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Abstract 11 

Residential biomass burning is often one of the dominant local sources of air pollution 12 

in urban areas during the winter months. However, the corresponding particle emissions 13 

are quite uncertain and chemical transport models (CTMs) often have difficulties 14 

reproducing the observed winter particulate matter (PM) concentrations. In this work, 15 

we combine measurements from a low-cost PM sensor network and the CTM 16 

PMCAMx (Particulate Matter Comprehensive Air quality Modeling with extensions) 17 

to estimate the spatial and temporal distribution of biomass burning emissions in an 18 

urban area. 19 

An estimate of 8100 kg d-1 (40 g d-1 per person) PM2.5 emissions from residential 20 

biomass burning was calculated for the city of Patras including organic compounds 21 

with effective saturation concentrations C* up to 104 μg m-3. The spatial distribution of 22 

the emissions was based on the density of fireplaces in the city. The temporal 23 

distribution of emissions was based on measurements of the biomass burning organic 24 

aerosol (bbOA) and are higher from 18:00 to 22:00 LT peaking at 21:00 LT. The 25 

nighttime (18:00-22:00 LT) bbOA emissions were 4 times higher than the 26 

corresponding morning (8:00-13:00 LT) ones. Estimated biomass burning emissions 27 

vary from day to day based on ambient temperature, with higher emissions during the 28 

colder days. The Volatility Basis Set (VBS) was used to simulate bbOA that is treated 29 

as semi-volatile and chemically reactive.  30 

 PMCAMx predicts that bbOA concentration reaches on average 15 μg m-3 in 31 

the high-density bbOA emission area during the simulated period, while the 32 
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corresponding peak hourly concentrations are higher than 40 μg m-3 most of the nights. 33 

The average predicted bbOA concentration in the city center is 3-6 μg m-3 and is lower 34 

than 1 μg m-3 at the suburbs. The model predicts that bbOA concentrations peak at 9:00 35 

LT in the morning and at 21:00 LT during the nighttime, reproducing the bbOA 36 

measurements.  37 

 38 

1. Introduction 39 

PM2.5 (PM with a diameter lower than 2.5 μm) has major impacts on human health 40 

causing premature deaths, heart, and lung diseases, but also reduces visibility, and can 41 

damage ecosystems (Xing et al., 2016; Hayes et al., 2020; EPA 2022). Organic aerosol 42 

(OA) accounts for more than 50% of fine PM in urban areas (Kanakidou et al., 2005) 43 

and is emitted either directly from sources (primary) or can be produced in the 44 

atmosphere through gas-to-particle conversion processes (secondary). Major OA 45 

sources include transportation, industry, cooking, and residential biomass burning.   46 

Biomass burning for heating purposes is the predominant source of air pollution 47 

in a lot of European urban areas during winter and especially during nighttime (Alfarra 48 

et al., 2007; Puxbaum et al., 2007; Akagi et al., 2011; Pikridas et al., 2013). Fuller et al. 49 

(2013; 2014) reported that wood burning was the most important source of PM10 in 50 

London, Paris, and Berlin during winter 2009-2011. In Paris, bbOA accounted for 33% 51 

of the total OA on average, with high contributions during the nighttime (Crippa et al., 52 

2013a; 2013b). In Greece, Florou et al. (2017) reported that bbOA was the main 53 

component of OA during winter and especially in the evenings. In Athens, the 54 

contribution of bbOA to the total OA was around 45%, while in Patras 60%. For Athens 55 

in particular, as much as 90% of OA during the winter nights was due to biomass 56 

burning, with extremely high concentrations during cold, calm periods without rain 57 

(Kalogridis et al., 2018). Studies in Ioannina (Sindosi et al., 2019), Kavala and Drama 58 

(Gaidajis et al., 2014) indicated similar results with high PM concentrations due to 59 

biomass burning from early in the afternoon until late in the evening.  60 

There have been a number of efforts to simulate the influence of residential 61 

biomass burning. Tian et al. (2009) used the Community Multiscale Air Quality 62 

(CMAQ) CTM to investigate the contributions of different biomass burning sources in 63 

Atlanta. During January 2002, primary OA from residential heating contributed 64 

approximately 30% of the total POA, while POA dominated the concentrations of 65 
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biomass burning PM2.5. Burr and Zhang (2011) using the CMAQ model over the eastern 66 

U.S. at 12 km resolution found that during the wintertime biomass burning was the 67 

dominant source of pollution with a contribution to PM2.5 of 14% on average. Hu et al. 68 

(2014) combined a source apportionment method and a CTM to show that during winter 69 

biomass burning is the most important PM2.5 source for several US cities. 70 

Athanasopoulou et al. (2017) applied the COnsortium for SMall-scale Modeling-71 

Aerosols and Reactive Trace gases (COSMO-ART) model in Athens with a 0.025 x 72 

0.025° (around 3 x 3 km2) spatial resolution. They predicted that during smog periods, 73 

80% of OA comes from residential biomass burning. Fountoukis et al. (2014) predicted 74 

a contribution of 30-60% of bbOA to primary OA (POA) on average in Europe using 75 

the PMCAMx/PSAT model. Theodoritsi and Pandis (2019) used the source-resolved 76 

version of PMCAMx (PMCAMx-SR) and estimated that bbOA (include wildfires, 77 

residential and agriculture waste burning) contributed 47% to total OA on average in 78 

Europe during the wintertime.  79 

Most of primary bbOA is semivolatile and can evaporate in ambient conditions 80 

(Lipsky and Robinson, 2006; Cappa and Jimenez, 2010; Hennigan et al., 2011; May et 81 

al., 2015). However, a lot of studies treat bbOA as non-volatile and chemically inert 82 

(Tian et al., 2009; Burr and Zhang, 2011; Hu et al., 2014). Grieshop et al. (2009) 83 

measured the volatility distribution of OA emissions from a wood stove, while Cappa 84 

and Jimenez (2010) estimated the volatility of ambient bbOA based on their 85 

measurements. Dilution and thermodenuder measurements were used by May et al. 86 

(2013) to estimate the volatility distribution of bbOA.  87 

The estimation of residential bbOA emissions is challenging due to their 88 

dependence on temperature, space and time. Athanasopoulou et al. (2017) used the 89 

TNO-MACC II emission inventory for residential biomass burning emissions with an 90 

updated temporal profile consistent with the Greek habits, but their spatial resolution 91 

was relatively coarse (0.125o x 0.0625o) and there was no temperature dependance. 92 

Xing et al. (2018) estimated the emissions from domestic biomass burning based on 93 

fuel consumption. The spatial resolution used was also high (0.25o x 0.25o) and the 94 

corresponding emissions were not dependent on temperature. 95 

In this study, we investigate the effects of wintertime biomass burning on PM 96 

levels in the city of Patras, Greece. More specifically, we combine a state-of-the-art 97 

chemical transport model, PMCAMx, at a high spatial resolution of 1x1 km2, with 98 



4 

 

ambient measurements to estimate the biomass burning particulate emissions, their 99 

spatial and temporal profiles, their variation from day to day, and their effect on local 100 

air quality during wintertime at different parts in the city. This methodology can be 101 

applied to other urban areas to constrain this important air pollution source.  102 

 103 

2. Model description  104 

PMCAMx v2.0 (Fountoukis et al., 2011) is the research version of CAMx (ENVIRON, 105 

2003) and simulates the physical and chemical processes that take place in the 106 

atmosphere. The model simulates air pollutant emissions, horizontal and vertical 107 

dispersion, horizontal and vertical advection, gas, aqueous and aerosol chemistry, 108 

aerosol dynamics, and wet and dry deposition by solving the continuity equation for 109 

pollutants at each time step (ENVIRON, 2003). For gas-phase chemistry, the extended 110 

Statewide Air Pollution Research Center (SAPRC) mechanism (Carter, 2000; 111 

ENVIRON, 2003) is used, which includes 217 reactions and 114 species. For aqueous-112 

phase chemistry, the Variable Size Resolution Model (Fahey and Pandis, 2001) is 113 

employed. The partitioning of inorganic aerosol components between the gas and 114 

particulate phases is simulated using the ISORROPIA thermodynamic model (Nenes et 115 

al., 1998; 1999). A scavenging model for aerosol and gases is used for simulating wet 116 

deposition (Seinfeld and Pandis, 2006), while the dry deposition simulation is based on 117 

the approach of Wesely (1989) and Slinn and Slinn (1980). Coagulation of aerosol 118 

particles is modelled using the approach of Tambour and Seinfeld (1980). 119 

The model treats both primary and secondary organic aerosol as semivolatile 120 

and chemically reactive using the 1-D VBS for their simulation (Donahue et al., 2006; 121 

Fountoukis et al., 2014). The organic compounds are divided into logarithmically 122 

spaced volatility bins according to their effective saturation concentration C* at 298 K. 123 

Low-volatility organic compounds (LVOCs) are always found in the particle phase 124 

with 3.2 x 10-4 μg m-3 < C*< 0.32 μg m-3, intermediate-volatility organic compounds 125 

(IVOCs) are always in the gas phase with 320 μg m-3 < C*< 3.2 x 106 μg m-3 and semi-126 

volatility organic compounds (SVOCs) are found both in particle and gas phase and 127 

have 0.32 μg m-3 < C*< 320 μg m-3 (Murphy et. al., 2014). The simulation of 128 

condensation and evaporation is based on the Gaydos et al. (2003) approach. 129 

 130 

 131 
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2.1 Meteorology 132 

The Weather Research and Forecasting (WRF) model v4.1.5 was applied for December 133 

2021 to produce the necessary meteorological data for PMCAMx (Skamarock et al., 134 

2008). The WRF configuration used four two-way nests, dynamically downscaling the 135 

meteorological information from a high-resolution domain of 36x36 km2 to a fine 136 

domain over the city of Patras with a high resolution of 1x1 km2 using 4 grids with 137 

36x36, 12x12, 3x3 and 1x1 km2 resolution. In the vertical, 28 sigma levels are used 138 

extending up to a height of approximately 20 km. Initial and boundary conditions for 139 

WRF are generated from the Global Forecasting System (GFS). More details can be 140 

found in Siouti et al. (2022).  141 

 142 

2.2 PM source-apportionment algorithm 143 

The PSAT (Particulate Source Apportionment Technology) algorithm was applied in 144 

parallel with PMCAMx to predict the sources of pollutants for the simulation period 145 

(Skyllakou et al., 2017). In this application, the algorithm tracked separately the sources 146 

of residential biomass burning, road transport, cooking, marine, ships, biogenic, other 147 

sources, long-range transport and initial conditions. More details can be found in Siouti 148 

et al. (2022).  149 

 150 

3. Model application 151 

PMCAMx was applied over Europe focusing on the urban area of Patras through 152 

multiple grids with increasing spatial resolution. Boundary conditions for the outer 153 

European domain were generated using the Mozart-4 model (Emmons et al., 2010). The 154 

European domain has a horizontal spatial resolution of 36x36 km2 and the simulated 155 

urban domain has a resolution of 1x1 km2
 (Fig. 1). The outer European domain covers 156 

a region of 5400x5832 km2, while the inner urban domain a region of 36x36 km2. In 157 

the vertical, there are 14 layers up to 6 km for all the modelling domains. The ground 158 

layer has a height of around 50 m. The period of simulation is a winter month 159 

(December 2021), when the contribution of wood burning in fireplaces to air pollution 160 

in the urban area is expected to be high. The multigrid system used in this study allows 161 

the simulation of the formation of SOA and other secondary aerosol components in all 162 

domains and of course in the coarse resolution domain over Europe. Therefore, the 163 
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model directly simulates the regional transport of SOA from other cities and areas to 164 

the city of Patras. 165 

 166 

3.1 Emissions by other sources 167 

Emissions by other sources besides residential biomass burning are also included in the 168 

model application. These emissions are anthropogenic (industry, domestic processes, 169 

road and non-road transport, mining, agriculture, cooking), biogenic and marine. The 170 

emissions of Siouti et al. (2021) are used in this work. 171 

 172 

3.2 Estimation of total biomass burning PM emissions  173 

The city of Patras includes 80330 households according to the latest available census 174 

(Hellenic Statistical Authority, 2011). In Greece, 7.4% of households use fireplaces as 175 

a primary heating source, while an additional 27.5% use them as a secondary source 176 

(Papada and Kaliampakos, 2017). Assuming that the same ratios are applicable for 177 

Patras, we estimate 28000 fireplaces in the city. A widely used wood type in traditional 178 

heating devices in southern Greece is olive wood (Florou et al., 2017). Approximately, 179 

7.8 kg h-1 of olive wood is burned in traditional Mediterranean fireplaces (Castro et al., 180 

2018; Sornek et al., 2017; Vu et al., 2012). Assuming that the fireplaces are used on 181 

average for 5 h per day based on the bbOA measurements of Florou et al. (2017) in 182 

Patras, we estimate a wood burning rate of 39 kg d-1 of fuel per house. Assuming a PM 183 

emission rate of 7.5 g kg-1 for olive wood (Gonçalves et al., 2012; Kostenidou et al., 184 

2013.; Alves et al., 2011), we estimate that the total average PM emissions from wood 185 

burning in fireplaces in Patras are 8100 kg d-1. These emissions cover the volatility 186 

range up to C*=104 μg m-3 at 298 K, so they include low volatility, semivolatile and 187 

even some intermediate volatility organic compounds. 188 

 189 

3.2.1 Spatial distribution  190 

The estimated bbOA emissions correspond to 70 kg d-1 km-2 assuming a uniform spatial 191 

distribution for the urban/suburban and background areas in the modeling domain. The 192 

urban, suburban and background areas of Patras are shown in Figure 1c. To improve 193 

upon this rough initial estimate, the populated area was divided into regions, based on 194 

their individual characteristics. The southern part of the city has the highest density of 195 

fireplaces in the corresponding apartments because they are newer and the new 196 
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construction in Greece includes fireplaces. We estimated that the emission rate is 6 197 

times higher than the average in this region, corresponding to 420 kg d-1 km-2. The 198 

northern/central part of Patras older construction and is characterized by low density of 199 

population and fireplaces and therefore lower wood burning emissions. The emissions 200 

were estimated to be 40% less than the average in this region and equal to 42 kg d-1 km-201 

2. Finally, in the outer suburbs, there is much lower population density and there are 202 

few sources of residential biomass burning, thus we assume a rate of 90% lower than 203 

the average and equal to 7 kg d-1 km-2. These values were initially estimated based on 204 

the population density of these areas and then were improved by successive simulations 205 

comparing the PM2.5 model predictions with the corresponding low-cost sensor 206 

measurements. The spatial distribution of those emissions is shown in Figure 2. 207 

 208 

3.2.2 Diurnal variation 209 

We assumed that bbOA emissions are mostly during the nighttime and in the morning. 210 

Florou et al. (2017) have measured the bbOA concentrations in Patras using an Aerosol 211 

Mass Spectrometer. They reported two major peaks: one during the morning and a 212 

larger one in the evening. We estimated that the nighttime emissions are four times 213 

higher than the morning ones combining these bbOA measurements and the average 214 

mixing height diurnal variation predicted by WRF for the simulated period. Also, based 215 

on the Florou et al. (2017) bbOA concentration measurements we assumed that biomass 216 

burning emissions peak at 21:00 with a decrease afterwards reaching practically zero 217 

after midnight. The assumed temporal distribution is shown in Figure 3a. 218 

 219 

3.2.3 Day-to-day variation 220 

PM2.5 emissions from fireplaces are expected to vary day-to-day based on ambient 221 

temperature. They are expected to be low or even zero during the warmer days of the 222 

winter and to increase in colder days. As a zeroth order approximation we assumed that 223 

fireplaces are not used at all when the evening is warm enough. We define here the 224 

“warm enough” night as one in which the average temperature of the urban area 225 

between 17:00-24:00 LT is above 16 oC. Above 16 oC, biomass burning PM2.5 226 

(bbPM2.5) emissions are assumed to be zero. Below 16 oC, bbPM2.5 emissions are 227 

assumed to increase 6% per 1 oC (Fig. 3b). The bbPM2.5 emissions that are estimated in 228 
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Section 3.1.1 (base case emissions) correspond to 10 oC, which is approximately the 229 

average temperature (from 17:00 to 24:00 LT) in the region during winter. 230 

 231 

3.2.4 Volatility distribution and aging of bbOA 232 

PMCAMx treats bbOA as semivolatile and chemically reactive. The volatility 233 

distribution of wintertime bbOA emissions applied in the model, was based on the 234 

measurements of May et al. (2013) (Fig. 3c). This volatility distribution suggests that 235 

20% of the emitted OA has low volatility, 50% is semi-volatile and the remaining 30% 236 

consists of intermediate volatility species. This approach results in the evaporation of a 237 

significant fraction of the emissions as they are diluted in the atmosphere. 238 

We simulate only the homogeneous oxidation of bbOA with OH assuming a 239 

rate constant equal to 4×10−11 cm3 molecule−1 s−1 (Atkinson and Arey, 2003). Kodros 240 

et al. (2020) suggested that the homogeneous reaction of bbOA with OH is the dominant 241 

daytime process. Nighttime reactions will be added in future applications.   242 

 243 

3.2.5 Chemical composition of biomass burning PM2.5 244 

The PM1 emitted by fireplaces and wood stoves in Greece is assumed to consist of 245 

approximately 82% OA, 16% BC (black carbon) and 2% other components based on 246 

the measurements of Kodros et al. (2022).  247 

  248 

3.3 PM2.5 Measurements 249 

A low-cost sensor network that measures PM2.5 concentrations exists in Patras 250 

(Kosmopoulos et al., 2022). Kosmopoulos et al. (2020) have evaluated the performance 251 

of the Purple Air sensors and have proposed the following correction: PM2.5 = 0.42 252 

PAir2.5 + 0.26 (μg m-3), where PM2.5 is the corrected concentrations and PAir2.5 is the 253 

raw value. The effect of temperature and relative humidity (RH) on the measured PM2.5 254 

was found to be negligible for the conditions and PM2.5 of Patras. Figure 1 shows the 255 

locations of the low-cost sensors operating in the city and its surrounding areas.   256 

 257 

4. Results 258 

4.1 Biomass burning organic aerosol concentration 259 

The spatial distributions of average predicted concentrations of fresh, secondary and 260 

total bbOA for December 2021 are depicted in Figure 4. The average concentration of 261 
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primary bbOA (bbPOA) in the suburban site of Kypseli is predicted to be 15 μg m-3, in 262 

Agia 3.5 μg m-3, while it is lower than 1 μg m-3 at the University of Patras (Fig. 4a). 263 

The average concentration of bbPOA for the inner modeling domain is 0.65 μg m-3. 264 

PMCAMx predicts secondary bbOA (bbSOA) concentrations lower than 1 μg m-3 in 265 

the urban area (Fig. 4b), because most of the SOA production takes place after the 266 

biomass burning emissions have been transported away from the inner domain. Thus, 267 

more than 99% of total predicted bbOA in the urban area is primary (Fig. 4c). The 268 

effects of nighttime chemistry that can contribute to local SOA formation are neglected 269 

in this study.  270 

The predicted hourly concentrations of fresh bbOA for three sites in Patras are 271 

shown in Figure 5. These sites include the high-density biomass burning emission area 272 

of Kypseli, the Agia site, which is located next to the city center but with lower-density 273 

housing and the background area of the University of Patras. For Kypseli, the highest 274 

bbOA hourly concentration is predicted on December 29, close to 140 μg m-3 (Fig. 5a). 275 

The concentrations peak mainly during the nighttime due to intense use of fireplaces 276 

for residential heating during these hours. Fresh bbOA concentrations in Agia are lower 277 

compared to Kypseli with an average concentration of 3.5 μg m-3 for the simulated 278 

month (Fig. 5b). The maximum hourly concentration of bbPOA is predicted on 279 

December 28 of approximately 50 μg m-3. In the outskirts of the city, at the University 280 

of Patras, the bbPOA is lower, up to 12 μg m-3, due to lack of important local emissions 281 

from fireplaces near this site (Fig. 5c). The concentrations in this background site are 282 

affected by transported emissions from nearby areas such as Rio. The predicted bbSOA 283 

concentrations are lower than 1 μg m-3 for all sites (Fig. S1). 284 

 The average predicted diurnal profiles of total bbOA concentrations for Kypseli, 285 

Agia and University are shown in Figure 6. The behavior of bbOA is similar for Kypseli 286 

and Agia. The model predicts one high peak during the nighttime at 21.00 LT and 287 

another one in the morning at 9:00 LT due to intense biomass burning activity during 288 

these hours (Fig. 6a, b). In Kypseli, the maximum average daily concentration is close 289 

to 60 μg m-3 at 21:00 LT (Fig. 6a). The average diurnal variation in Agia is similar to 290 

Kypseli due to the dominance of the local bbOA emissions in those sites (Fig. 6b). The 291 

maximum average concentration during the day in Agia is predicted to be 15 μg m-3 at 292 

21:00 LT. At the suburbs, the bbOA concentrations are much lower, with a maximum 293 
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average daily concentration close to 2 μg m-3 (Fig. 6c). The average diurnal profile at 294 

the University has some day and night peaks as the other sites but at much lower levels.   295 

 296 

4.2 Predicted contribution of bbOA to OA and PM2.5 297 

At the suburban area of Kypseli, the predicted contribution of bbOA to total OA is 94% 298 

on average (Fig. 7a). The contribution is close to 70% in Agia and is reduced to 36% at 299 

the University of Patras. The model predicts the highest contribution in Kypseli due to 300 

high local bbOA emissions in that area, while at the background site of the University, 301 

residential biomass burning is low. During the peak bbOA level period, at 21:00 LT, 302 

the bbOA contribution increases to 97% in Kypseli, 88% in Agia and 62% at the 303 

University, indicating that biomass burning is the dominant source of air pollution 304 

during the evening (Fig. 7b). During this period, the bbOA concentration was 60 μg   305 

m-3 in the area of Kypseli, 14 μg m-3 in Agia and 2 μg m-3 at the University. 306 

On average, the predicted contribution of bbOA to PM2.5 is 80% in Kypseli, 307 

40% in Agia and 12% at the University (Fig. S2a). During the night at 21:00 LT, the 308 

contributions rise to 92% in Kypseli, 70% in Agia and 30% at the University (Fig. S2b).  309 

  310 

4.3 PM2.5 predictions and model evaluation  311 

Figure 8a depicts the average predicted PM2.5 ground concentrations during December 312 

2021. The highest concentration is predicted in the suburban area of Kypseli close to 313 

20 μg m-3, while at the suburbs of the city, at the University of Patras, the average 314 

concentration is much lower, 5 μg m-3, 75% lower than Kypseli (Fig. 8a). In Agia, the 315 

average PM2.5 concentration is 8 μg m-3. During the period of maximum bbOA 316 

concentrations, at 21:00 LT, in Kypseli, the average predicted PM2.5 concentration is 317 

65 μg m-3, in Agia 20 μg m-3, while at the University of Patras 6.5 μg m-3 (Fig. 8b). 318 

The predicted total PM2.5 average diurnal profiles are compared against the 319 

measured ones from the corresponding low-cost sensors during the simulation period 320 

for five sites (Kypseli, Demenika, Koukouli, Agia and University of Patras) covering 321 

the various city areas (Fig. 9). Also, Figure 10 depicts the average diurnal profile of 322 

PM2.5 source contributions predicted by the PSAT algorithm for the five sites. For 323 

Kypseli, the model reproduces well on average the measured PM2.5 diurnal variations. 324 

The model reproduces the high nighttime peak of approximately 60 μg m-3 and also 325 
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reproduces the morning one (Fig. 9a). Both nighttime and morning peaks are related to 326 

biomass burning activity for residential heating during these hours (Fig. 10a).  327 

For the sites of Demenika and Koukouli, PMCAMx tends to overpredict both 328 

the nighttime and morning peaks. Despite that, the overall behavior during the day is 329 

similar to the measured one for both sites (Fig. 9b, c). Analyzing the sources of PM2.5, 330 

biomass burning is the dominant source of fine PM during that period (Fig. 10b, c). In 331 

Agia, the model can reproduce the high peak at night, but also the morning one. 332 

Predicted and measured PM2.5 nighttime peaks are three times lower than the ones in 333 

Kypseli. Specifically, the predicted nighttime peak is 64 μg m-3 in Kypseli and 21 μg 334 

m-3 and Agia, while the measured ones are 58 and 18 μg m-3, respectively (Fig. 9d). 335 

Biomass burning for residential heating is the most important source during the 336 

nighttime (Fig. 10d).  337 

At the outskirts of the city, at the University of Patras, PMCAMx tends to 338 

overpredict the measured PM2.5 concentrations (Fig. 9e). Both measured and predicted 339 

PM2.5 concentrations during the day are lower than inside the city, due to low biomass 340 

burning activity in that site. Most of PM2.5 at the University is transported there from 341 

nearby areas, while low peaks from biomass burning are predicted at 10:00 LT in the 342 

morning and early in the night (Fig.10e). At this background site, long-range transport 343 

contributes 82% on average to PM2.5 according to PSAT, while biomass burning is 344 

responsible for 10% of the PM2.5 on average.  345 

A simulation for the same period but without biomass burning emissions was 346 

also conducted. Predicted PM2.5 concentrations without bbOA emissions have a 347 

different average diurnal profile due to lack of biomass burning OA emissions (Fig. 348 

S3). Average PM2.5 concentrations are lower than 7 μg m-3 for all sites with three peaks. 349 

The peak in the early morning is related to transportation, the peak after the midday is 350 

due to cooking, while the nighttime one is related to cooking and transport.  351 

 In general, the model reproduces the measured high nighttime peaks for 352 

Kypseli and Agia, tends to overestimate the peaks in Demenika, Koukouli and the 353 

University of Patras, while it can reproduce well the overall behavior of concentrations 354 

during the day. Discrepancies between measurements and predictions are due to 355 

uncertainties in emissions estimates, meteorology and the low-cost sensor 356 

measurements. 357 

 358 
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4.3.1 Evaluation metrics 359 

PM2.5 daily measurements from the low cost-sensors were used to evaluate PMCAMx 360 

predictions as there were no bbOA AMS measurements for the simulation period. The 361 

studies of Florou et al. (2017) and Kodros et al. (2020) showed that in Patras during the 362 

winter nighttime more than 90% of the PM2.5 is OA. Also, PMCAMx predicted that 363 

OA is the major component of PM2.5 in the urban core (Fig. S4). We take advantage of 364 

this dominance of bbOA during the simulated nights and evaluate the model predictions 365 

against PM2.5 observations in several locations. This evaluation reflects, at least as a 366 

first approximation, the ability of the model to simulate bbOA at least during the peak 367 

concentration periods. The mean bias (MB), mean absolute gross error (MAGE), 368 

fractional bias (FBIAS), fractional error (FERROR) and index of agreement (IOA) are 369 

calculated as: MB = 1/𝑛 ∑ (𝑃𝑖 − 𝑂𝑖)𝑛
𝑖=1  370 

MAGE = 1/𝑛 ∑|𝑃𝑖 − 𝑂𝑖|

𝑛

𝑖=1

 371 

FBIAS = 2/𝑛 ∑(𝑃𝑖 − 𝑂𝑖)

𝑛

𝑖=1

/(𝑃𝑖 + 𝑂𝑖) 372 

FERROR = 2/𝑛 ∑|𝑃𝑖 − 𝑂𝑖|

𝑛

𝑖=1

/(𝑃𝑖 + 𝑂𝑖) 373 

IOA = 1 − ∑(𝑃𝑖 − 𝑂𝑖)2

𝑛

𝐼=1

∑(|𝑃𝑖 − 𝑂̅| + |𝑂𝑖 − 𝑂̅|)2

𝑛

𝐼=1

⁄     374 

where, Pi is the predicted daily PM2.5 concentration, Oi is the observed PM2.5 375 

concentration, Ōi the mean observed PM2.5 concentration and n is the number of data 376 

points. The evaluation metrics of daily PM2.5 measurements and predictions for several 377 

sites in Patras are shown in Table 1. For the area of high bbOA emissions, Kypseli, the 378 

FBIAS and FERROR were -0.01 and 0.3, while the mean observed and mean predicted 379 

PM2.5 concentrations were 19.9 and 18.9 μg m-3 respectively. For the background area 380 

of the University, the FBIAS and FERROR were 0.24 and 0.47 and the mean observed 381 

and predicted fine PM concentrations were 3.7 and 4.8 μg m-3 respectively. Also, for 382 

the sites of Demenika, Koukouli, Agia and Agia Sofia, the FBIAS and FERROR was 383 

less than 25% and 50%. The PMCAMx performance of PM2.5 on a daily scale is 384 

considered excellent (FBIAS≤±15% and FERROR≤±35%) for this application for 385 

Kypseli, while is considered good (FBIAS≤±30% and FERROR≤±50%) for Demenika, 386 

Koukouli, Agia, Agia Sofia and University based on the criteria of Morris et al. (2005). 387 
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The model performance of PM2.5 is considered average (FBIAS≤±60% and 388 

FERROR≤±75%) for the background sites of Kastelokampos and Platani based on the 389 

same criteria. Model errors in these areas with relatively low concentrations are mainly 390 

related to errors in the fine PM levels transported to the area from other parts of Greece 391 

or Europe.  392 

 The evaluation metrics of hourly PM2.5 predictions and observations are 393 

presented in Table 2 for several sites in Patras. Mean bias for all studied sites was lower 394 

than 2.5 μg m-3 and MAGE lower than 12.5 μg m-3. The highest MAGE was for the 395 

high-biomass-burning-emission areas, while the lowest for the background sites due to 396 

low bbOA emissions. Fractional bias ranged from -4 to 25% and fractional error from 397 

65 to 85%.  398 

 399 

5. Sensitivity tests 400 

Two additional simulations for December 2021 with double and half the bbOA 401 

emissions were performed. The predicted average concentrations of fresh and oxidized 402 

bbOA are predicted to be approximately proportional to the changes in bbOA emissions 403 

(Fig. S5, S6). For the case of doubling bbOA emissions, the average ground 404 

concentrations of fresh bbOA in Kypseli, Agia and University are predicted to be 30, 405 

7.3 and 1.3 μg m-3 respectively, which are approximately double the values predicted 406 

by the base case simulation. If the bbOA emissions are reduced by 50%, the 407 

corresponding values are equal to 7.3, 1.7 and 0.3 μg m-3, almost half of those of the 408 

base case (Fig. S5). Similar behavior is observed for the secondary bbOA average 409 

concentrations for both sensitivity tests (Fig. S6).  410 

For Kypseli, the maximum daily average concentration is predicted to be 127 411 

μg m-3 for double the bbOA emissions, 34 μg m-3 for half the emissions and 64 μg m-3 412 

for the base case scenario (Fig. S7a). The changes in bbOA emissions are proportional 413 

to the changes in concentrations for this site with the highest bbOA emissions. Similar 414 

behavior is predicted for Demenika, Koukouli and Agia (Fig. S7b, c, d). At the 415 

University of Patras, the maximum daily average concentration is 6.5 μg m-3 for the 416 

base case, 8.6 μg m-3 when the emissions are doubled and 5.4 μg m-3 when they are 417 

halved (Fig. S7e). In this area outside the city, the changes in PM2.5 concentrations are 418 

not proportional to bbOA emissions, because most of PM2.5 in this background site 419 

comes from long-range transport and the local contribution of emissions is lower. When 420 
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the bbOA emissions are reduced by 50%, a better agreement between predictions and 421 

measurements is observed for the sites of Koukouli and University. This suggests that 422 

may be the emissions in these areas have been overestimated.  423 

The results of these sensitivity tests along with the corresponding deviations of 424 

PMCAMx predictions from observations can be used to estimate at least to a zeroth 425 

degree the uncertainty of the estimated bbOA emissions. This of course assumes that 426 

the bbOA emissions are the major source of error in the model predictions. Use of the 427 

base case emissions allows PMCAMx to reproduce well the measurements in the high-428 

biomass-burning-emissions area of Kypseli and in the urban site of Agia. Emission rates 429 

lower by 50% are needed to reproduce the measurements in Koukouli and University. 430 

For Demenika, bbOA emissions lower by approximately 25% compared to the base 431 

case emissions are needed to reproduce the measurements.  432 

 433 

6. Conclusions 434 

Residential PM2.5 emissions for heating purposes were estimated for the urban area of 435 

Patras of 8100 kg d-1 with a little more than 80% of the PM being organic. This 436 

corresponds to approximately 40 g d-1 per person. PMCAMx was applied over Europe 437 

focusing on the urban area of Patras to simulate the air pollution during the wintertime. 438 

The model predicted the highest bbOA concentrations in the high-density housing site 439 

of Kypseli and the lowest ones at the outskirts of the city. During the day, the highest 440 

bbOA concentrations are predicted from early in the evening until midnight, while they 441 

peak at 21.00 LT due to intense biomass burning activity these hours. The predicted 442 

daytime production of bbSOA in the urban area was small (less than 1% of the bbOA). 443 

PM2.5 was dominated by bbOA with a contribution of 88% on average in the high-444 

bbOA emission area. The dominant source of PM2.5 in the urban and suburban core was 445 

the residential biomass burning, while at the suburbs of the city, long-range transport 446 

was the dominant one.  447 

The model using the base case emissions reproduced well the PM2.5 448 

concentrations for the area of high bbOA emissions and the center of the city, while it 449 

tended to underestimate the PM2.5 concentrations for the outskirts of the city. Driving 450 

variables for the discrepancies between model and measurements were uncertainties in 451 

bbOA emissions such as the number of households that use fireplaces for heating, errors 452 

in meteorology and uncertainties in the low-cost sensor measurements.   453 
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During the wintertime period, daily PM2.5 concentrations often exceeded the 24-454 

hour PM2.5 WHO limit of 15 μg m-3 mainly due to the intense residential wood burning 455 

in fireplaces. Thus, restricting the use of fireplaces is clearly needed. 456 

The developed methodology can be applied to other urban areas to add this 457 

important source of pollution of residential biomass burning to emission inventories 458 

and chemical transport models. Additional measurements for larger periods and model 459 

applications can be used for further reduction of the uncertainty of the bbOA emissions 460 

estimated in this work. Addition of nighttime processing would also be useful to better 461 

estimate the secondary OA product. 462 

 463 
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Table 1. Metrics for daily PM2.5 predictions during December 2021. 688 

 689 
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 691 

 692 
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 696 

 697 

 698 

 699 

 700 

 701 

 702 

Site 

Mean 

Observed 

(μg m-3) 

Mean 

Predicted 

(μg m-3) 

MB 

(μg m-3) 

MAGE 

(μg m-3) 
FBIAS FERROR IOA 

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 0.5 

University of 

Patras 
3.7 4.8 1.1 1.9 0.24 0.47 0.60 

Kastelokampos 8.5 5.5 -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 PM2.5 predictions during December 2021. 704 
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 720 

 721 

 722 

 723 

 724 

 725 
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 727 

Site 
MB 

(μg m-3) 

MAGE 

(μg m-3) 
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 

Patras 
1 2.9 0.22 0.66 

Kastelokampos -3.2 5.4 -0.24 0.69 

Platani -0.9 4.3 -0.04 0.85 

Agia Sofia -3.16 8 -0.18 0.7 
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Figure 1. PMCAMx model simulation domains used in this work: (a) the outer domain 762 

of Europe with 36x36 km2 spatial resolution and the nested domains with increasing 763 
spatial resolution, 12x12 (green), 3x3 (blue) and 1x1 (red) km2, (b) the urban domain 764 
of Patras with 1x1 km2 resolution and (c) the location of low-cost PM2.5 sensors used 765 
in this study. KYP: Kypseli, DEM: Demenika, KOU: Koukouli, AG: Agia, AS: Agia 766 
Sofia, KAS: Kastelokampos, UP: University of Patras and PL: Platani. 767 
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bbPM2.5 

emissions 

(tn d-1 km-2) 
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 778 

Figure 2. Estimated average primary bbPM2.5 emissions (tn d-1 km-2) for the urban area 779 
of Patras and its surroundings.  780 

  781 
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Figure 3. (a) Temporal, (b) temperature and (c) volatility distribution of bbPM2.5 814 

emissions.  815 
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 839 

Figure 4. Predicted average ground concentrations of (a) fresh, (b) secondary and (c) 840 
total bbOA. The locations of some measurement sites are also shown. Different scales 841 
are used.  842 
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Figure 5. Predicted timeseries of fresh bbOA (μg m-3) for (a) Kypseli, (b) Agia and (c) 865 

University of Patras during December 2021. Different scales are used. 866 

 867 

 868 
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Figure 6. Predicted average diurnal profiles of total bbOA (μg m-3) for (a) Kypseli, (b) 891 

Agia and (c) University of Patras during December 2021. Different scales are used. 892 

  893 
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 909 

Figure 7. Contribution (%) of bbOA to total OA (a) on average and (b) at 21:00 LT 910 

during December 2021. The locations of three of the measurement sites are also shown.  911 
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(μg m-3) 

 919 

 920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

Figure 8. Predicted average ground PM2.5 concentrations (μg m-3) (a) on average and 935 

(b) at 21:00 LT during December 2021. The locations of the measurement sites are also 936 
shown. Different scales are used. 937 
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Figure 9. Predicted (with bbOA) and measured PM2.5 average diurnal profile (μg m-3) 962 
for (a) Kypseli, (b) Demenika, (c) Koukouli, (d) Agia and (c) University of Patras 963 
during December 2021. Different scales are used. 964 
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Figure 10. Predicted average diurnal profiles for PM2.5 sources for (a) Kypseli, (b) 988 
Demenika, (c) Koukouli, (d) Agia and (c) University of Patras during the simulation 989 
period. Different scales are used. 990 


