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Abstract: The SmartAQ (Smart Air Quality) forecasting system produces high-resolution (1 × 1 km2)
air quality predictions in an urban area for the next three days using advanced chemical transport
modeling. In this study, we evaluated the SmartAQ performance for the urban area of Patras, Greece,
for four months (July 2021, September 2021, December 2021, and March 2022), covering all seasons. In
this work, we assess the system’s ability to forecast PM2.5 levels and the major gas-phase pollutants
during periods with different meteorological conditions and local emissions, but also in areas of the
city with different characteristics (urban, suburban, and background sites). We take advantage of
this SmartAQ application to also quantify the main sources of the pollutants at each site. During the
summertime, PM2.5 model performance was excellent (Fbias < 15%, Ferror < 30%) for all sites both
in the city center and suburbs. For the city center, the model reproduced well (MB = −0.9 µg m−3,
ME = 2.5 µg m−3) the overall measured PM2.5 behavior and the high nighttime peaks due to cooking
activity, as well as the transported PM pollution in the suburbs. During the fall, the SmartAQ PM2.5

performance was good (Fbias < 42%, Ferror < 45%) for the city center and the suburban core, while
it was average (Fbias < 50%, Ferror < 54%, MB, ME < 3.3 µg m−3) for the suburbs because the
model overpredicted the long-range transport of pollution. For wintertime, the system reproduced
well (MB = −2 µg m−3, ME = 6.5 µg m−3) the PM2.5 concentration in the high-biomass-burning
emission area with an excellent model performance (Fbias = −4%, Ferror = 33%) and reproduced
well (MB < 1.1 µg m−3, ME < 3 µg m−3) the background PM2.5 levels. SmartAQ reproduced well the
PM2.5 concentrations in the urban and suburban core during the spring (Fbias < 40%, Ferror < 50%,
MB < 8.5 µg m−3, ME < 10 µg m−3), while it tended to slightly overestimate the regional pollution.
The main local source of fine PM during summer and autumn was cooking, but most of the PM was
transported to the city. Residential biomass burning was the dominant particle source of pollution
during winter and early spring. For gas-phase pollutants, the system reproduced well the daily
nitrogen oxides (NOx) concentrations during the summertime. Predicted NOx concentrations during
the winter were consistent with measurements at night but underestimated the observations during
the rest of the day. SmartAQ achieved the US EPA modeling goals for hourly O3 concentrations
indicating good model performance.

Keywords: air quality predictions; pollutant sources; PM2.5; NOx; O3; evaluation metrics

1. Introduction

Atmospheric pollution has negative effects on human heath, causing serious respi-
ratory and cardiovascular diseases [1]. Air pollution is responsible for around 7 million
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premature deaths worldwide according to the World Health Organization [2]. PM2.5 (parti-
cles with a diameter lower than 2.5 µm) pose the highest health risk, but also can damage
the environment and structures [3]. The prediction of the future status of the atmosphere
can help reduce human health risks if appropriate measurements are taken.

Several air quality forecasting models have been developed and their performance has
been evaluated on an hourly, daily, or seasonal basis. The CAMS (Copernicus Atmosphere
Monitoring Service) system can predict seasonal O3 concentrations in Europe during summer
quite well, using the ensemble median of seven individual chemical transport models (CTMs),
while it tended to underestimate wintertime PM10 (particles with diameter lower than 10 µm).
Modified normalized mean bias and fractional gross error were 0.14 and 0.3, respectively,
for O3 on average, while the corresponding values for PM10 were −0.1 and 0.52 [4]. For
the PREV’ AIR (Prevision de la qualité de l’air) system, there is an underprediction of daily
PM10 concentrations up to 3.5 µg m−3 in the urban sites of Europe during summer and up to
5.7 µg m−3 during winter [5]. An underprediction is also reported for daily nitrogen dioxide
(NO2) for both urban and suburban areas of up to 4 and 6 µg m−3 in summer, respectively,
and up to 12 and 13 µg m−3 during wintertime, respectively. The system shows better O3 daily
forecast ability for suburban and rural areas during the summertime, with an absolute bias of
−0.4 to 3.6 µg m−3. The MarcoPolo-Panda system that is applied in eastern China tended to
underpredict the hourly concentrations of O3 and NO2 and to overpredict PM2.5, with mean
bias equal to −14.7, −3 and 3.7 µg m−3, respectively, using the ensemble mean forecasts [6].
The NAM/CMAQ (North America Mesoscale/Community Multiscale Air Quality) model
tends to overpredict both O3 and NO2 annual and daily concentrations over the United States,
especially in summer, with O3 overestimation being more intense in the morning and NO2
overestimation in the nighttime [7].

Weaknesses of most existing forecasting systems include low horizontal spatial resolu-
tion when simulating urban areas, oversimplified primary and secondary organic aerosol
treatment, difficulties in estimations of non-conventional sources of pollution, and uncer-
tainties in meteorology. The CAMS system uses moderate spatial resolution (10–20 km)
and does not focus on urban areas, while uncertainties related to secondary organic aerosol
(SOA) simulation pose additional problems [4,8]. Lack of high spatial resolution in the
PREV’AIR system that uses a moderate 10 × 10 km2 resolution, errors in its meteorological
predictions, and neglecting the semivolatile nature of primary organic aerosol (POA) lead
to uncertainties in its air pollution forecasts [5]. The Marco-Polo forecasting system uses
moderate to low spatial resolution from 6 to 40 km to simulate air pollution, while 5 out of
6 individual CTMs used do not treat POA emissions as semivolatile [6]. The MM5-CAMx
system uses high spatial resolution (2 × 2 km2) to predict urban air quality in Athens and
Thessaloniki, but the simplified treatment of SOA formation and the lack of a cooking
source from the corresponding emission inventory leads to uncertain forecasts [9].

The moderate spatial resolution used for urban areas may limit the model ability
to represent the concentration variations, while the treatment of POA as semivolatile
and reactive provides more accurate OA (organic aerosol) forecasts. Field measurements
have suggested that as the traditional sources of transportation and industry have been
successfully controlled, cooking and residential wood burning emissions are becoming
dominant local sources in urban areas [10–14], posing additional forecasting challenges.
These non-conventional sources are difficult to include in the simulations due to their
uncertain spatiotemporal patterns and total emissions. In addition, questions related
to local and regional contributions to air pollution in major urban areas are yet to be
elucidated. Dense measurement networks in the urban core of cities and in their outskirts
are useful tools to estimate the local and transported pollution, but also to better evaluate
the prediction ability of forecasting systems in high resolution.

The air quality forecasting system SmartAQ predicts the status of the atmosphere for
the next 3-day period for the urban area of interest at a spatial resolution of 1 × 1 km2 [15]. In
this study, the city of Patras in Greece was used to evaluate its performance. Unique features
of SmartAQ include the prediction of pollutant source contributions in addition to the total
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pollutant concentrations using the Particulate Source Apportionment Technology (PSAT)
algorithm, as well as the separation of pollution to local and regional. POA emissions are
treated as semivolatile, and subsequent reactions are considered. Bottom-up inventories
for residential biomass burning and cooking emissions have also been developed and
are used in this study [16,17]. The system can be easily extended to other urban areas of
Europe to forecast the air pollution levels at high spatial resolution in different cities at
the same time. In addition, information about the dominant sources can be provided by
SmartAQ and, therefore, appropriate measures could be taken to control them. Limitations
of such systems include technical issues such as high computational time and complexity,
while the forecast period is limited to the next few days. Prediction of future emissions of
several sources (e.g., biomass burning) are challenging and pose additional limitations in
the forecasting ability of systems like SmartAQ.

The SmartAQ performance of PM2.5, NOx, and O3 was evaluated comparing hourly
and daily predictions against the corresponding measurements for July, September, Decem-
ber 2021, and March 2022 for several urban, suburban, and background sites in Patras.

2. Model Description and Application

SmartAQ consists of six main models that predict weather conditions, anthropogenic,
biogenic, and marine emissions, air pollutant concentrations, and their corresponding
sources. The mesoscale numerical weather prediction model WRF (Weather Research and
Forecasting) provides the necessary meteorological fields for predicting air pollution [18].
Traditional anthropogenic emissions such as industry, agriculture, mining, shipping, and
transportation are based on the TNO emission inventory [19]. A bottom-up inventory of
1 × 1 km2 resolution for commercial cooking and residential biomass burning emissions is
used [16,17]. Biogenic emissions are produced by MEGAN3 (Model of Emissions of Gases
and Aerosols from Nature) [20,21] and marine emissions that include sea salt and organics
are estimated using the O’Dowd et al. [22] and Monahan et al. [23] algorithms in combina-
tion with WRF outputs. The CTM PMCAMx (Particulate Matter Comprehensive Air quality
Model with extensions) is used to simulate the air pollution in Europe, focusing gradually
with increasing resolution on the area of interest that covers a region of 36 × 36 km2 and
providing the corresponding air pollutant concentrations in the urban area at 1 × 1 km2

resolution [24]. The PSAT algorithm runs in parallel with PMCAMx to predict the sources
of air pollutants [25]. PSAT takes advantage of the fact that the probability of a molecule
from a specific source being transported, reacting, or depositing is independent of its source.
The current implementation includes seven emission categories, plus initial and boundary
conditions, which are tracked separately by the model as different sources.

The SmartAQ system operates daily producing concentration forecasts of gas-phase
(NO2, NO, SO2, CO, O3, volatile organic compounds, etc.) and size-resolved particle-phase
atmospheric pollutants (PM1, PM2.5, and PM10) as well as their chemical composition.

The urban area of Patras was used for the first application and evaluation of the system
due to the dense low-cost sensor network that is available the city [26]. PMCAMx uses
four two-way grids with increasing spatial resolution focusing on the urban area of interest.
The outer grid covers a European region of 5400 × 5832 km2 with a 36 × 36 km2 resolution.
The three nested grids have 12 × 12, 3 × 3, and 1 × 1 km2 resolutions. The urban domain
has the high resolution of 1 × 1 km2, covering a region of 36 × 36 km2. Emissions were
prepared for the European and urban domain at 36 and 1 km resolutions, respectively. For
the nested grids with 12 and 3 km resolutions, emissions are the result of interpolation. For
the vertical, 14 layers up to 6 km were used for all domains.

Details about the SmartAQ and its application can be found in Siouti et al. [15].
Emissions for the European domain and the domain of Patras are described in Siouti
et al. [15]. Cooking and residential biomass burning emissions for Patras are explicitly
described in Siouti et al. [16,17].
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2.1. Particle and Gas-Phase Measurements

The measurement sites and the corresponding instruments used in this work are
summarized in Table 1. For the evaluation of PM2.5 predictions of SmartAQ, we use mea-
surements from four stations located in the urban core (Trion Navarchon Square, Georgiou
Square, Agia, and Drosopoulou Square), four suburban stations (Kypseli, Koukouli, De-
menika, Kastelokampos), and two background stations (University of Patras and Platani).
The locations of the corresponding low-cost sensors are shown in Figure 1. Urban sites
are affected by local sources such as transportation, while the sites defined as urban-city
center are also affected by commercial cooking. The suburban sites (Kypseli, Koukouli,
Demenika) are of primary importance, especially in winter, as they are highly populated
and are strongly affected by biomass burning emissions from fireplaces. The selected
background sites capture the pollution transported from outside the modeling domain as
they are characterized by negligible local emission sources.

Table 1. Measurement stations used in this study.

Station Type

Agia Urban
Demenika Suburban

Drosopoulou Square Urban
Georgiou Square Urban-city center
Kastelokampos Suburban

Koukouli Suburban
Kypseli Suburban
Platani Background

Trion Navarchon Square Urban-city center
University of Patras Background
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Low-cost sensors (Purple Air Model PA-II, PurpleAir, Inc., Draper, UT, USA) are
used to measure the PM2.5 concentrations in the city of Patras. A dense network of
about 30 low-cost sensors is available for the city of Patras. Kosmopoulos et al. [26]
evaluated their performance in this area and proposed the following correction for their
PM2.5 measurements in this area: PM2.5 = 0.42 PAir2.5 + 0.26 (µg m−3), where PM2.5 is the
corrected concentration and PAir2.5 is the measured. In addition, Kosmopoulos et al. [26]
found that meteorological conditions (temperature, relative humidity) had a minor effect
on the measured PM2.5 concentrations by the low-cost sensors in Patras.
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For gas-phase measurements, we used the regulatory monitors of the Region of
Western Greece located in Drosopoulou Square next to the city center.

2.2. Evaluation
2.2.1. Evaluation Metrics

Mean bias (MB), fractional bias (Fbias), mean error (ME), and fractional error (Ferror)
were used in this study to evaluate the model performance of PM2.5 in each site as described
in Morris et al. [27]. For O3, mean normalized bias (MNB) and mean normalized error
(MNE) were used for the evaluation of model performance based on Morris et al. [28]. For
NOx, fractional bias (or mean fractional bias) and fractional gross error (FGE) were used
for the evaluation of model performance based on Morris et al. [28]. The evaluation metrics
are given by the following equations:

MB =
1
N ∑N

i=1(Pi − Oi) (1)

ME =
1
N ∑N

i=1|Pi − Oi| (2)

Fbias =
2
N ∑N

i=1
(Pi − Oi)

(Pi + Oi)
(3)

Ferror =
2
N ∑N

i=1
|Pi − Oi|
(Pi + Oi)

(4)

MNB =
1
N ∑N

i=1
(Pi − Oi)

Oi
(5)

MNE =
1
N ∑N

i=1
|Pi − Oi|

Oi
(6)

FGE =
2
N ∑N

i=1
|Pi − Oi|
|Pi + Oi|

(7)

where, N is the total number of measurements, Pi is the predicted concentration, and Oi is
the corresponding observed concentration of the evaluated species.

PM2.5 model performance for daily average values is considered excellent for
Fbias ≤ ±15 and Ferror ≤ ±35%, good for Fbias ≤ ±30% and Ferror ≤ ±50%, average
for Fbias ≤ ±60% and Ferror ≤ ±75%, while there are fundamental problems in modeling
system above these values [27]. O3 model performance for hourly average values is consid-
ered good for MNB ≤ ±15% and MNE ≤ ±35% [28]. NOx model performance for hourly
average values is considered good for Fbias ≤ ±15% and FGE ≤ ±35% [28].

2.2.2. European Air Quality Index

The European Environment Agency (EEA) has proposed an air quality index for PM2.5
based on human health risks of short-term exposure according to the World Health Organi-
zation [29]. For PM2.5, good air quality is defined as daily average PM2.5 concentration from
0 to 10 µg m−3, fair from 10 to 20 µg m−3, moderate from 20 to 25 µg m−3, poor from 25 to
50 µg m−3, very poor from 50 to 75 µg m−3, and extremely poor from 75 to 800 µg m−3 (Table 2).

Table 2. European air quality index for PM2.5.

Index Level PM2.5 (µg m−3)
Good 0–10
Fair 10–20

Moderate 20–25
Poor 25–50

Very poor 50–75
Extremely poor 75–800
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The ability of SmartAQ to predict the corresponding air quality index value for the
next few days will also be evaluated.

3. Results
3.1. PM2.5 Predictions
3.1.1. Prediction of Air Quality Levels

The ability of the system to predict daily air quality was first assessed for PM2.5 based
on the European air quality index for a typical urban/suburban and a background site in
Patras (Figure 2). For the summertime, we selected the urban Trion Navarchon Square
site located in the city center in a high-restaurant density area. For the wintertime, the
suburban site of Kypseli located next to the city center was selected for the evaluation of
the system due to the high-biomass-burning activity in that area. The background site was
the University of Patras for both periods. The performance of the model for the rest of the
sites was similar to these examples (Figures S1–S4).
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Figure 2. Daily average predicted and measured PM2.5 concentrations (µg m−3) for (a) Trion Navar-
chon Square and (b) University of Patras during July 2021, (c) Trion Navarchon Square and (d) Uni-
versity during September 2021, (e) Kypseli and (f) University during December 2021, (g) Kypseli and
(h) University during March 2022. Different scales are used.

For July 2021, SmartAQ correctly predicted the air quality value in the city center, in
Trion Navarchon Square, for 28 out of the 31 days. This corresponds to a 90.3% success
rate based on the average daily PM2.5 concentrations (Figure 2a). The same success rate of
90.3% was also obtained for the suburban site of the University of Patras (Figure 2b). During
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summertime, in the city center, cooking was according to SmartAQ the most important
local PM2.5 source [15,16]. In the outskirts of the city, the pollution is mostly regional [15].

During September, the system predicted the air quality index in Trion Navarchon
Square for 26 out of the 30 days, with a success rate of 86.7%. Most of the days, the air
quality was good, with average daily predicted and measured PM2.5 concentrations lower
than 10 µg m−3 (Figure 2c). For the background area, the model predicted the air quality
with a success rate of 86.7% also (Figure 2d).

For December, the success rate in the high-biomass-burning-emission area of Kypseli
was approximately 60%, mainly due to uncertainties in the meteorological inputs (Figure 2e).
At the background University site, SmartAQ predicted the air quality index for all days
with a 100% success rate (Figure 2f).

During the spring, the model predicted the PM2.5 air quality index with a success rate
of 45% for Kypseli and 81% for the background (Figure 2g,h).

3.1.2. Mean Measured and Predicted Concentrations

Mean predicted and measured PM2.5 concentrations during the studied months are
shown in Table 3 and the corresponding SmartAQ mean bias and mean error are shown in
Table 4. In July, the highest average PM2.5 concentration was predicted in Trion Navarchon
Square, and was close to 10 µg m−3, a behavior consistent with measurements that indicated
that the average concentration at this site was 11.2 µg m−3. MB and ME were −0.9 and
2.5 µg m−3, respectively, for this area. The high PM2.5 levels in Trion Navarchon Square
were related to local cooking activity due to the high density of restaurants at this site [15,16].
For Georgiou and Drosopoulou Squares that are located in the urban core, PM2.5 was lower
than Trion Navarchon Square as these sites are less affected by restaurant emissions. For
the suburban sites of Demenika and Koukouli, average PM2.5 concentrations were lower
than in the urban core. The lowest mean PM2.5 concentration was predicted and measured
in the suburbs of the city. In Platani, the measured and predicted PM2.5 values were
5.8 and 6.5 µg m−3, respectively, with MB equal to 0.6 µg m−3 and ME 1.9 µg m−3. Similar
concentrations were predicted and measured for the University—close to 6 and 7 µg m−3,
respectively. In these background sites, local PM2.5 sources were negligible during the
summertime and the corresponding PM2.5 was transported from other areas.

Table 3. Daily mean predicted and measured PM2.5 concentrations for July, September, and December
2021 and March 2022.

July 2021 September 2021 December 2021 January 2022

Site Observed
(µg m−3)

Predicted
(µg m−3)

Observed
(µg m−3)

Predicted
(µg m−3)

Observed
(µg m−3)

Predicted
(µg m−3)

Observed
(µg m−3)

Predicted
(µg m−3)

Agia - - - - 7.8 8.1 - -
Demenika 6.9 6.7 6.1 7.7 16 16.2 16.6 18.7

Drosopoulou Sq. 7.4 8.8 7 9.4 - - - -
Georgiou Sq. 7.2 8.7 - - - - - -

Kastelokampos 6.2 7.2 6 8.7 8.5 5.5 9.1 9.9
Koukouli 7.4 7 6 7.9 11 13.8 12 18
Kypseli - - - - 21.5 19.5 17.7 26.2
Platani 5.8 6.5 5.3 8.2 5.3 4.5 6.3 9

Trion Navarchon Sq. 11.2 10.2 9.2 10.8 - - 14.5 17.3
U. of Patras 6 7 5.4 8.5 3.7 4.8 6.5 9.5

During September, a similar behavior to July was observed. The highest mean PM2.5
concentration, close to 9 µg m−3, was observed in Trion Navarchon Square and the lowest
of approximately 5 µg m−3 in the city suburbs, at the University of Patras and Platani.
The mean bias in Trion Navarchon Square was 1.7 µg m−3 and the mean error 2.3 µg m−3,
while at the University 3.2 and 3.3 µg m−3, respectively.
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During the wintertime, the highest average PM2.5 concentration of 19.5 µg m−3 was
predicted for Kypseli. The highest observed average concentration of 21.5 µg m−3 was also
measured in this site. MB and ME were equal to −2 and 6.6 µg m−3, respectively. The high
average concentrations according to SmartAQ were due to wood burning in fireplaces for
residential heating. At the University of Patras, predictions and measurements were much
lower than Kypseli with mean PM2.5 values of 4.8 and 3.8 µg m−3, respectively. MB was
equal to 1 µg m−3 and ME equal to 1.9 µg m−3. These indicate that the system had the
ability to predict well the background PM pollution during the winter.

Table 4. Mean bias (MB) and mean error (ME) for daily averaged PM2.5 predictions and measurements
for July, September, and December 2021 and March 2022.

July 2021 September 2021 December 2021 January 2022

Site MB
(µg m−3)

ME
(µg m−3)

MB
(µg m−3)

ME
(µg m−3)

MB
(µg m−3)

ME
(µg m−3)

MB
(µg m−3)

ME
(µg m−3)

Agia - - - - 0.32 3.7 - -
Demenika −0.3 2.2 1.6 2.1 −0.35 8.5 2.1 6.5

Drosopoulou Sq. 1.4 2.2 2.5 2.9 - - - -
Georgiou Square 1.5 2.1 - - - - - -
Kastelokampos 1 2.2 2.6 2.9 −3.1 4 0.8 3.1

Koukouli −0.5 2.4 1.9 2.2 2.5 6.5 6 7.8
Kypseli - - - - −2 6.6 8.5 9.9
Platani 0.6 1.9 3 3.1 −0.8 3 2.9 3.4

Trion Navarchon Sq. −0.9 2.5 1.7 2.3 - - 2.8 5.2
University of Patras 1 2.2 3.2 3.3 1.1 1.9 3 3.7

During March, high PM concentrations were observed in Kypseli and Demenika
with measured values of 17.7 and 16.6 µg m−3, respectively. The corresponding predicted
concentrations were higher and equal to 26.2 and 18.7 µg m−3.

3.1.3. Average Diurnal Patterns

The average predicted diurnal profiles of PM2.5 sources and the measured PM2.5
during the four months are depicted in Figure 3 for an urban/suburban and a background
site in Patras. The studied PM sources include both primary and secondary material.
During July, the average measured diurnal PM2.5 profile in the city center had a peak
during the night from 21:00 to 23:00 LT up to 23 µg m−3 (Figure 3a). The model reproduced
the measured nighttime peak related to cooking activity these hours as predicted by PSAT.
The cooking source according to SmartAQ contributed 54% to PM2.5 at 21:00 LT. The model
predicted another peak from 13:00 to 14:00 LT due to cooking, but there appears to be a
tendency towards overestimation. At the University, both measured and predicted average
diurnal profiles are similar and flat (Figure 3b). The local PM sources were not significant
during summer at this site, while long-range transport was the dominant source of PM2.5
with a contribution of 90% on average. The long-range transport source includes PM
emitted or produced outside the 1 × 1 km2 modeling domain and transported into the
study area as secondary PM.

During early autumn, the measured PM2.5 profile in the urban core (Trion Navarchon
Square) was similar to the summer one (Figure 3c). Both measured and predicted PM2.5
peaks during the night were due to local cooking as PSAT predicted, but there was a
tendency towards underestimation. Both predictions and measurements had a lower PM2.5
peak at noon due to cooking. In the suburbs, there was an overprediction mainly due to
overestimation of long-range transport. A peak was measured at 17:00 LT, probably due to
local emissions (Figure 3d).

For December, in the high-biomass-burning-emission area of Kypseli, SmartAQ repro-
duced well the measured high peak from 19:00 to 22:00 LT as well as the morning one due
to wood burning in fireplaces, but also the overall behavior of measured PM2.5 (Figure 3e).
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The contribution of residential biomass burning to PM2.5 was predicted to be 76% on
average. At the background site of the University, both measurements and predictions
indicated a small peak of 5 µg m−3 from 9:00 to 10:00 LT mainly due to residential biomass
burning. Another peak was measured at 20:00 LT. This peak was predicted by the model,
but it was 1 h later and it was related to wood burning (Figure 3f). The main source of fine
PM at the suburbs was regional pollution at 81% on average and residential wood burning
contributed 11%.
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Figure 3. Predicted average diurnal profiles for PM2.5 sources and measured PM2.5 for (a) Trion
Navarchon Square and (b) University during July 2021, (c) Trion Navarchon Square and (d) University
during September 2021, (e) Kypseli and (f) University during December 2021, (g) Kypseli and
(h) University during March 2022. Different scales are used.

During springtime, in the suburban area of Kypseli, there was an overprediction of
the nighttime biomass burning peak (Figure 3g). During the morning, from 8:00 to 11:00 LT,
the predicted PM2.5 was higher than the measured, probably due to the assumed biomass
burning OA emissions. The rest of the day SmartAQ reproduced well the measured average
profile. For the University site, there was also a small overprediction of PM2.5 concentra-
tions, probably due to overestimation of long-range transport of pollution (Figure 3h). The
measured peaks in the morning were not predicted by the model. This could be due to
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underestimation of wood burning emissions in this site or meteorological errors. During
the evening, the model predicted one peak at 19:00 LT mainly due to wood burning in
fireplaces and non-road transport, while the measurements indicated that the peak was
1 h later.

3.1.4. Detailed Temporal Variations

Timeseries of hourly predicted and measured PM2.5 concentrations are shown in
Figure 4 for an urban and a background site for all studied months. For July, in Trion
Navarchon Square, high PM2.5 levels were measured during most nights reaching up
to 40 µg m−3 (Figure 4a). PMCAMx reproduced the high measured peaks during the
nighttime and the smaller peaks during noon due mainly to cooking. At the University,
there were no high PM2.5 peaks and concentrations had a relatively flat profile (Figure 4b).
The PM2.5 at this site was due to long-range transport and not due to emissions from
local sources.
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Figure 4. Time series of PM2.5 concentrations (µg m−3) in (a) Trion Navarchon Square and (b) Uni-
versity during July 2021, (c) Trion Navarchon Square and (d) University during September 2021,
(e) Kypseli and (f) University during December 2021, (g) Kypseli and (h) University during March
2022. Different scales are used.

For autumn, PM2.5 concentrations in the city center were as high as the summer ones.
The model reproduced the high nighttime peaks that were related to cooking. PM2.5 levels
during most nights were higher than 30 µg m−3 (Figure 4c). In the outskirts of the city, the
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corresponding concentrations were lower due to minor PM sources in this site. There was
an overprediction of PM2.5 concentrations during the simulated period (Figure 4d).

During December, high PM2.5 levels were measured in Kypseli from early in the
afternoon until midnight (Figure 4e). The model reproduced most of the high peaks during
the nighttime due to intense wood burning, but also the overall behavior of measured
PM2.5. In the suburbs of the city, the low wood burning emissions led to lower PM2.5
concentrations (Figure 4f).

During springtime, SmartAQ reproduced the high PM2.5 peaks in Kypseli, but there
was a tendency towards overprediction (Figure 4g). PM2.5 values up to 90 µg m−3 were
predicted for most nights. In the outskirts of the city, the corresponding concentrations
were much lower during the whole month (Figure 4h).

3.1.5. Model Performance

PM2.5 model performance was evaluated for the 10 sites in Patras using first daily
temporal resolution. Soccer plots showing fractional bias as a function of fractional error are
used to illustrate this performance (Figure 5). During the summer, the model performance
was excellent for all sites (Fbias < 15% and Ferror < 35%) (Figure 5a). During September, the
SmartAQ performance was good for Trion Navarchon Square, Demenika, and Koukouli,
while it was average for Drosopoulou Square, Kastelokampos, and for the background
(University and Platani) (Figure 5b). For December, PM2.5 model performance was excellent
for the high biomass burning emissions area of Kypseli, good for Agia, Demenika, Koukouli,
and University, and average for Platani and Kastelokampos (Figure 5c). During the spring,
SmartAQ performance was excellent for Trion Navarchon Square and Demenika, good for
Kypseli and Koukouli, and average for the background sites of the University and Platani
(Figure 5d).
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Figure 5. PM2.5 model evaluation using fractional error (%) versus fractional bias (%) of daily PM2.5

concentrations for several sites in Patras during (a) July 2021, (b) September 2021, (c) December 2021,
and (d) March 2022.
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3.2. NOx Predictions

The average predicted diurnal profile of NOx sources and the measured NOx diurnal
profile for Drosopoulou Square during July and December 2021 is depicted in Figure 6.
During summer, SmartAQ reproduced the high measured NOx peak early in the morning
(8:00 LT) and at night, from 22:00 to 23:00 LT. This is mainly due to local transportation
according to PSAT (Figure 6a), which was responsible for 30% of the NOx on average.
During the night, the local traffic contribution to the predicted NOx increases to 80% at
22:00 LT. In addition, the model reproduced well the average overall behavior of measured
NOx for the rest of the day. The average predicted NOx concentration was about 16 ppb
and the measured was 20 ppb. Mean bias for daily averaged NOx concentrations was
−3.8 ppb and mean error was equal to 5.2 ppb, while Fbias and Ferror were −23% and
30%, respectively. For the wintertime, the system reproduced the high measured NOx peak
during the nighttime, which is mainly due to residential biomass burning according to
PSAT (Figure 6b). During the rest of the day, SmartAQ underpredicted the measured NOx
values mainly due to uncertainties in the corresponding domestic biomass burning and
transport emissions during winter. Mean bias for daily averaged NOx concentrations was
−19 ppb and mean error was equal to 26 ppb, while Fbias and Ferror were −55% and
70%, respectively.
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Figure 6. Average diurnal profile of sources of NOx concentrations (ppb) in Drosopoulou Square
during (a) July 2021 and (b) December 2021 for the 1 km resolution grid.

Predicted and measured NOx hourly variations for July and December 2021 are shown
in Figure 7. During the summer month, in Drosopoulou Square, both SmartAQ and mea-
surements indicate high NOx levels early in the morning and during the nighttime. NOx
is emitted mainly from transportation and peaks during rush hours. For wintertime, the
SmartAQ reproduced most of the measured NOx peaks, but there are days (12–17/12 and
22–24/12) that it seriously underpredicted the corresponding values due to uncertainties in
residential biomass burning emissions and meteorology.

For July, the model performance of hourly NOx was average for Drosopoulou Square
with fractional bias and fractional gross error of −35% and 60%. For December, NOx
model performance had fundamental problems that need to be corrected in future work
(Fbias = −80% and FGE = 100%).
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Figure 7. Time series of NOx concentrations (ppb) in Drosopoulou Square during (a) July 2021 and
(b) December 2021 for the 1 km resolution grid.

3.3. O3 Predictions

The average diurnal profile of predicted and measured O3 during July 2021 indicated
good performance with a tendency towards underestimation of O3 in Drosopoulou Square
(Figure 8). During the day, predicted and measured O3 reached a minimum at 8:00 LT
when the NOx peaked, while during the night the predicted minimum was 14 ppb less
than the measured value.
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Figure 8. Average diurnal profile of O3 concentrations (ppb) in Drosopoulou Square during July 2021.

Time series of hourly O3 measurements and predictions during that period for
Drosopoulou Square are shown in Figure 9. SmartAQ reproduces the peaks and the
overall behavior of measurements, but most of the days there was an underprediction of
the peaks. The average measured O3 concentration during the month was 40 ppb and the
predicted 34 ppb. Mean bias was of about −5.9 ppb and mean error 6.6 ppb. During the
summertime, normalized mean bias in hourly averaged O3 concentrations was −15% and
the normalized mean error 22%. Those values achieved the performance goals for hourly
O3 modeling of EPA [30] and the model performance is considered good [28].
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4. Conclusions

We evaluated the SmartAQ performance for a summer, autumn, winter, and spring
month for the city of Patras at high spatial resolution of 1 × 1 km2. The system had
excellent PM2.5 performance during the summertime, with a mean bias and mean error of
approximately −0.9 and 2.5 µg m−3, respectively, in the city center, in the high-restaurant-
density area. SmartAQ reproduced the high measured PM2.5 nighttime peaks that were due
to cooking activity. In the suburbs, the system reproduced the transported PM, with mean
bias ranging from 0.6–1 µg m−3 and mean error close to 2 µg m−3. Long-range transport
was the most important PM source in the city center (63% on average), while cooking was
the dominant local PM source of pollution in the urban core during summer (24% of the
fine PM on average). During the nighttime, at 21:00 LT, cooking was the dominant source
of PM2.5, contributing approximately 55% of the total concentration.

PM2.5 concentrations during September were similar to the summer ones for both the
urban core and suburbs. In autumn, local PM sources were similar to the summer ones,
while cooking was again the dominant local source (20% of the fine PM on average) in the
urban core.

During winter, the highest PM2.5 levels were predicted for the suburban areas that
are characterized by high OA emissions from fireplaces. The model predictions at these
suburban areas had a mean bias from −2 to 2.5 µg m−3 and mean error less than 8.5 µg m−3,
while for the background sites mean bias ranged from −0.8 to 1 µg m−3 and mean error
up to 3 µg m−3. Residential biomass burning dominated the particulate source contribu-
tions during winter in the urban and suburban core (67–76% on average). The SmartAQ
system had the ability to reproduce the high PM2.5 nighttime and morning peaks in the
suburban areas due to wood burning in fireplaces, but also the transported pollution at the
background sites.

For early spring, PM2.5 concentrations in the high-biomass-burning-emission areas
were overestimated, while there was an overprediction also of background PM pollution
probably due to overestimation of transported pollution in this site.

Model performance of NOx during summer was average in the city center mainly
due to uncertainties in the transportation sector emissions, while during the wintertime
NOx model performance had fundamental problems due to the lack of biomass burning
emissions. On the other hand, O3 model performance was good for the city center in
summertime. SmartAQ reproduced well the NOx and O3 concentrations during the sum-
mertime, but there was a serious underestimation of wintertime NOx during the day. The
major local source of NOx during the summer was road transport while both biomass
burning and transportation were significant during the winter. The wintertime sources of
NOx, especially during the day need to be reevaluated.

Uncertainties in meteorology lead to errors in forecasts, especially during winter.
Uncertainties in particle phase measurements by the low-cost sensors may also contribute
to the discrepancies between predictions and observations. A better spatial and day-to-day
distribution of residential biomass burning emissions in the urban area would contribute to
the reduction in wintertime prediction errors. In addition, uncertainties in emission rates
used by SmartAQ can lead to errors in predicted concentrations and, as a result, potential
corresponding errors in predicted sources contributions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos15010008/s1, Figure S1: Daily average predicted and mea-
sured PM2.5 concentrations (µg m−3) for (a) Georgiou Square, (b) Drosopoulou Square, (c) Koukouli,
(d) Platani, (e) Kastelokampos and (f) Demenika during July 2021; Figure S2: Daily average predicted
and measured PM2.5 concentrations (µg m−3) for (a) Drosopoulou Square, (b) Koukouli, (c) Platani,
(d) Kastelokampos and (e) Demenika during September 2021; Figure S3: Daily average predicted and
measured PM2.5 concentrations (µg m−3) for (a) Agia, (b) Koukouli, (c) Platani, (d) Kastelokampos
and (e) Demenika during December 2021. Different scales are used; Figure S4: Daily average pre-
dicted and measured PM2.5 concentrations (µg m−3) for (a) Trion Navarchon Square, (b) Koukouli,
(c) Platani, (d) Kastelokampos and (e) Demenika during March 2022. Different scales are used.

https://www.mdpi.com/article/10.3390/atmos15010008/s1
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