activity data concerning the annual number of vehicles traveled over each
highway (or for each part of the highway) and the length of the highway’s network (or part
of it) were used. The abovementioned calculated urban and rural national road transport
emissions were spatially distributed over the urban centers and rural network, respectively,
over the study domains also using population data on a municipality level [39].

Agricultural activities include fertilizers, field burning and manure management
(livestock). Emissions from fertilizers have been estimated using the annual consumption
of fertilizers in Greece for the year 2015, derived from the Hellenic Fertilizers” Association
(S.PE.L; www.spel.gr (accessed on 1 February 2019)), in combination with the total area
of croplands per Greek prefecture taken by EL.STAT. The methodology for estimating
agricultural crop residue burning emissions was based on the area of land on which crops
are grown whose residues are burned (i.e., wheat, barley, maize, rice, peas, beans, rye,
sugar) per Greek prefecture taken by EL.STAT for the year 2015. Emissions from manure
management (i.e., livestock) have been estimated based on the number of animals by kind
and Greek prefecture for the year 2016 according to a farm and manure holdings structure
survey derived from EL.STAT. The Copernicus CORINE Land Cover (CLC) database v.18.5
with a spatial resolution of 250 m was used for the spatial distribution of agricultural
emissions per Greek prefecture over the study domain (i.e., distributed over agricultural
areas including pastures for manure management).

Finally, the annual emissions have been temporally distributed on a monthly, weekly
and hourly basis using mainly the temporal profiles provided by TNO along with the
CAMS-REG database for Greece. However, for selected sources, some temporal profiles
were based on national surveys.
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2.2.3. Chemical Distribution

The chemical speciation of NMVOCs (into 23 species) and PM (into 5 species; elemental
carbon (EC), organic carbon (OC), sodium (Na), sulfates (SO4) and other minerals) was
performed for each emission source using the chemical split factors for Greece provided by
TNO along with the emission database of CAMS-REGv2.2.1.

3. Results and Discussion
3.1. Evaluation of the Meteorological Model

WREF meteorological data for the cold period of the year 2015 (January to April and
October to December) used in the current study have been evaluated through the compari-
son of the mean daily simulated data with ground-based measurements. The evaluation
concerns the near-surface air temperature T (°C) at 2 m above ground level since this
field is used in estimations of the “on-line” heating emissions. The ground-based mea-
surement data for eight monitoring sites have been derived from the National Oceanic
and Atmospheric Administration (https://www.noaa.gov, accessed on 1 February 2019),
the national monitoring network of the National Observatory of Athens (available online
at http://meteosearch.meteo.gr, accessed on 1 February 2019) and the Municipality of
Thessaloniki. A detailed description of the main characteristics of each monitoring site is
given in Table S1 of the Supplementary Materials. The simulated results of the WRF model
concern the domain d02 (6 x 6 km?) covering Greece.

Table 1 presents the statistical metrics for the daily mean air temperature over the eight
monitoring sites during the cold period of 2015 (January—April, October-December). The
statistical metrics estimated are the following: the mean bias (MB), the mean absolute error
(MAE), the Pearson’s correlation coefficient (R) and the Index of Agreement (IOA) (a defini-
tion is given in the Supplementary Materials). The statistical analysis was performed using
the simulated data over the 6 x 6 km? domain.

Table 1. Statistical metrics for the near-surface air temperature for each monitoring site over the cold
period of 2015 (January—April, October-December).

Site MB (°C) MAE (°C) R I0A

Name
Egnatia —1.27 1.67 0.94 0.95
Martiou —0.38 1.27 0.95 0.97
Athinai —0.61 1.12 0.96 0.97
Nea Smyrni —0.84 1.10 0.97 0.97
Larissa —1.07 1.59 0.94 0.96
Patras —-0.75 1.27 0.94 0.96
Ioannina 0.86 2.23 0.80 0.88
Heraklion, airport 0.90 1.16 0.96 0.96

The performance of the WRF model is found to be overall satisfactory, with an IOA
higher than 0.95 for the majority of stations examined, where a slight underestimation
is found. The largest mean absolute error (MAE) is found for Ioannina station (2.23 °C)
and the lowest MAE for Nea Smyrni (1.1 °C). Figure 2 depicts the daily variation in the
observed and simulated air temperature values, identifying very good agreement in the
daily variability.

3.2. Heating Emissions in Greece

In this section, the heating emissions results estimated “on-line” with the use of the
simulated HDD of WREF for the domain of Greece (d02, 6 x 6 km?2) are presented and
discussed. They are also compared with the “static” emission data.
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Figure 2. Observed and modeled time series of mean daily air temperature (°C) during the cold
period of 2015, averaged over all stations.

Figure 3 depicts the mean daily potential heating emissions of CO, NOy and PM10
from biomass burning (wood, biomass) and other sources (natural gas, oil) over the grid
cells (6 x 6 km?) that cover the area of Greece as they have been estimated using the
methodology described in Section 2.2.1. The daily potential emission data can be used only
for the cold period of a year (i.e., January to April and October to December). It is shown that
the potential daily heating emissions per HDD from conventional fuels (i.e., oil/natural gas)
are highest mainly in the dense urban centers (i.e., Athens, Thessaloniki, Larissa, Volos). On
the other hand, relatively high emissions per HDD from biomass burning are identified in
rural areas of northern and western—southern Greece, attributed to the spatial distribution of
energy use for heating in households per fuel type on a municipality level. PM2.5 presents
a similar spatial distribution to PM10 emissions and therefore is not presented in Figure 3
(the same is true for SOy, which presents a similar distribution to NOx).

Using the aforementioned mean daily potential emissions data (Figure 3), the final
“on-line” heating emissions have been estimated based on the calculated HDD from the
hourly meteorological data of WREF for the cold period of 2015 (i.e., January to April and
October to December).

According to the total anthropogenic emissions estimations over Greece for the cold
period of 2015, fuel combustion for heating is the major contributor to PM10 and PM2.5
emissions by 47% and 60%, respectively, while it is the second contributor to CO (19%) and
NMVOC (22%) emissions, for which the industrial sector and solvent use are the major
contributors, respectively. A lower share of heating emissions is attributed to NOy, SO,
and NHj (<10%). Finally, it is estimated that 163 ktn, 8.1 ktn, 3.3 kitn, 4 ktn, 26.4 ktn, 35 kin
and 31 ktn of CO, NOy, SO,, NH3, NMVOCs, PM10 and PM2.5 are emitted over Greece
from heating during the cold period of 2015.

Figure 4 illustrates the monthly variation in the total heating emissions over Greece,
which present a distinct peak in January. Similar amounts of pollutants are emitted also in
February, while emissions in March and December are slightly lower. It is worth mentioning
that the static monthly profiles usually used in European emission inventories follow a
different pattern, leading to lower differences in heating emissions between April, October
and November and the winter months. For instance, on-line heating emissions in April are
around —65% lower than those estimated in January, while the corresponding difference
in static emissions is estimated to be approximately —30%. In Figure 5, the static monthly
heating emissions based on the temporal profile derived from TNO for Greece are also
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shown, highlighting the differences in the monthly variation in emissions between the
two methodologies (i.e., static vs. on-line).

Mean Daily potential Heating CO Emissions Mean Daily potential Heating CO Emissions
per HDD from biomass burning per HDD from other sources
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Figure 3. Spatial distribution of mean daily potential emissions per HDD (kg/Cday) of (a) CO,
(b) NOy and (c) PM10 from biomass burning (wood /biomass) (left) and other sources (oil, natural
gas) (right) over Greece (6 x 6 km?, d01).
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Figure 4. Monthly variation in total “on-line” heating emissions (in ktn/month) for NOy, SO,, PM2.5,
PM10, NMVOCs and CO (secondary axis) over Greece for the cold period of 2015 (January—April,
October—December).

Figure 6 presents the total monthly heating pollutant emissions from biomass burning
(wood, biomass) and other sources (gas, oil) over the grid cells that cover the area of Greece
for January, when heating emissions are maximum. CO and PM10 emissions from heating
can reach up to 10 tn/km?/month and 2 tn/km? /month, respectively, in dense urban areas
(i.e., Athens) due to wood combustion. NOx emissions from other sources (0il, natural
gas) are higher than those from wood combustion, taking their maximum values in Athens
and Thessaloniki (>1 tn/km?/month), while 100-500 kg/ km? /month of NOy is emitted in
smaller cities.
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Figure 5. Monthly variation in total “static” heating emissions (in ktn/month) for NOy, SO,, PM2.5,
PM10, NMVOCs and CO (secondary axis) over Greece for the cold period of 2015 (January—April,
October—December).
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Figure 6. Spatial distribution of total monthly emissions (kg/ km?) of (a) CO, (b) NOy and (c) PM10
from biomass burning (wood /biomass) (left) and other sources (oil, natural gas) (left) over Greece
(6 x 6 km? grid) for January 2015.

3.3. Evaluation of the Modeling System

In order to evaluate the “on-line” heating emissions produced with the WRF meteo-
rology as described in Section 2.2, the WRF-CAMx modeling system is implemented for
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two scenarios using the “on-line” and the “static” heating emissions, respectively, for the
cold period of 2015 (January—April and October—December):

1.  “On-line” heating emissions scenario (On-line SCN);
2. “Static” heating emissions scenario (Static SCN).

The evaluation of the WRF-CAMXx air quality modeling system is performed through
the comparison of the simulated air pollution data of the on-line SCN with ground-based
measurement data of O3, CO, NO, NO, and PM10. It should be mentioned that the
statistical analysis for the Thessaloniki area has been performed using the simulated
concentration data of the high-resolution domain (d03, 2 x 2 km?). For the rest of the areas
of Greece, simulated data over the 6 x 6 km? domain (over Greece) were used.

The statistical metrics (description is given in the Supplementary Materials) that are
used for the quantitative evaluation of the results are the Pearson’s correlation coefficient
(R), the mean bias (MB), the ratio factor of 2 (Fac2) and the Index of Agreement (IOA),
which is indicative of the overall performance.

Measurement data were taken from national networks (Table 52 in the Supplementary
Materials) over Greece. For the area of Thessaloniki, additional air quality measurement
data were derived from the monitoring network of the Municipality of Thessaloniki. The
monitoring and recording of the measurements of the Municipal Network is systematic,
on a 24 h basis. For the rest of Greece, measurements have been taken from the Ministry
of the Environment and Energy of Greece, which provides ground-based measurements
of pollution data on a daily or hourly basis from the monitoring networks of the Greek
Regional Units. Finally, measurement data of Thissio station (Athens) have been derived
from the National Observatory of Athens (NOA). The statistical analysis for the Athens area
was performed for urban background stations excluding urban traffic stations due to the
strong effect of road transport emissions on air quality levels, which cannot be accurately
simulated by the photochemical model over the 6 x 6 km? domain (d02).

An analysis of the statistical measures between simulated and observed air pollutant
concentrations for the on-line SCN is presented in order to identify the overall performance
of the air quality modeling system. A comparison of the statistical measures of R and IOA
between the two simulated scenarios, as well as a comparison between the observed mean
monthly variation with the simulated ones of the two implemented scenarios, is presented
for the evaluation of the “on-line” heating emissions modeling system.

Tables 2-7 present the statistical metrics for Oz, CO, NO,, NO, PM10 and SO, mean
daily concentrations for different monitoring sites over Greece for the on-line SCN for the
cold period of 2015.

Table 2. Statistical metrics for O3 mean daily concentrations (1g/m?) for each monitoring site over
Thessaloniki, Greece (for d03 domain, 2 x 2 km?) and the rest of Greece (for d02 domain, 6 x 6 km?)
for the cold period of 2015 (January—April, October—December) for the on-line_SCN.

Site Location in Greece MB Fac2 R I0A
Name
PER Athens -75 0.85 0.70 0.80
Thissio Athens —23.1 0.97 0.70 0.75
SMY Athens -12.3 0.79 0.52 0.68
LIO Athens —4.7 0.93 0.65 0.78
KOR Athens 6.8 1.3 0.72 0.75
AGS Thessaloniki 11.6 1.84 0.66 0.77
KOD Thessaloniki —2.6 1.07 0.60 0.76
Lagada Thessaloniki 42 1.2 0.53 0.72
Martiou Thessaloniki 5.0 1.3 0.65 0.79
Dimarxeio Thessaloniki 10.8 1.5 0.66 0.72

Mean (Greece) —1.2 1.18 0.65 0.75




Atmosphere 2022, 13, 568 13 of 19

Table 3. Statistical metrics for CO mean daily concentrations (mg/m?) for each monitoring site over
Thessaloniki, Greece (for d03 domain, 2 x 2 kmz) and the rest of Greece (for d02 domain, 6 x 6 kmz)
for the cold period of 2015 (January—April, October—December) for the on-line_SCN.

Site Location in Greece MB Fac2 R I0A

Name
PER Athens -0.27 0.72 0.60 0.51
Thissio Athens 0.01 1.14 0.58 0.75
SMY Athens —-0.22 0.87 0.54 0.59
KAL Thessaloniki —0.21 0.65 0.59 0.48
Mean (Greece) —0.17 0.85 0.58 0.58

Table 4. Statistical metrics for NO, mean daily concentrations (ig/m?) for each monitoring site over
Thessaloniki, Greece (for d03 domain, 2 x 2 kmz) and the rest of Greece (for d02 domain, 6 x 6 km2)
for the cold period of 2015 (January—April, October—December) for the on-line_SCN.

Site Location in Greece MB Fac2 R I0A

Name
PER Athens -2.1 1.04 0.36 0.62
Thissio Athens 10.3 1.61 0.37 0.54
SMY Athens 3.1 1.3 0.44 0.67
Lagada Thessaloniki —2.8 1.05 0.53 0.73
Martiou Thessaloniki —104 0.80 0.43 0.61
Dimarxeio Thessaloniki —-13.9 0.69 0.49 0.58
Mean (Greece) —2.6 1.08 0.44 0.63

Table 5. Statistical metrics for NO mean daily concentrations (j1g/m3) for each monitoring site over
Thessaloniki, Greece (for d03 domain, 2 x 2 km?) and the rest of Greece (for d02 domain, 6 x 6 km?)
for the cold period of 2015 (January—April, October—December) for the on-line_SCN.

Site Location in Greece MB Fac2 R I0A

Name
PER Athens —4.7 1.26 0.60 0.62
Thissio Athens —4.1 1.80 0.79 0.80
SMY Athens -3.6 1.60 0.76 0.75
Lagada Thessaloniki —20.2 0.57 0.62 0.58
Martiou Thessaloniki —19.9 0.54 0.62 0.55
Dimarxeio Thessaloniki —16.5 0.62 0.67 0.58
Mean (Greece) —11.5 1.07 0.68 0.65

Table 6. Statistical metrics for PM10 mean daily concentrations (1g/m?) for each monitoring site over
Thessaloniki, Greece (for d03 domain, 2 x 2 km?) and the rest of Greece (for d02 domain, 6 x 6 km?)
for the cold period of 2015 (January—April, October—December) for the on-line SCN.

Site

Location in Greece MB Fac2 R I0A

Name
AGP Athens 75 1.50 0.74 0.80
LYK Athens 3.9 1.20 0.71 0.83
SMY Athens —0.6 1.06 0.72 0.85
Thissio Athens 18.7 1.93 0.52 0.62
AGS Thessaloniki 0.2 1.17 0.50 0.67
KOD Thessaloniki -5.5 1.10 0.43 0.60
Malakopi Thessaloniki -10.5 0.87 0.35 0.56
Martiou Thessaloniki —5.7 0.93 0.41 0.62
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Table 6. Cont.

Site Location in Greece MB Fac2 R I0A

Name
I0A Ioannina —23.6 0.56 0.30 0.50
LAR Larissa —-15.2 0.83 0.36 0.54
VOL Volos —-11.9 0.73 0.30 0.54
Mean (Greece) —3.8 1.08 0.49 0.65

Table 7. Statistical metrics for SO, mean daily concentrations (ng/m?) for each monitoring site over
Thessaloniki, Greece (for d03 domain, 2 x 2 km?) and the rest of Greece (for d02 domain, 6 x 6 km?)
for the cold period of 2015 (January—April, October-December) for the on-line SCN.

Site Location in Greece MB Fac2 R I0A

Name
Thissio Athens 18.7 2.0 0.33 0.49
Martiou Thessaloniki 1.3 1.3 0.61 0.56
Malakopi Thessaloniki 0.9 1.3 0.36 0.54
Mean (Greece) 6.9 1.5 0.43 0.53

The evaluation of the air quality modeling system using the “on-line” heating emis-
sions reveals satisfactory model performance. In particular, on average, for all sites over
Greece, the statistical analysis shows good model performance for O3 concentrations, with
Fac2 being close to 1 while the IOA is equal to 0.76. CO concentrations are generally un-
derestimated by the model, with Fac2 equal to 0.85 and an MB of —0.17 mg/m?, averaged
over all stations studied. An underestimation of NO and NO, concentrations is shown
in most of the monitoring sites, while the IOA ranges from 0.53 to 0.80. Better model
performance for PM10 concentration levels is shown for the area of Athens, with an IOA
up to 0.85, while the model underestimated PM10 levels in smaller urban centers (i.e.,
Larissa, Volos, Ioannina), mainly due to the fact that the grid cells of 6 x 6 km? where the
corresponding monitoring sites are located include also non-urban areas, leading to lower
mean PM levels. For the Thessaloniki area, the IOA is estimated up to 0.67, with a Fac2
ranging from 0.87 to 1.17, indicating satisfactory model performance for PM10 levels.

Figure 7 illustrates the daily variation in the observed and simulated air quality levels
during the cold period of the year at different monitoring sites over Greece. A criterion
has been used regarding the selection of monitoring sites presented in Figure 7 based on
the completion of measurement data (i.e., monitoring sites for which measurement data
were available for at least the 90% of the study period). Regarding daily PM10 observed
concentrations levels presented in Figure 7, an upper threshold of 200 ug/m? has been
applied since these values are considered as dust transport events and therefore are not
related to central heating emissions, while these events seem to have been underestimated
by the model. Good agreement between observed and simulated CO concentrations, on
a daily basis, during the cold period of the year is shown for Thissio station, Athens
(Figure 7a), revealing good modeling performance in terms of heating emissions since
CO is emitted substantially from biomass burning while Thissio station is located 500 m
away from the road network, limiting the impact of road transport emissions. Satisfactory
agreement on the daily variation in the simulated NO concentrations with the observed
ones was observed, with an underestimation of modeled NO levels in December. The daily
variation in PM10 levels is well captured by the model, with the exception of dust transport
events, where an underestimation is found (in Figure S1, additional plots with the daily
variation in PM10 levels for other monitoring sites for which full observed timeseries were
available are presented). Similarly, for SO,, mean daily simulated values are in agreement
with observations for the majority of days.
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Figure 7. Mean daily (a) CO, (b) NO, (c) PM10 and (d) SO, concentrations of measurement and
simulated data at different monitoring sites over Greece for the cold period of 2015 (January—April,
October—-December) for the on-line SCN.

A comparison of the correlation coefficient and the Index of Agreement between the
on-line SCN and static SCN was made for different pollutants and for all monitoring sites
(Figure 8). The comparison showed highly improved values of R, for the on-line SCN,
for all the pollutants in the different monitoring sites except for PM10 in five out of the
twelve sites, for which a slight improvement is shown for the static SCN mainly due to the
slight overestimation of PM10 concentrations in the on-line SCN on specific days where the
simulated air temperature was low. Regarding IOA, a general improvement is identified
for the on-line SCN for almost all the cases, while the IOA for NO seems to be almost the
same for the two scenarios, with a slight improvement for the on-line SCN.
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Figure 8. Comparison of the estimated (a) correlation coefficient (R) and (b) between on-line SCN and
static SCN for O3, CO, NO, PM10 and SO, concentrations at the different monitoring sites studied for
the cold period of 2015 (January—April, October—December).
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Figure 9 presents a comparison of the mean monthly variation in air pollutant and
particle levels between observations, on-line SCN and static SCN simulations. It should
be noted that, for the zero monthly values shown in Figure 9, there were no available
observed data. It seems that the use of static emissions tends to underestimate air quality
levels mainly in winter months. In particular, an improvement in the mean monthly CO
levels for the on-line SCN is identified for all months. Better agreement for the monthly
variation in NO levels is also shown between observed and on-line SCN simulated levels
compared to static SCN. For PM10 levels, an improvement in simulated air quality levels is
observed for most of the months in Nea Smyrni (SMY) station in the on-line SCN. Mean SO,
concentrations are also improved in the on-line SCN compared to static SCN for Martiou
station, in Thessaloniki, mainly for most of the months, while an overestimation of SO,
concentrations is shown for the static SCN.

Station: THISSIO

o
=

— OBS
On-line SCN
== Static SCN

Station: SMY

Mean Menthly CO Concentrations (mg/m3)

FEB

— 085
On-line SCN
Static SCN

MAR APR oct Nov DEC

FEB

MAR

APR ocT Nov

(b)

Station: SMY

0oBS
On-line SCN
Static SCN

APR

(d)

Station: SMY

DEC

Station: THISSIO
m 60
— o8BS E f—
On-line SCN 2
~ -~ Static SCN w V==
2
S
£ 0
€
3
I
5 304
o
/ o
209 /’ * 4
4 >
’ z
.. ; £
, =
10 4 Sy o
~~ 7 =
Se————— » c
v 3
T T T T T z o0
BN FE8 MAR AR ocT Nov DEC N
Station: LYK
— 0BS wd—
on-line SCN
-~ Static SCN -

AN FEB

0BS
On-line SCN
Static SCN

Mean Monthly PM10 Concentrations (jig/m3)

MAR ocT DEC

Station: Martiou
175

— 0BS
On-line SCN
Static SCN

15.0 4

Mean Monthly SO2 Concentrations (ug/m3)

T
FEB

T
NOV

DEC

oct NOV DEC

Figure 9. Comparison of CO (a,b), NO (c,d), PM10 (e,f) and SO, (g) mean monthly concentrations be-
tween observed and simulated data for on-line SCN and static SCN scenarios at different monitoring
sites over Greece for the cold period of 2015 (January—April, October—December).
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4. Conclusions

This study presented a new “on-line” heating emissions modeling system integrated
with the air quality modeling system WRF-CAMXx. The emissions modeling system calcu-
lates heating emissions from oil, natural gas and biomass burning (wood, biomass) over
Greece based on the simulated Heating Degree Days (HDD) of the WRF model.

It was estimated that, for the cold period of the year, heating was the major contributor
to PM10 and PM2.5 emissions by 47% and 60%, respectively, and the second highest
contributor to CO emissions. The monthly variation in heating emissions followed the
monthly variation in the simulated air temperature, leading to the highest emissions in
January and February. Moreover, it was identified that on-line heating emissions led to
lower emissions in spring/autumn months by up to —65% in comparison with winter
months of the cold period, in contrast with the static monthly profiles usually used in
emission inventories, where smaller differences (~—15 to —30%) are presented.

The modeling system was evaluated through the comparison of measurement and
simulated pollution data over Greece for the cold period of 2015, applying the air quality
modeling system for two different scenarios: the on-line SCN (based on WRF meteorology)
and static SCN (based on static temporal profiles). The evaluation of the model for the
on-line SCN showed overall satisfactory performance, while the model captures well the
mean day-to-day variation in air quality levels in most of the cases. IOA and R values are
identified to be improved in the on-line SCN for most of the pollutants and monitoring sites
relative to that of the static SCN. Moreover, better agreement with observations is shown
for the mean monthly variation in all pollutants studied for the on-line SCN compared to
that of static SCN.

The current emissions modeling system has been integrated with the operational
air quality modeling system of the project KASTOM (Innovative System for Air Quality
Monitoring & Forecasting) of the Operational Program Competitiveness, Entrepreneurship
and Innovation. Thus, future scientific effort will focus on the evaluation of the forecast air
quality data in order to validate the emissions modeling system for different study years.
Moreover, future research work may allow socioeconomic indicators to be introduced
directly by the user so as to account for changes in near-future social or financial statistics
such as population migration, unemployment rate, etc.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13040568/s1, Table S1: Description of the selected meteo-
rological monitoring sites in Greece; Table S2: Description of the selected air pollution monitoring
sites in Greece; Figure S1: Mean daily PM10 concentrations of measurement and simulated data
at (a) AGP, (b) Dimarxeio, (c) Malakopi and (d) Martiou stations for the cold period of 2015 (January—
April, October-December) for the On-line SCN.
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