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Abstract

Residential biomass burning is often one of the dominant local sources of air pollution
in urban areas during the winter months. However, the corresponding particle emissions
are quite uncertain and chemical transport models (CTMs) often have difficulties
reproducing the observed winter particulate matter (PM) concentrations. In this work,
we combine measurements from a low-cost PM sensor network and the CTM
PMCAMXx (Particulate Matter Comprehensive Air quality Modeling with extensions)
to estimate the spatial and temporal distribution of biomass burning emissions in an
urban area.

An estimate of 8100 kg d*! (40 g d* per person) PM2 s emissions from residential
biomass burning was calculated for the city of Patras including organic compounds
with effective saturation concentrations C” up to 10* ug m=. The spatial distribution of
the emissions was based on the density of fireplaces in the city. The temporal
distribution of emissions was based on measurements of the biomass burning organic
aerosol (bbOA) and are higher from 18:00 to 22:00 LT peaking at 21:00 LT. The
nighttime (18:00-22:00 LT) bbOA emissions were 4 times higher than the
corresponding morning (8:00-13:00 LT) ones. Estimated biomass burning emissions
vary from day to day based on ambient temperature, with higher emissions during the
colder days. The Volatility Basis Set (VBS) was used to simulate bbOA that is treated
as semi-volatile and chemically reactive.

PMCAMX predicts that bbOA concentration reaches on average 15 ug m= in

the high-density bbOA emission area during the simulated period, while the
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corresponding peak hourly concentrations are higher than 40 pg m most of the nights.
The average predicted bbOA concentration in the city center is 3-6 pg m= and is lower
than 1 ug m= at the suburbs. The model predicts that bbOA concentrations peak at 9:00
LT in the morning and at 21:00 LT during the nighttime, reproducing the bbOA

measurements.

1. Introduction

PM2s (PM with a diameter lower than 2.5 um) has major impacts on human health
causing premature deaths, heart, and lung diseases, but also reduces visibility, and can
damage ecosystems (Xing et al., 2016; Hayes et al., 2020; EPA 2022). Organic aerosol
(OA) accounts for more than 50% of fine PM in urban areas (Kanakidou et al., 2005)
and is emitted either directly from sources (primary) or can be produced in the
atmosphere through gas-to-particle conversion processes (secondary). Major OA
sources include transportation, industry, cooking, and residential biomass burning.

Biomass burning for heating purposes is the predominant source of air pollution
in a lot of European urban areas during winter and especially during nighttime (Alfarra
et al., 2007; Puxbaum et al., 2007; Akagi et al., 2011; Pikridas et al., 2013). Fuller et al.
(2013; 2014) reported that wood burning was the most important source of PMyg in
London, Paris, and Berlin during winter 2009-2011. In Paris, bbOA accounted for 33%
of the total OA on average, with high contributions during the nighttime (Crippa et al.,
2013a; 2013b). In Greece, Florou et al. (2017) reported that bbOA was the main
component of OA during winter and especially in the evenings. In Athens, the
contribution of bbOA to the total OA was around 45%, while in Patras 60%. For Athens
in particular, as much as 90% of OA during the winter nights was due to biomass
burning, with extremely high concentrations during cold, calm periods without rain
(Kalogridis et al., 2018). Studies in loannina (Sindosi et al., 2019), Kavala and Drama
(Gaidajis et al., 2014) indicated similar results with high PM concentrations due to
biomass burning from early in the afternoon until late in the evening.

There have been a number of efforts to simulate the influence of residential
biomass burning. Tian et al. (2009) used the Community Multiscale Air Quality
(CMAQ) CTM to investigate the contributions of different biomass burning sources in
Atlanta. During January 2002, primary OA from residential heating contributed

approximately 30% of the total POA, while POA dominated the concentrations of
2
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biomass burning PM2s. Burr and Zhang (2011) using the CMAQ model over the eastern
U.S. at 12 km resolution found that during the wintertime biomass burning was the
dominant source of pollution with a contribution to PM2s of 14% on average. Hu et al.
(2014) combined a source apportionment method and a CTM to show that during winter
biomass burning is the most important PM.s source for several US cities.
Athanasopoulou et al. (2017) applied the COnsortium for SMall-scale Modeling-
Aerosols and Reactive Trace gases (COSMO-ART) model in Athens with a 0.025 x
0.025° (around 3 x 3 km?) spatial resolution. They predicted that during smog periods,
80% of OA comes from residential biomass burning. Fountoukis et al. (2014) predicted
a contribution of 30-60% of bbOA to primary OA (POA) on average in Europe using
the PMCAMX/PSAT model. Theodoritsi and Pandis (2019) used the source-resolved
version of PMCAMx (PMCAMXx-SR) and estimated that bbOA (include wildfires,
residential and agriculture waste burning) contributed 47% to total OA on average in
Europe during the wintertime.

Most of primary bbOA is semivolatile and can evaporate in ambient conditions
(Lipsky and Robinson, 2006; Cappa and Jimenez, 2010; Hennigan et al., 2011; May et
al., 2015). However, a lot of studies treat bbOA as non-volatile and chemically inert
(Tian et al., 2009; Burr and Zhang, 2011; Hu et al., 2014). Grieshop et al. (2009)
measured the volatility distribution of OA emissions from a wood stove, while Cappa
and Jimenez (2010) estimated the volatility of ambient bbOA based on their
measurements. Dilution and thermodenuder measurements were used by May et al.
(2013) to estimate the volatility distribution of bbOA.

The estimation of residential bbOA emissions is challenging due to their
dependence on temperature, space and time. Athanasopoulou et al. (2017) used the
TNO-MACC Il emission inventory for residential biomass burning emissions with an
updated temporal profile consistent with the Greek habits, but their spatial resolution
was relatively coarse (0.125° x 0.0625°) and there was no temperature dependance.
Xing et al. (2018) estimated the emissions from domestic biomass burning based on
fuel consumption. The spatial resolution used was also high (0.25° x 0.25°) and the
corresponding emissions were not dependent on temperature.

In this study, we investigate the effects of wintertime biomass burning on PM
levels in the city of Patras, Greece. More specifically, we combine a state-of-the-art

chemical transport model, PMCAMYX, at a high spatial resolution of 1x1 km?, with
3



99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

ambient measurements to estimate the biomass burning particulate emissions, their
spatial and temporal profiles, their variation from day to day, and their effect on local
air quality during wintertime at different parts in the city. This methodology can be
applied to other urban areas to constrain this important air pollution source.

2. Model description
PMCAMXx v2.0 (Fountoukis et al., 2011) is the research version of CAMx (ENVIRON,
2003) and simulates the physical and chemical processes that take place in the
atmosphere. The model simulates air pollutant emissions, horizontal and vertical
dispersion, horizontal and vertical advection, gas, aqueous and aerosol chemistry,
aerosol dynamics, and wet and dry deposition by solving the continuity equation for
pollutants at each time step (ENVIRON, 2003). For gas-phase chemistry, the extended
Statewide Air Pollution Research Center (SAPRC) mechanism (Carter, 2000;
ENVIRON, 2003) is used, which includes 217 reactions and 114 species. For aqueous-
phase chemistry, the Variable Size Resolution Model (Fahey and Pandis, 2001) is
employed. The partitioning of inorganic aerosol components between the gas and
particulate phases is simulated using the ISORROPIA thermodynamic model (Nenes et
al., 1998; 1999). A scavenging model for aerosol and gases is used for simulating wet
deposition (Seinfeld and Pandis, 2006), while the dry deposition simulation is based on
the approach of Wesely (1989) and Slinn and Slinn (1980). Coagulation of aerosol
particles is modelled using the approach of Tambour and Seinfeld (1980).

The model treats both primary and secondary organic aerosol as semivolatile
and chemically reactive using the 1-D VBS for their simulation (Donahue et al., 2006;
Fountoukis et al., 2014). The organic compounds are divided into logarithmically
spaced volatility bins according to their effective saturation concentration C* at 298 K.
Low-volatility organic compounds (LVOCs) are always found in the particle phase
with 3.2 x 10 ug m3< C'< 0.32 pg m3, intermediate-volatility organic compounds
(IVOCs) are always in the gas phase with 320 ug m=< C*< 3.2 x 108 ug m and semi-
volatility organic compounds (SVOCs) are found both in particle and gas phase and
have 0.32 pg m?® < C'< 320 pg m* (Murphy et. al., 2014). The simulation of
condensation and evaporation is based on the Gaydos et al. (2003) approach.
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2.1 Meteorology

The Weather Research and Forecasting (WRF) model v4.1.5 was applied for December
2021 to produce the necessary meteorological data for PMCAMXx (Skamarock et al.,
2008). The WRF configuration used four two-way nests, dynamically downscaling the
meteorological information from a high-resolution domain of 36x36 km? to a fine
domain over the city of Patras with a high resolution of 1x1 km? using 4 grids with
36x36, 12x12, 3x3 and 1x1 km? resolution. In the vertical, 28 sigma levels are used
extending up to a height of approximately 20 km. Initial and boundary conditions for
WREF are generated from the Global Forecasting System (GFS). More details can be
found in Siouti et al. (2022).

2.2 PM source-apportionment algorithm

The PSAT (Particulate Source Apportionment Technology) algorithm was applied in
parallel with PMCAMX to predict the sources of pollutants for the simulation period
(Skyllakou et al., 2017). In this application, the algorithm tracked separately the sources
of residential biomass burning, road transport, cooking, marine, ships, biogenic, other
sources, long-range transport and initial conditions. More details can be found in Siouti
et al. (2022).

3. Model application

PMCAMXx was applied over Europe focusing on the urban area of Patras through
multiple grids with increasing spatial resolution. Boundary conditions for the outer
European domain were generated using the Mozart-4 model (Emmons et al., 2010). The
European domain has a horizontal spatial resolution of 36x36 km? and the simulated
urban domain has a resolution of 1x1 km? (Fig. 1). The outer European domain covers
a region of 5400x5832 km?, while the inner urban domain a region of 36x36 km?. In
the vertical, there are 14 layers up to 6 km for all the modelling domains. The ground
layer has a height of around 50 m. The period of simulation is a winter month
(December 2021), when the contribution of wood burning in fireplaces to air pollution
in the urban area is expected to be high. The multigrid system used in this study allows
the simulation of the formation of SOA and other secondary aerosol components in all

domains and of course in the coarse resolution domain over Europe. Therefore, the
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model directly simulates the regional transport of SOA from other cities and areas to

the city of Patras.

3.1 Emissions by other sources

Emissions by other sources besides residential biomass burning are also included in the
model application. These emissions are anthropogenic (industry, domestic processes,
road and non-road transport, mining, agriculture, cooking), biogenic and marine. The
emissions of Siouti et al. (2021) are used in this work.

3.2 Estimation of total biomass burning PM emissions

The city of Patras includes 80330 households according to the latest available census
(Hellenic Statistical Authority, 2011). In Greece, 7.4% of households use fireplaces as
a primary heating source, while an additional 27.5% use them as a secondary source
(Papada and Kaliampakos, 2017). Assuming that the same ratios are applicable for
Patras, we estimate 28000 fireplaces in the city. A widely used wood type in traditional
heating devices in southern Greece is olive wood (Florou et al., 2017). Approximately,
7.8 kg ht of olive wood is burned in traditional Mediterranean fireplaces (Castro et al.,
2018; Sornek et al., 2017; Vu et al., 2012). Assuming that the fireplaces are used on
average for 5 h per day based on the bbOA measurements of Florou et al. (2017) in
Patras, we estimate a wood burning rate of 39 kg d* of fuel per house. Assuming a PM
emission rate of 7.5 g kg™ for olive wood (Gongalves et al., 2012; Kostenidou et al.,
2013.; Alves et al., 2011), we estimate that the total average PM emissions from wood
burning in fireplaces in Patras are 8100 kg dX. These emissions cover the volatility
range up to C'=10* pg m= at 298 K, so they include low volatility, semivolatile and

even some intermediate volatility organic compounds.

3.2.1 Spatial distribution

The estimated bbOA emissions correspond to 70 kg d* km assuming a uniform spatial
distribution for the urban/suburban and background areas in the modeling domain. The
urban, suburban and background areas of Patras are shown in Figure 1c. To improve
upon this rough initial estimate, the populated area was divided into regions, based on
their individual characteristics. The southern part of the city has the highest density of

fireplaces in the corresponding apartments because they are newer and the new
6



197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

construction in Greece includes fireplaces. We estimated that the emission rate is 6
times higher than the average in this region, corresponding to 420 kg d* km?. The
northern/central part of Patras older construction and is characterized by low density of
population and fireplaces and therefore lower wood burning emissions. The emissions
were estimated to be 40% less than the average in this region and equal to 42 kg d* km-
2, Finally, in the outer suburbs, there is much lower population density and there are
few sources of residential biomass burning, thus we assume a rate of 90% lower than
the average and equal to 7 kg d* km. These values were initially estimated based on
the population density of these areas and then were improved by successive simulations
comparing the PM2s model predictions with the corresponding low-cost sensor

measurements. The spatial distribution of those emissions is shown in Figure 2.

3.2.2 Diurnal variation

We assumed that bbOA emissions are mostly during the nighttime and in the morning.
Florou et al. (2017) have measured the bbOA concentrations in Patras using an Aerosol
Mass Spectrometer. They reported two major peaks: one during the morning and a
larger one in the evening. We estimated that the nighttime emissions are four times
higher than the morning ones combining these bbOA measurements and the average
mixing height diurnal variation predicted by WRF for the simulated period. Also, based
on the Florou et al. (2017) bbOA concentration measurements we assumed that biomass
burning emissions peak at 21:00 with a decrease afterwards reaching practically zero

after midnight. The assumed temporal distribution is shown in Figure 3a.

3.2.3 Day-to-day variation

PM2s emissions from fireplaces are expected to vary day-to-day based on ambient
temperature. They are expected to be low or even zero during the warmer days of the
winter and to increase in colder days. As a zeroth order approximation we assumed that
fireplaces are not used at all when the evening is warm enough. We define here the
“warm enough” night as one in which the average temperature of the urban area
between 17:00-24:00 LT is above 16 °C. Above 16 °C, biomass burning PM2s
(bbPM25) emissions are assumed to be zero. Below 16 °C, bbPM2s emissions are
assumed to increase 6% per 1 °C (Fig. 3b). The bbPM2 s emissions that are estimated in
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Section 3.1.1 (base case emissions) correspond to 10 °C, which is approximately the

average temperature (from 17:00 to 24:00 LT) in the region during winter.

3.2.4 Volatility distribution and aging of bbOA
PMCAMXx treats bbOA as semivolatile and chemically reactive. The volatility
distribution of wintertime bbOA emissions applied in the model, was based on the
measurements of May et al. (2013) (Fig. 3c). This volatility distribution suggests that
20% of the emitted OA has low volatility, 50% is semi-volatile and the remaining 30%
consists of intermediate volatility species. This approach results in the evaporation of a
significant fraction of the emissions as they are diluted in the atmosphere.

We simulate only the homogeneous oxidation of bbOA with OH assuming a
rate constant equal to 4x10* cm® molecule™® s (Atkinson and Arey, 2003). Kodros
etal. (2020) suggested that the homogeneous reaction of bbOA with OH is the dominant

daytime process. Nighttime reactions will be added in future applications.

3.2.5 Chemical composition of biomass burning PM2s

The PM: emitted by fireplaces and wood stoves in Greece is assumed to consist of
approximately 82% OA, 16% BC (black carbon) and 2% other components based on
the measurements of Kodros et al. (2022).

3.3 PMz2s Measurements

A low-cost sensor network that measures PMzs concentrations exists in Patras
(Kosmopoulos et al., 2022). Kosmopoulos et al. (2020) have evaluated the performance
of the Purple Air sensors and have proposed the following correction: PM2s = 0.42
PAirzs + 0.26 (ug m™), where PM_s is the corrected concentrations and PAirs is the
raw value. The effect of temperature and relative humidity (RH) on the measured PM2 s
was found to be negligible for the conditions and PM2 s of Patras. Figure 1 shows the

locations of the low-cost sensors operating in the city and its surrounding areas.

4. Results
4.1 Biomass burning organic aerosol concentration
The spatial distributions of average predicted concentrations of fresh, secondary and

total bbOA for December 2021 are depicted in Figure 4. The average concentration of
8
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primary bbOA (bbPOA) in the suburban site of Kypseli is predicted to be 15 ug m=3, in
Agia 3.5 pg m=, while it is lower than 1 ug m at the University of Patras (Fig. 4a).
The average concentration of bbPOA for the inner modeling domain is 0.65 pg m=.
PMCAMX predicts secondary bbOA (bbSOA) concentrations lower than 1 ug m= in
the urban area (Fig. 4b), because most of the SOA production takes place after the
biomass burning emissions have been transported away from the inner domain. Thus,
more than 99% of total predicted bbOA in the urban area is primary (Fig. 4c). The
effects of nighttime chemistry that can contribute to local SOA formation are neglected
in this study.

The predicted hourly concentrations of fresh bbOA for three sites in Patras are
shown in Figure 5. These sites include the high-density biomass burning emission area
of Kypseli, the Agia site, which is located next to the city center but with lower-density
housing and the background area of the University of Patras. For Kypseli, the highest
bbOA hourly concentration is predicted on December 29, close to 140 pg m= (Fig. 5a).
The concentrations peak mainly during the nighttime due to intense use of fireplaces
for residential heating during these hours. Fresh bbOA concentrations in Agia are lower
compared to Kypseli with an average concentration of 3.5 ug m= for the simulated
month (Fig. 5b). The maximum hourly concentration of bbPOA is predicted on
December 28 of approximately 50 ug m=. In the outskirts of the city, at the University
of Patras, the bbPOA is lower, up to 12 ug m=, due to lack of important local emissions
from fireplaces near this site (Fig. 5¢). The concentrations in this background site are
affected by transported emissions from nearby areas such as Rio. The predicted bbSOA
concentrations are lower than 1 pg m™ for all sites (Fig. S1).

The average predicted diurnal profiles of total bbOA concentrations for Kypseli,
Agia and University are shown in Figure 6. The behavior of bbOA is similar for Kypseli
and Agia. The model predicts one high peak during the nighttime at 21.00 LT and
another one in the morning at 9:00 LT due to intense biomass burning activity during
these hours (Fig. 6a, b). In Kypseli, the maximum average daily concentration is close
to 60 pg m at 21:00 LT (Fig. 6a). The average diurnal variation in Agia is similar to
Kypseli due to the dominance of the local bbOA emissions in those sites (Fig. 6b). The
maximum average concentration during the day in Agia is predicted to be 15 pg m= at
21:00 LT. At the suburbs, the bbOA concentrations are much lower, with a maximum
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average daily concentration close to 2 pg m= (Fig. 6¢). The average diurnal profile at

the University has some day and night peaks as the other sites but at much lower levels.

4.2 Predicted contribution of bbOA to OA and PMzs
At the suburban area of Kypseli, the predicted contribution of bbOA to total OA is 94%
on average (Fig. 7a). The contribution is close to 70% in Agia and is reduced to 36% at
the University of Patras. The model predicts the highest contribution in Kypseli due to
high local bbOA emissions in that area, while at the background site of the University,
residential biomass burning is low. During the peak bbOA level period, at 21:00 LT,
the bbOA contribution increases to 97% in Kypseli, 88% in Agia and 62% at the
University, indicating that biomass burning is the dominant source of air pollution
during the evening (Fig. 7b). During this period, the bbOA concentration was 60 ug
m-3 in the area of Kypseli, 14 ng m= in Agia and 2 ug m at the University.

On average, the predicted contribution of bbOA to PMas is 80% in Kypseli,
40% in Agia and 12% at the University (Fig. S2a). During the night at 21:00 LT, the
contributions rise to 92% in Kypseli, 70% in Agia and 30% at the University (Fig. S2b).

4.3 PMz5s predictions and model evaluation
Figure 8a depicts the average predicted PM..s ground concentrations during December
2021. The highest concentration is predicted in the suburban area of Kypseli close to
20 ug m=3, while at the suburbs of the city, at the University of Patras, the average
concentration is much lower, 5 pg m3, 75% lower than Kypseli (Fig. 8a). In Agia, the
average PM2s concentration is 8 pg m=. During the period of maximum bbOA
concentrations, at 21:00 LT, in Kypseli, the average predicted PM2s concentration is
65 ug m3, in Agia 20 pg m, while at the University of Patras 6.5 pg m (Fig. 8b).
The predicted total PM2s average diurnal profiles are compared against the
measured ones from the corresponding low-cost sensors during the simulation period
for five sites (Kypseli, Demenika, Koukouli, Agia and University of Patras) covering
the various city areas (Fig. 9). Also, Figure 10 depicts the average diurnal profile of
PM2s source contributions predicted by the PSAT algorithm for the five sites. For
Kypseli, the model reproduces well on average the measured PM2 s diurnal variations.
The model reproduces the high nighttime peak of approximately 60 ug m= and also

10
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reproduces the morning one (Fig. 9a). Both nighttime and morning peaks are related to
biomass burning activity for residential heating during these hours (Fig. 10a).

For the sites of Demenika and Koukouli, PMCAMX tends to overpredict both
the nighttime and morning peaks. Despite that, the overall behavior during the day is
similar to the measured one for both sites (Fig. 9b, c). Analyzing the sources of PM2s,
biomass burning is the dominant source of fine PM during that period (Fig. 10b, c). In
Agia, the model can reproduce the high peak at night, but also the morning one.
Predicted and measured PM2s nighttime peaks are three times lower than the ones in
Kypseli. Specifically, the predicted nighttime peak is 64 pg m= in Kypseli and 21 pg
m= and Agia, while the measured ones are 58 and 18 pug m, respectively (Fig. 9d).
Biomass burning for residential heating is the most important source during the
nighttime (Fig. 10d).

At the outskirts of the city, at the University of Patras, PMCAMNX tends to
overpredict the measured PM2 s concentrations (Fig. 9e). Both measured and predicted
PM2 5 concentrations during the day are lower than inside the city, due to low biomass
burning activity in that site. Most of PM.s at the University is transported there from
nearby areas, while low peaks from biomass burning are predicted at 10:00 LT in the
morning and early in the night (Fig.10e). At this background site, long-range transport
contributes 82% on average to PM.s according to PSAT, while biomass burning is
responsible for 10% of the PM..s on average.

A simulation for the same period but without biomass burning emissions was
also conducted. Predicted PM.s concentrations without bbOA emissions have a
different average diurnal profile due to lack of biomass burning OA emissions (Fig.
S3). Average PM2 s concentrations are lower than 7 pg m= for all sites with three peaks.
The peak in the early morning is related to transportation, the peak after the midday is
due to cooking, while the nighttime one is related to cooking and transport.

In general, the model reproduces the measured high nighttime peaks for
Kypseli and Agia, tends to overestimate the peaks in Demenika, Koukouli and the
University of Patras, while it can reproduce well the overall behavior of concentrations
during the day. Discrepancies between measurements and predictions are due to
uncertainties in emissions estimates, meteorology and the low-cost sensor

measurements.

11
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4.3.1 Evaluation metrics

PM2 5 daily measurements from the low cost-sensors were used to evaluate PMCAMX
predictions as there were no bbOA AMS measurements for the simulation period. The
studies of Florou et al. (2017) and Kodros et al. (2020) showed that in Patras during the
winter nighttime more than 90% of the PM2s is OA. Also, PMCAMX predicted that
OA is the major component of PMz s in the urban core (Fig. S4). We take advantage of
this dominance of bbOA during the simulated nights and evaluate the model predictions
against PM2 s observations in several locations. This evaluation reflects, at least as a
first approximation, the ability of the model to simulate bbOA at least during the peak
concentration periods. The mean bias (MB), mean absolute gross error (MAGE),
fractional bias (FBIAS), fractional error (FERROR) and index of agreement (I0A) are
calculated as: MB = 1/n Y™, (P; — 0;)

n
MAGE = 1/7’lZ|PL - Oll
i=1

FBIAS = 2/nZ(Pi —0;) /(P; + 0y)
i=1

n

FERROR = Z/nZIPi —0;1 /(P; + 0)

=1

n n
[0A=1- Z(Pi — Oi)Z/Z(lpi — 0| +|0; — 0])?
I1=1 I=1

where, Pj is the predicted daily PM2s concentration, O; is the observed PM:s
concentration, O; the mean observed PMz s concentration and n is the number of data
points. The evaluation metrics of daily PM2.s measurements and predictions for several
sites in Patras are shown in Table 1. For the area of high bbOA emissions, Kypseli, the
FBIAS and FERROR were -0.01 and 0.3, while the mean observed and mean predicted
PM_ s concentrations were 19.9 and 18.9 pg m respectively. For the background area
of the University, the FBIAS and FERROR were 0.24 and 0.47 and the mean observed
and predicted fine PM concentrations were 3.7 and 4.8 ug m respectively. Also, for
the sites of Demenika, Koukouli, Agia and Agia Sofia, the FBIAS and FERROR was
less than 25% and 50%. The PMCAMXx performance of PM2s on a daily scale is
considered excellent (FBIAS<+15% and FERROR<+35%) for this application for
Kypseli, while is considered good (FBIAS<+30% and FERROR<+50%) for Demenika,

Koukouli, Agia, Agia Sofia and University based on the criteria of Morris et al. (2005).
12
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The model performance of PMas is considered average (FBIAS<t60% and
FERROR<+75%) for the background sites of Kastelokampos and Platani based on the
same criteria. Model errors in these areas with relatively low concentrations are mainly
related to errors in the fine PM levels transported to the area from other parts of Greece
or Europe.

The evaluation metrics of hourly PM2s predictions and observations are
presented in Table 2 for several sites in Patras. Mean bias for all studied sites was lower
than 2.5 ug m> and MAGE lower than 12.5 ug m. The highest MAGE was for the
high-biomass-burning-emission areas, while the lowest for the background sites due to
low bbOA emissions. Fractional bias ranged from -4 to 25% and fractional error from
65 to 85%.

5. Sensitivity tests
Two additional simulations for December 2021 with double and half the bbOA
emissions were performed. The predicted average concentrations of fresh and oxidized
bbOA are predicted to be approximately proportional to the changes in bbOA emissions
(Fig. S5, S6). For the case of doubling bbOA emissions, the average ground
concentrations of fresh bbOA in Kypseli, Agia and University are predicted to be 30,
7.3 and 1.3 pg m respectively, which are approximately double the values predicted
by the base case simulation. If the bbOA emissions are reduced by 50%, the
corresponding values are equal to 7.3, 1.7 and 0.3 ug m, almost half of those of the
base case (Fig. S5). Similar behavior is observed for the secondary bbOA average
concentrations for both sensitivity tests (Fig. S6).

For Kypseli, the maximum daily average concentration is predicted to be 127
ng m for double the bbOA emissions, 34 ug m= for half the emissions and 64 ug m
for the base case scenario (Fig. S7a). The changes in bbOA emissions are proportional
to the changes in concentrations for this site with the highest bbOA emissions. Similar
behavior is predicted for Demenika, Koukouli and Agia (Fig. S7b, c, d). At the
University of Patras, the maximum daily average concentration is 6.5 png m= for the
base case, 8.6 pg m= when the emissions are doubled and 5.4 pg m when they are
halved (Fig. S7e). In this area outside the city, the changes in PM25 concentrations are
not proportional to bbOA emissions, because most of PM.s in this background site

comes from long-range transport and the local contribution of emissions is lower. When
13
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the bbOA emissions are reduced by 50%, a better agreement between predictions and
measurements is observed for the sites of Koukouli and University. This suggests that
may be the emissions in these areas have been overestimated.

The results of these sensitivity tests along with the corresponding deviations of
PMCAMX predictions from observations can be used to estimate at least to a zeroth
degree the uncertainty of the estimated bbOA emissions. This of course assumes that
the bbOA emissions are the major source of error in the model predictions. Use of the
base case emissions allows PMCAMX to reproduce well the measurements in the high-
biomass-burning-emissions area of Kypseli and in the urban site of Agia. Emission rates
lower by 50% are needed to reproduce the measurements in Koukouli and University.
For Demenika, bbOA emissions lower by approximately 25% compared to the base

case emissions are needed to reproduce the measurements.

6. Conclusions

Residential PM2 s emissions for heating purposes were estimated for the urban area of
Patras of 8100 kg d* with a little more than 80% of the PM being organic. This
corresponds to approximately 40 g d! per person. PMCAMXx was applied over Europe
focusing on the urban area of Patras to simulate the air pollution during the wintertime.
The model predicted the highest bbOA concentrations in the high-density housing site
of Kypseli and the lowest ones at the outskirts of the city. During the day, the highest
bbOA concentrations are predicted from early in the evening until midnight, while they
peak at 21.00 LT due to intense biomass burning activity these hours. The predicted
daytime production of bbSOA in the urban area was small (less than 1% of the bbOA).
PM2s was dominated by bbOA with a contribution of 88% on average in the high-
bbOA emission area. The dominant source of PMz s in the urban and suburban core was
the residential biomass burning, while at the suburbs of the city, long-range transport
was the dominant one.

The model using the base case emissions reproduced well the PMas
concentrations for the area of high bbOA emissions and the center of the city, while it
tended to underestimate the PM2s concentrations for the outskirts of the city. Driving
variables for the discrepancies between model and measurements were uncertainties in
bbOA emissions such as the number of households that use fireplaces for heating, errors

in meteorology and uncertainties in the low-cost sensor measurements.
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During the wintertime period, daily PM2s concentrations often exceeded the 24-
hour PM25 WHO limit of 15 ug m= mainly due to the intense residential wood burning
in fireplaces. Thus, restricting the use of fireplaces is clearly needed.

The developed methodology can be applied to other urban areas to add this
important source of pollution of residential biomass burning to emission inventories
and chemical transport models. Additional measurements for larger periods and model
applications can be used for further reduction of the uncertainty of the bbOA emissions
estimated in this work. Addition of nighttime processing would also be useful to better

estimate the secondary OA product.
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688 Table 1. Metrics for daily PM2 s predictions during December 2021.
Site obsenved | Prodisted MB | MAGE | o ias | FERROR | 10A
(ug m?) (ug m?) (ngm™) | (ug m)

Kypseli 19.9 18.9 -1.1 5.4 -0.01 0.3 0.74
Demenika 15.7 15.7 0.05 7.8 -0.17 0.49 0.71
Koukouli 10.5 13.6 3 5.8 0.25 0.5 0.54

Agia 7.8 8.1 0.36 3.7 0.05 0.5 05
U”iggtrf;tsy of 3.7 48 11 1.9 0.24 0.47 0.60
Kastelokampos 8.5 55 -3.1 4 -0.45 0.56 0.48

Platani 5.3 4.5 -0.8 3 -0.15 0.63 0.32

Agia Sofia 11.7 9.2 -2.5 5.6 -0.2 0.5 0.32
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Table 2. Metrics for hourly PM2 s predictions during December 2021.

MB

MAGE

Site wom? | (ugm?) FBIAS | FERROR
Kypseli 2.2 12,5 -0.12 0.65
Demenika -0.38 12.3 -0.25 0.74
Koukouli 2.4 9.9 0.12 0.75
Agia 0.46 5.8 0.12 0.67
University of 1 2.9 0.22 0.66

Patras

Kastelokampos -3.2 5.4 -0.24 0.69
Platani -0.9 43 -0.04 0.85
Agia Sofia -3.16 8 -0.18 0.7
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Figure 1. PMCAMXx model simulation domains used in this work: (a) the outer domain
of Europe with 36x36 km? spatial resolution and the nested domains with increasing
spatial resolution, 12x12 (green), 3x3 (blue) and 1x1 (red) km?, (b) the urban domain
of Patras with 1x1 km? resolution and (c) the location of low-cost PM2 s sensors used
in this study. KYP: Kypseli, DEM: Demenika, KOU: Koukouli, AG: Agia, AS: Agia
Sofia, KAS: Kastelokampos, UP: University of Patras and PL: Platani.
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780  of Patras and its surroundings.
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Figure 3. (a) Temporal, (b) temperature and (c) volatility distribution of bbPM:s
emissions.

24



816

15
817
818
819 110
Fresh
820 bbOA
-3
821 P (ng m~)
822
823
0
824
0.03
825
0.025
826
10.02
827 Secondary
10.015
828 beA3
Lo (ngm?)
829 b
830 0.005
831 0
832 15
833
834 110
335 Total
bbOA
830 . (hgm?)
837
838
0
839
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842  are used.
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865  Figure 5. Predicted timeseries of fresh bbOA (ng m) for (a) Kypseli, (b) Agia and (c)
866  University of Patras during December 2021. Different scales are used.
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Figure 6. Predicted average diurnal profiles of total bbOA (ug m) for (a) Kypseli, (b)
Agia and (c) University of Patras during December 2021. Different scales are used.
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911  during December 2021. The locations of three of the measurement sites are also shown.
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during December 2021. Different scales are used.

30



965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989
990

I 3BoA
I coA [E0 Ships
60 [l Transportation [l Other

PM, ; (ug m”)
B

(a) Kypseli

20

22

24

B LRT I sB0A (b) Demenika
60 I COA [0 ships
ST B Transportation [l Other
g I ssA
g 40
w30
2('\l
g 20
10
0
0 2 4 6 8 0 12 14 16 18 20 22 24
70 -
B LRT I BBOA (¢) Koukouli
60 Il CcoA [ Ships
a0 50 I Transportation [l Other
g | ssA
[=1}]
=
S’
=
A~

I 3BoA
[ Ships
I Transportation [l Other

PM, 5 (ug m”)

8 10 12 14

20

(d) Agia

22

24

B LRT
I coA
B Transportation

| ssA

I BBoA
[I0 Ships
I Other

PM, 5 (ng m-3)

8 10 12 14
Local time (h)

16

18

20

22

24

Figure 10. Predicted average diurnal profiles for PM2s sources for (a) Kypseli, (b)
Demenika, (c) Koukouli, (d) Agia and (c) University of Patras during the simulation

period. Different scales are used.
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