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Abstract: A new sensitivity analysis with the Comprehensive Air Quality Model with Extensions
(CAMx) using a traditional two-product scheme (SOAP) and the newer Volatility Basis Set (VBS)
algorithm for organic aerosol (OA) calculations is presented. The sensitivity simulations include
the default versions of the SOAP and VBS schemes, as well as new parametrizations for the VBS
scheme to calculate emissions and volatility distributions of semi- and intermediate-volatile organic
compounds. The focus of the simulations is the summer season (May to July 2013), in order to
quantify the sensitivity of the model in a period with relatively large photochemical activity. In
addition to the model sensitivity, we validate the results with ad hoc OA measurements obtained
from aerosol mass spectrometers at two monitoring sites. Unlike winter cases previously published,
the comparison with experimental data showed limited sensitivity to total OA amount, with an
estimated increase in OA concentrations limited to a few tenths of µg m−3, for both the primary and
secondary components. We show that the lack of pronounced sensitivity is related to the effect of the
new parametrizations on different emissions sectors. Furthermore, the minor sensitivity to the new
parametrizations could be related to the greater partitioning of OA towards the gaseous phase in the
summer period, thus reducing the organic fraction in the aerosol phase.

Keywords: particulate matter; organic aerosol; modeling; VBS; Po Valley; sensitivity analysis

1. Introduction

Air quality is one the most relevant environmental issues due to its adverse effects
on human health and influence on radiative budget and climate processes. Particularly,
exposure to airborne particulate matter (PM) still represents a major concern for most of the
world’s population. As an example, recent studies [1] confirmed that in 2020 the long-term
WHO Air Quality Guideline for PM2.5 (5 µg m−3) was exceeded at 92% of the stations
located in countries of the EU-27.

Experimental data [2] pointed out that organic aerosol (OA) represents a relevant
fraction of fine PM, ranging between 20% and 40% of the total PM1 mass. However, chemi-
cal transport models (CTMs) generally underestimate OA concentrations [3–5], given the
complexity and number of chemical and photochemical reactions involving thousands
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of organic compounds present in the atmosphere. Traditional modeling schemes [3] that
consider a simplified description of the evolution of volatile organic compounds (VOC) and
primary organic aerosol (POA) showed difficulties especially in the reproduction of sec-
ondary organic aerosol (SOA) [2,6,7]. These difficulties can be partially overcome with the
recent development of the “volatility basis set” (VBS) scheme [8,9], which introduces addi-
tional categories of organic species, namely, the semi-volatile organic compounds (SVOCs)
and the intermediate VOCs (IVOCs), and treats primary organic aerosol directly emitted by
the sources as semi-volatile and reactive. In the VBS scheme, POA as well as SVOCs are
partially transferred to the gaseous phase, where they may undergo a subsequent oxidation
and then partially condense back to the aerosol phase, due to a decrease in their volatility,
increasing the amount of the modeled SOA fraction. Furthermore, IVOCs enhance the
production of SOA through their atmospheric oxidation and the further formation of less
volatile species, contributing to an overall improvement of model performance [10–12].

In a recent study by Giani et al. 2019 [13], the use of the VBS scheme, along with
the introduction of new source-specific parameterizations of IVOC emissions [14,15] and
the revision of SVOC and POA emissions and related volatility distributions [16,17], led
to significant improvements in the reproduction of OA, POA, and SOA concentrations
in the Po Valley. This study was based on the Comprehensive Air Quality Model with
Extensions (CAMx v.6.40) [18] chemistry and transport model on two nested domains
including Italy and the Po Valley area and analyzed the winter season (February and March
2013). The simulations were validated with OA composition obtained from positive matrix
factorization (PMF) analysis of experimental data from measurement campaigns carried
out with aerosol mass spectrometers at the sites of Bologna and Ispra, respectively [19].

Aiming to explore the differences in model sensitivity during low (winter) and large
(summer) photochemical activity, the present study analyzes the performance of new
sensitivity simulations during the summer season of 2013. A similar methodology to Giani
et al. 2019 [13] is used and the sensitivity of the VBS scheme, new S/IVOC parametrizations,
and POA volatility distributions is discussed for the Po Valley case study.

2. Materials and Methods
2.1. Model Setup

The overall modeling setup follows previous studies [13,19] and is based on CAMx
v6.40 to simulate transport, dispersion, and photochemical reactions of several chemical
compounds over the Po Valley area (Northern Italy). The computational domain consists
of two nested grids covering the whole Italian peninsula and the Po Valley area with
spatial resolutions of 15 km and 5 km, respectively (Supplementary Materials, Figure S1).
The input three-dimensional meteorological fields are calculated offline with the Weather
Research and Forecasting model (WRF, [20]). The Sparse Matrix Operator for Kernel Emission
(SMOKE, [21]) is used to compute hourly anthropogenic emission fields, combining data
from the Italian national emission inventory, which provides emissions disaggregated for
the province [22] and from local inventories for the regions in the Po Valley (Lombardia,
Piemonte, and Veneto), which provide detailed emissions data at the municipality level
based on the INEMAR methodology [23]. We merge SMOKE emissions with biogenic and
sea salt emissions from MEGAN v2.03 [24] and SEASALT [25], respectively, to provide
the final hourly emission fields to CAMx. Further details on emission preprocessing are
reported by Giani et al., 2019 [13]. While in the previous studies [13,19] the focus was on
the cold season, in this work the simulation covers the spring–summer period from May
2013 to July 2013.

We run multiple simulations to test the sensitivity of CAMx to different input features
and computational schemes related to organic aerosol. Table 1 summarizes the four different
simulations considered in this work. The first two simulations (the control simulations)
feature the default SOAP [26] and VBS [27] schemes in CAMx (SOAP-CNTL and VBS-
CNTL, respectively). The third simulation (VBS-NEWIVOC) uses the VBS scheme with
modifications in the IVOC emissions from traffic and biomass burning. The last one (VBS-
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NEWIVOC+VD) builds on VBS-NEWIVOC and adds further revisions of organic aerosol
emissions in the semi-volatile range and of their volatility distributions. The effect of
revising the volatility distributions is to redistribute the total mass of organic semi-volatile
material (OMSV) among non-volatile POA and the different volatility bins for SVOC. In
the control simulations, the total emissions of SVOC and IVOC are likely underestimated
as the literature shows that official emission inventories only include a fraction of SVOC
emissions [13,28].

Table 1. Labels and main features of the simulations presented in this work.

Simulation Label OA Scheme Main Features

SOAP-CNTL SOAP Control SOAP
VBS-CNTL VBS Control VBS

VBS-NEWIVOC VBS New parametrizations of IVOC

VBS-NEWIVOC+VD VBS New parametrizations of IVOC
New volatility distributions for POA

The modifications we introduce with VBS-NEWIVOC simulation are new IVOC
parametrizations proposed by experimental studies in the organic aerosol community.
For biomass burning emissions, we follow the work of Ciarelli et al., 2017 [14], based
on smog chamber wood combustion experiments in Europe. For gasoline and diesel
vehicle emissions, we introduce revisions based on dynamometer experiments with on-
road diesel and gasoline vehicles and small off-road diesel and gasoline engines [15,16].
IVOC emissions from other sectors are calculated as 1.5×POA [13,29]. Using these new
parametrizations, for the summer period we obtain an approximately three-fold increase
in emissions of IVOC over the entire computational domain, compared with the control
simulations that rely on traditional inventories. The three-fold increase is similar to the
winter period considered in Giani et al., 2019 [13], as shown in Table 2 for February 2013
and May 2013. The comparison between the different contributions during the winter and
summer seasons highlights that IVOC traffic emissions are of the same order of magnitude
in both seasons (despite a marginal increase in summer), whereas biomass-burning-related
IVOC emissions drop drastically (~4 times) in summer, as a result of lower wood-burning
activities compared with the cold season.

Table 2. Total VOC emissions (103 kg month−1) over the Po Valley computational domain dur-
ing February and May 2013, and contributions of each emissions sector (GV: gasoline vehicles;
DV: diesel vehicles; BB: biomass burning; and OT: other sources). Control refers to the total emis-
sions in SOAP_CNTL and VBS_CNTL simulation, IVOC revised in VBS-NEWIVOC, and VBS-
NEWIVOC+VD simulation.

Period Simulation GV DV BB OT Total

February 2013

Control 119.9 556.3 9461.3 462.5 10,600.1
IVOC Revised 276.1 3137.2 29,960.8 462.5 33,836.6

IVOC Revised/Control
ratio 2.30 5.64 3.17 1.00 3.19

May 2013

Control 153.2 699.9 2241.9 515.9 3611.0
IVOC Revised 353.8 4011.0 7099.5 515.9 11,980.1

IVOC Revised/Control
ratio 2.31 5.73 3.17 1.00 3.32

In the last simulation (VBS-NEWIVOC+VD), we also revise OMSV emissions, i.e., the
total organic matter in the semi-volatile range. In the previous VBS simulations, we assume
that the total OMSV is equal to the POA from official emission inventories and we use the
default volatility distributions in CAMx [27] to distribute the POA mass across volatility
bins in the semi-volatile range. However, as several studies have questioned the validity
of these assumptions [13,30], we revise the total amount of OMSV emissions as well as
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their volatility distributions based on recent experimental works (Figure S23). For gasoline
and diesel vehicles, we use volatility distributions from Zhao’s works [15,16] along with
revised values of OMSV emissions, calculated based on the ratio R between IVOC and
OMSV from Zhao’s complete volatility distributions (i.e., OMSV = IVOC/R). Specifically,
the ratio R is constrained to 2.54 and 4.62 for gasoline and diesel vehicles, respectively. For
biomass burning, we use a different approach because suitable volatility distributions to
update CAMx default values are not available from the experimental study of May et al.,
2013 [31]. Based on the updated inventory of Denier van der Gon et al., 2015 [17], we
multiply the emissions of OMSV from the control simulations by a correction factor of 1.34,
which represents the ratio of OM emissions with and without the condensable fraction for
Italy. This approach allows including the SVOC emissions in the total OMSV matter, which
is otherwise excluded from conventional emission inventories.

The new revisions of OMSV emissions and their volatility distributions entail a signifi-
cant increase in OMSV (Table 3), as already shown for the winter period. The increase in
OMSV total emissions over the Po Valley computational domain and the entire simulation
period is approximately 35% for gasoline and biomass burning sources and 85% for the
diesel vehicles source, which confirm that current emission inventories do not account
for SVOC emissions and condensable organics for traffic emissions. Table 3 also shows
the important seasonality of OMSV biomass burning emissions, which—as for the IVOC
ones—are significantly lower in the summer due to the reduced wood-burning activity for
household heating. On the other hand, gasoline and diesel OMSV and IVOC emissions
show a smaller seasonality effect, despite marginally increasing compared with the win-
ter period, due to the monthly modulation profiles adopted by the emission processing
tool [32].

Table 3. Total OMSV emissions (103 kg month−1) over the Po Valley computational domain
during February and May 2013, and contributions of each source sector (GV: gasoline vehicles;
DV: diesel vehicles; BB: biomass burning; and OT: other sources). Control refers to the total emis-
sions in SOAP_CNTL, VBS_CNTL, and VBS-NEWIVOC simulation, and OMSV revised in VBS-
NEWIVOC+VD simulation.

Period Simulation GV DV BB Total

February 2013
Control 80.0 370.9 6307.5 6758.4

OMSV Revised 108.8 679.3 8452.1 9240.2
Ratio OMSV Revised/Control 1.36 1.83 1.34 1.37

May 2013
Control 102.2 466.6 1494.6 2063.4

OMSV Revised 139.5 868.6 2002.8 3010.9
Ratio OMSV Revised/Control 1.37 1.86 1.34 1.45

2.2. Model Performance Evaluation

We analyze different observational datasets to gain insights into the model perfor-
mance compared with measured data and to interpret the sensitivity of CAMx to different
input features and computational schemes. Data from monitoring networks operated by
the regional Environmental Agencies of the Po Valley were used to evaluate the model-
ing chain performance in calculating meteorological parameters (temperature, absolute
humidity, winds, precipitation, and solar radiation) and criteria pollutants (SO2, NOx, O3,
PM10, and PM2.5). PM speciation data into inorganic ions (nitrate, sulfate, and ammonium),
elemental carbon (EC), and organic matter are available at a few selected sites (Figure S1).
For organic matter, aerosol mass spectrometer measurements (AMS) are available at two
different locations, in Ispra (northern part of the domain, classified as rural background
characterized by anthropogenic emissions) and Bologna (southeastern part of the domain,
classified as urban background). Ispra measurements are available for the entire simulation
period (May–July 2013), whereas Bologna measurements are only available for May 2013.
Further details about the observational dataset at both sites can be found in Bressi et al.,
2016 [33], Gilardoni et al., 2016 [34], and Paglione et al., 2020 [35]. At these two sites,
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positive matrix factorization (PMF) analysis allows further identifying key components of
the total OA, i.e., hydrocarbon-like OA (HOA), biomass burning OA (BBOA), and several
types of oxygenated OA (OOA). In our evaluation, we match traffic-derived POA with the
HOA factor, biomass-burning POA with the BBOA factor, and total SOA with the sum of
the different OOAs, similarly to Giani et al., 2019 [13]. It should be noted that the three
OA-related factors (HOA, BBOA, and the sum of OOAs) are treated as measured data (to
compare with), although they actually derive from PMF modeling work and therefore carry
some inherent uncertainty.

The model performance evaluation is based on a visual comparison of observed and
measured data through time series and data scatter plots, as well as on a quantitative
assessment with a few statistical indicators, including the index of agreement (IOA), the
correlation coefficient, the mean bias (MB), the fractional (FB) and mean fractional bias
(MFB), and the fractional (FE) and mean fractional error (MFE). All the statistical indicators
used in this work are properly defined in the Supplementary Materials.

3. Results
3.1. Overall Model Validation

The general performance of the meteorological (WRF) and air quality model (CAMx)
is evaluated based on data from the monitoring networks operated by the regional Envi-
ronmental Agencies of the Po Valley. The main findings of these evaluations are reported
below and additional details are given in the Supplementary Materials.

Overall, the WRF model manages to reproduce all the meteorological parameters
considered quite well (mixing ratio, ground-level temperature, wind speed and direction,
precipitation, and solar radiation; Figures S2–S4). However, it shows some difficulties in
reconstructing precipitation (negative bias for the intensity of peak events and missing the
event at the end of June) and wind intensity (not easy to simulate especially in conditions
of weak circulation typical of the Po Valley). Such shortcomings in the reproduction of
wind conditions were also highlighted by site-specific analyses at Ispra and Bologna, where
the wind intensity was generally underestimated, especially in case of strong winds, and
its time pattern was poorly reconstructed (Figure S5). Conversely, both night- and day-time
temperature lapse rate were well reproduced at both sites of the Po Valley where vertical
measured profiles are available (Figures S6 and S7).

The performance of the CAMx model is evaluated both based on monitoring network
data for criteria pollutants (i.e., SO2, NOx, O3, PM10, and PM2.5) and on PM composition
data (NH4, NO3, SO4, and EC) available at Ispra, Bologna, San Pietro Capofiume, Milano,
Parma and Rimini (only EC at the last two).

The model performance for O3, NOx, and SO2 (Figure S8, Table S1) at the regional
scale is overall satisfactory, properly reproducing the spatial distributions of ambient
concentrations that reflect the location of urban and high-density traffic areas (main NOx
sources) and of industrial sites (SO2 sources). For PM10 and PM2.5, (Figure S8d,e) CAMx
clearly overestimates the observations of May (especially in the first ten days) and June,
while in July the concentration levels and the temporal trend were very well reproduced.
PM composition data show that these discrepancies are associated with both an excess of
modeled EC and inorganic salts. In fact, EC is slightly overestimated during the whole
period (Figure S9), likely because of an EC/OC emission ratio still too high, as already
pointed out by wintertime studies for the area [13]. Such discrepancy could also have
a partial influence on OM underestimation, particularly at the Ispra site. Conversely, the
higher concentrations of inorganics salts (Figures S10–S12) are potentially induced by
a wrong meteorological input, namely, rainfall and wind speed underestimation. The
former resulted in additional gas-phase formation and reduced deposition, the latter in
limited atmospheric dispersion and pollutant buildup, as confirmed by the concurrent
overestimation of NOx at the end of May.
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3.2. Organic Aerosol Reproduction
3.2.1. Ispra Site

At this site, OA data are available for the whole quarter, with hourly concentration
levels usually below 10 µg m−3 except for a mid-June week, when OA was constantly
in the 10–20 µg m−3 range, and for some isolated peak events in late July. Values of the
performance indicators computed for OA, POA, SOA, as well as for hydrocarbon-like
OA (HOA) and biomass burning OA (BBOA) in VBS simulations, are summarized for the
four simulations in Table S1. Base-case SOAP and VBS simulations give similar results
with a fairly good agreement with observations (IOA = 0.75), though with a common
underestimation tendency (MB = −1.6 µg m−3 for SOAP-CNTL and −2.0 µg m−3 for
VBS-CNTL) but both missing the high concentration period in June (Figure S13). Due to
the partial transfer of POA to the vapor phase, the VBS scheme estimates slightly lower
concentrations of OA, thus worsening the performance of the model, especially in terms
of MFB (from −24.7% to −41.8%). The performance of the VBS scheme improves with
the revision of IVOC parametrization: IOA increases from 0.75 to 0.77, MFB decreased
from −41.8% to −30.8%, and the MB (−1.4 µg m−3) becomes even smaller than for SOAP-
CNTL (Figure 1). Still, the model is not able to reproduce some of the high-concentration
events observed in June and July that are mainly responsible for the negative bias of the
simulation. Such a better performance was the consequence of a more accurate reproduction
of both the primary and, most of all, of the secondary fraction of OA, which accounts for
more than 80% of OA mass. For SOA (Figure 2), the improvement is shown by the
increased IOA (from 0.72 for VBS-CNTL to 0.76) and the reduction in MFB (from −60.0%
to −46.1%). For POA (Figure 3), improvements come with a slightly lower MFB (from
−1.8% to −0.7%), due to small changes in the reproduction of its main fractions, HOA
(hydrocarbon-like OA) and BBOA (biomass-burning OA). With respect to VBS-CNTL, the
MFB for HOA decreases from −41.8% to −40.6%, with IOA still about 0.62; conversely, MFB
for BBOA increases from 44.1% to 45.0%, with no substantial change for IOA (from 0.27
to 0.28). Thus, HOA remains underestimated and BBOA overestimated (Figure S14) and
their extremely limited variations did not affect the agreement between the observed and
simulated overall concentrations of POA (Figure 3). Concerning BBOA, it is worth noticing
that VBS simulations in the June–July period estimate concentration levels similar to those
of the previous month of May, on average around 0.5 µg m−3, whereas the concentrations
obtained from the PMF analysis are constantly zero. In fact, PMF analysis, separately
conducted for the months March–May and June–August [29], fails to identify the presence
of BBOA in the OA mass of the warmer months, probably due to an actual contribution
too small to be quantified by the statistical model. Nevertheless, a wrong time pattern for
BBOA emissions in the summer period could also be responsible for the observed mismatch
between model results and observations. Thus, the performance indicators for BBOA are
computed over the month of May only (Table S2). However, the overestimation of BBOA
in June–July does not significantly affect the performance of the model for POA and total
OA over the whole quarter because of the small contribution of BBOA to the OA mass in
the summer period.
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The introduction of the OA volatility revisions in the VBS scheme results in a further
improvement in the overall model performance (Figure 4), with an additional reduction
in MFB (from −30.8% to −24.6%) and an increase in IOA (from 0.77 to 0.78), once again
driven by the better reproduction of SOA in spite of a worse reproduction of POA. For
SOA (Figure 5), MFB decreases to −43.0% (from −46.1%) and IOA increases to 0.78 (from
0.77); conversely, for POA (Figure 6), MFB increases to 13.3% (from −0.7%) with no change
for IOA (0.63). The positive MFB for POA is determined by the additional overestimation
of BBOA fraction (MFB = 61.6%) that offsets the better reproduction of HOA (Figure S15),
characterized by reduced underestimation (MFB from −40.6% to −31.5%) and increased
agreement (IOA from 0.62 to 0.64). Nevertheless, in spite of the better general performance,
the model is still not able to reproduce the high concentration event in mid-June, when SOA
concentrations remained largely underestimated. During those days, peculiar meteorologi-
cal conditions, driven by rather low wind speed and very high relative humidity values,
resulted in enhanced secondary formation processes that are generally captured and even
overestimated by CAMx, as also suggested by the high concentrations of secondary sulfate.
The only exception is OA, mainly driven by SOA underestimation, suggesting that some
OM formation processes are not properly reproduced yet.
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Figure 6. Comparison among modeled and observed (PMF results, black) POA concentrations
during May–July 2013 at the Ispra site: VBS scheme with new parameterizations for IVOC emissions
(VBS-NEWIVOC, blue) and VBS scheme with new parameterizations for IVOC emissions and revised
volatility distribution (VBS-NEWIVOC+VD, red).

The analysis of the daily time patterns shows different behaviors for SOA and POA
reproduction but with the common feature of a strong underestimation of nocturnal con-
centration levels (Figure 7). On average, the time pattern of SOA is well reproduced but
with a 2 h anticipation and clear underestimation (up to about 2.5 µg m−3) for almost the
whole day that not even both VBS revisions are able to fill. Conversely, for POA the model
encounters greater trouble with the daily pattern but reasonably captures the magnitude
of the concentration levels likely due to BBOA overestimation balancing HOA underes-
timation. The difficulty of the model in reproducing the time pattern of POA is mainly
caused by the poor reproduction of the time profile of HOA (Figure S16), likely because
of the missed decrease in their emission in the central hours of the day (Figure S21) and
a possible underestimation of the nighttime accumulation.
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Figure 7. Mean diurnal profile of observed (PMF results, black) and modeled POA (a) and SOA
(b) concentrations at the Ispra site for the quarter period of May–July 2013: VBS base simulation
(VBS-CNTL, green) and VBS scheme with new parameterizations for IVOC emissions and revised
volatility distribution (VBS-NEWIVOC+VD, red).

3.2.2. Bologna Site

At this site, OA data are available only for May (6th–24th), with hourly concentration
levels usually below 4 µg m−3 and an isolated peak event on May 9th (values up to about
8 µg m−3). Values of the performance indicators computed for total OA and its components
are summarized in comparison with the four simulations in Table S3. SOAP and VBS control
simulations (Figure S17) give similar results but with lower agreement with observations
and a larger overestimation tendency for SOAP (MB = 1.25 µg m−3, IOA=0.62, Table S3)
than for the VBS scheme (MB = 0.98 µg m−3 IOA=0.65). In fact, the VBS scheme is more
accurate on POA reproduction (MFB = 67.4% vs. 92.0% of SOAP), while behaving similarly
to SOAP on SOA (MFB = 25.5% vs. 29.2% of SOAP).

The revised IVOC parametrization worsens the performance of the VBS scheme for
OA (Figure 8), with a larger bias and error and a lower agreement (IOA = 0.65) because
of the increased SOA levels (Figure 9). MB (1.23 µg m−3) and MFB (41.2%) for SOA are
almost double than in the base case (0.76 µg m−3 and 25.5%, respectively), whilst POA con-
centration does not show relevant change (Figure 10) and remains slightly overestimated,
overall (MFB = 68.5%) and in both its fractions (MFB = 78.5% for HOA and 62.7% for BBOA,
Figure S18). The further revisions on OA volatility increase the overestimation of both SOA
(Figure 11) and POA (Figure 12), and consequently of the overall OA concentration levels
(Figure 13). For OA, MB rose up to 1.67 µg m−3 (from 0.98 µg m−3 in VBS base case) and
MFB to 46.3% (from 29.3%), so that IOA is as low as 0.53 (from 0.62). The revisions mostly
affect the BBOA fraction (Figure S19), whose MFB increase by 15% (up to 77.6%), whereas
HOA (Figure S19) and SOA suffer only a 3% increase in their MFBs. Thus, the clear overes-
timation of OA concentrations at the beginning of the monitoring period, already present
in the base case and affecting all OA fractions, increases even more with the introduction of
VBS revisions and lowers the performance of the model.
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Figure 8. Comparison among modeled and observed (black) OA concentrations in May 2013 at the
Bologna site: VBS base scheme (VBS-CNTL, green) and VBS scheme with new parameterizations for
IVOC emissions (VBS-NEWIVOC, blue).
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Figure 9. Comparison among modeled and observed (PMF results, black) SOA concentrations in
May 2013 at the Bologna site: VBS base scheme (VBS-CNTL, green) and VBS scheme with new
parameterizations for IVOC emissions (VBS-NEWIVOC, blue).
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Figure 10. Comparison among modeled and observed (PMF results, black) POA concentrations
in May 2013 at the Bologna site: VBS base scheme (VBS-CNTL, green) and VBS scheme with new
parameterizations for IVOC emissions (VBS-NEWIVOC, blue).
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Figure 11. Comparison among modeled and observed (PMF results, black) SOA concentrations
in May 2013 at the Bologna site: VBS scheme with new parameterizations for IVOC emissions
(VBS_NEWIVOC, blue) and VBS scheme with new parameterizations for IVOC emissions and
revised volatility distribution (VBS-NEWIVOC+VD, red).
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Figure 12. Comparison among modeled and observed (PMF results, black) POA concentrations
in May 2013 at the Bologna site: VBS scheme with new parameterizations for IVOC emissions
(VBS_NEWIVOC, blue) and VBS scheme with new parameterizations for IVOC emissions and
revised volatility distribution (VBS-NEWIVOC+VD, red).
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Figure 13. Comparison among modeled and observed (black) OA concentrations in May 2013 at the
Bologna site: VBS scheme with new parameterizations for IVOC emissions (VBS-NEWIVOC, blue)
and VBS scheme with new parameterizations for IVOC emissions and revised volatility distribution
(VBS-NEWIVOC+VD, red).
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The analysis of the daily patterns (Figure 14) clearly highlights the overestimation
of both POA and SOA, which already affects the base case VBS simulation and is further
increased by the IVOC and volatility revisions but shows that the shape of the concentration
profiles was satisfactorily reproduced. However, the model simulations depict POA profiles
that miss the fairly constant concentration levels observed in the morning, their sharp
decrease in the afternoon, and the magnitude of the evening peak, actually driven by a few
events (3 days with POA in the 2–3 µg/m3 range at 11 PM). As for the site of Ispra, the
model difficulties with the time pattern are mainly caused by the wrong reproduction
of HOA time profile (Figure S20), which is almost constant in the model results. Such
a discrepancy is probably related to an underestimation of atmospheric dispersion, as
shown by the underestimation of the wind speed in Bologna, particularly during afternoon
hours (Figure S5) and also partially enhanced by the hourly emission profile (Figure S21)
characterized by an almost flat profile during the central hours of the day. SOA levels are
systematically overestimated throughout the whole day, with the only exception of morning
hours in VBS-CNTL simulation when they exactly match the observations. Despite the
overestimation, the time pattern of SOA is better reproduced, albeit with some difficulty in
the early afternoon hours, due to the delay in the concentration decrease.
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Figure 14. Mean diurnal profile of observed (PMF results, black) and modeled POA (a) and SOA
(b) concentrations at the Bologna site for May 2013: VBS base simulation (VBS-CNTL, green) and
VBS scheme with new parameterizations for IVOC emissions and revised volatility distribution
(VBS-NEWIVOC+VD, red).

4. Discussion

In general, enhancing the VBS scheme with revisions on the IVOCs parameterizations
and on the volatility classes does not show particularly clear effects on the results of the
simulations for the spring–summer period. The revisions on IVOC emissions mainly lead
to the increase in SOA concentrations, while those on OM volatility lead to the increase in
POA concentrations. These effects are clearly highlighted in Figure 15, which shows the
spatial distribution of the additional response of the VBS scheme, first to IVOC emission
revisions (middle panels), then to OM volatility (right panels), in terms of contributions to
the average concentrations of POA and SOA over the Po Valley for the summer quarter
from May to July 2013. In particular, the variations of POA are localized around the main
emission areas. Instead, those of SOA, precisely due to its secondary nature, are more
uniformly distributed in the basin. However, larger variations still occur in correspondence
with the more urbanized areas, where the emissions of precursors are greater.
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Figure 15. Modeled POA and SOA average concentrations for the quarter period of May–July 2013:
VBS-CNTL (left panels), estimated contribution of IVOC emission revision (middle panels, difference
between VBS-NEWIVOC and VBS-CNTL simulation) and estimated contribution of OM volatility
revision (right panels, difference between VBS-NEWIVOC+VD and VBS-NEWIVOC simulation).

Simulation results for the spring–summer period indicate that the new parametriza-
tions lead to variations in estimated OA concentrations less relevant than those found
for the winter case [13] and mostly related to SOA. With respect to the VBS base case, at
the two reference sites the increase in POA and SOA monthly concentrations for May
2013 is in the 13.1–22.4% range (i.e., 0.10–0.15 µg m−3) and in the 16.2–26.7% range
(i.e., 0.44–0.47 µg m−3), respectively; corresponding figures for March 2013 are in the
10.6–31.4% range (i.e., 0.90–1.21 µg m−3) for POA and in the 136.8–155.4% range
(i.e., 2.02–2.60 µg m−3) for SOA. The smaller effect observed for the warm season esti-
mates is reasonably due to the combination of different reasons:

• The changes in IVOC emissions only concern anthropogenic sources (road traffic
and biomass combustion), but the effects of those relating to biomass combustion
are counterbalanced by the significant reduction in the activity of this source in the
warm season;

• In the warm season, SOA of biogenic origin contribute much more significantly to the
overall mass of SOA, thus masking the effect of the increased anthropogenic emissions;

• Warm season conditions, namely, ambient temperature, favor the partitioning of
organic compounds in the vapor phase rather than in the particulate one, contributing
to further limiting the effect of the increased IVOC emissions on aerosol production.

Even though limited to a few tenths of µg m−3, the increase in POA and SOA concen-
trations has a different impact on total OA reproduction at the reference sites in the warm
season, compared with the cold season, as shown by the pie charts (Figures 16 and 17) in
March and May of 2013. In the cold season, VBS-CNTL results largely underestimate OA
concentration at both sites: at Ispra and Bologna missing OA mass is about 10.1 µg m−3

(67% of the observed 14.9 µg m−3) and 4.1 µg m−3 (50% of the observed 8.0 µg m−3), respec-
tively. Thus, at both sites the larger amount of POA and SOA estimated by the enhanced
VBS with emission revisions (VBS-NEWIVOC+VD) is beneficial for a better reproduction
of OA concentrations, though still not complete: at Ispra the missing OA mass is reduced
to 6.25 µg m−3 (still 41.8% of the observed OA) and at Bologna to 1.15 µg m−3 (only 14.3%
of the observed OA). Conversely, in the warm season VBS-CNTL underestimates OA con-
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centration at Ispra but slightly exceeds the observations at Bologna. Thus, the additional
OA mass estimated by the enhanced VBS scheme (about 0.6 µg m−3 at both sites) improves
its performance at the former site and worsens it at the latter, as shown by the values of the
performance indicators in Tables S2 and S3.
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Figure 16. OA average composition (µg m−3) for March 2013 and May 2013 at the Ispra
site: observations (PMF results), VBS-CNTL simulation, and VBS-NEWIVOC+VD simulation.
ASOA = anthropogenic SOA; BSOA = biogenic SOA, SOA from anthropogenic biomass combus-
tion and from biogenic emissions.

Further investigation is needed to identify the origin of the remaining missing mass,
although a few possible mechanisms can be hypothesized. The relevant sensitivity of
CAMx results in changes in IVOC emissions and volatility distributions which suggest
that formation processes related to anthropogenic sources play a relevant role, particularly
during the cold season, that is probably not completely captured by CAMx. It is worth
noting that CAMx considers only gas phase formation, while neglecting aqueous phase
processes that can also contribute to OM formation. Additional uncertainties could be
related to biogenic SOA (BSOA) production related to biogenic VOC emissions and the fine
fraction of pollen emissions, which is not considered by the model but possibly relevant
during the summer season.

The revisions reduce the missing OA mass from 1.24 µg m−3 to 0.65 µg m−3 (from
46.3% to 24.2%) at Ispra, while they increase the excess mass from 0.52 µg m−3 to 1.10 µg m−3

(from 25.1% to 53.1%) at the Bologna site. Such an opposite effect is influenced by the
different OA levels observed at the two sites, with OA concentrations at Ispra about 50%
higher than at Bologna (3.56 µg m−3 vs. 2.07 µg m−3). Therefore, the obtained results
confirm that IVOC emissions and volatility revisions also give rise to an overall increment
of OA concentration in the summer season, additionally contributing to a better allocation
between primary and secondary fraction. However, such a result does not always give rise
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to a better reproduction of OA because the overall performance of the modeling system
is related to several factors. CAMx shows a general overestimation of PM2.5 and PM10
observations, especially during May and the first half of June (Figure S8); therefore, it is
reasonable that in Bologna OM concentrations are also overestimated. In this case, the
modeling improvement due to the introduction of IVOC emissions and the revision of
volatility does not result in a corresponding improvement in model performance. This
is confirmed by the results obtained for the rural site of San Pietro Capofiume, located
about 30 km from Bologna, characterized by even lower OA concentrations (1.4 µg m−3 in
May 2013). Similarly to the Bologna site, at San Pietro Capofiume the overprediction of
OA concentration already obtained with the VBS-CNTL simulation (MB = 0.65 µg m−3)
is further increased (MB = 0.99 µg m−3) by the introduction of all the revisions (Table S4,
Figure S22).

At the Ispra site, the domain-wide overestimation related to wind speed underesti-
mation and partial relative humidity overestimation seems to be partially smoothed by
local effects. Indeed, Ispra is a rural site close to the hilly area of the Prealps and, as
a consequence, neither the spatial emission distribution (particularly from road transport)
nor the local circulation features are well captured at 5 km resolution. These local scale
inconsistencies lead to an excessive dilution of pollution and therefore to the underes-
timation of the observed values. Such local effects in Ispra seem to prevail compared
with the previously mentioned domain-wide effect that promotes pollutant accumulation.
The resulting underestimation of OM concentration in Ispra is partially solved by the
modeling improvements.
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Figures 16 and 17 also show that the divergence between observed and modeled OA
concentrations, both as under- and overestimates, is mainly due to SOA reproduction;
conversely, the estimated POA (i.e., HOA + BBOA) better matches the observations, except
for Ispra in the cold season, when both its components are also underestimated by the
VBS-NEWIVOC+VD simulation. Concerning the excess SOA predicted at Bologna in May,
it is worth noticing that the monthly average is strongly affected by the clear overestimation
at the beginning of the monitoring period (Figure 9), when model results are 2–3 times
higher than the observations. As already mentioned, this is probably due to issues with
the reproduction of the meteorological conditions over the eastern part of the Po Valley, as
clearly pointed out by the corresponding overestimation of the inorganic PM compounds.
As already discussed, Figures 16 and 17 show that the revisions lead to small variations of
the estimated total POA concentrations in the warm season and mostly affect SOA levels,
both in terms of anthropogenic SOA (ASOA, i.e., SOA from precursors emitted by human
activities, namely, road traffic) and biogenic SOA (BSOA), which includes SOA due to
precursors from natural emission and biomass burning activity.

5. Conclusions

Results of the sensitivity analysis of the CAMx model in reconstructing the organic
aerosol (OA) concentrations in the Po Valley with different chemical schemes are presented.
Model simulations refer to the warm season quarter May–July 2013 and include control
cases with the default SOAP and VBS scheme, and those with the VBS scheme with revisions
in the estimates of emissions of intermediate volatility organic compounds (IVOC) and
with new distributions of volatility for primary organic matter. Model results are compared
with sets of OA composition obtained from the PMF analysis of experimental data from
measurement campaigns carried out at two sites in the area.

Simulation results show that, in general, the VBS scheme leads to slight underestima-
tion of the OA concentration than the SOAP scheme because of the partial transfer to the
vapor phase of the primary organic aerosol (POA). This improves the performance of the
model over the rural and suburban areas in the eastern part of the Po Valley, characterized
by low OA levels, overestimated by SOAP; conversely, it worsens the performance in the
northwestern part, where OA levels, almost twice as high, are underestimated by SOAP.
The enhancement of the VBS scheme with revisions of IVOC emissions and of the volatility
characteristics of primary emissions lead to an increase in the estimated concentrations of
both the primary (POA) and secondary components (SOA) of the organic aerosol because of
the overall increase in the organic component of the anthropogenic emissions (road traffic
and biomass combustion), likely still underestimated in the current emission inventories.

Although limited to a few tenths of µg m−3, the revisions on IVOC emissions lead to
an increase in SOA concentrations, while those on volatility mainly lead to an increase in
POA concentrations. These additional contributions to the estimated OA mass determine
improvements or worsening of the model performance depending on the concentration
levels locally observed. However, with reference to the total OA, the introduction of these
revisions does not produce clear effects in the results of the summer simulations, as opposed
to the winter case discussed in previous studies. In fact, the changes introduced concern
anthropogenic emissions that in summer have less importance than in the winter period:
the contribution of biomass combustion source is greatly reduced and, on the contrary,
emissions of biogenic origin increase. In addition, the revisions act on the particulate
component which decreases in the warm season because of the greater volatility of organic
compounds as a result of the higher atmospheric temperature.

The new IVOC parameterizations used in this work seem to provide coherent results
with the previous application focused on the winter season, but further experimental stud-
ies would be needed (especially over a European domain) to better evaluate the emissions
of organic compounds with intermediate volatility and thus use less general and more
site-specific parameterization methods for the different study areas. Furthermore, given the
systematic overestimation of the OA component associated with biomass combustion emis-
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sions in the summer period, it would be necessary to check the accuracy of the inventory
data for this source and to revise the seasonal regime of sources’ activity. Finally, it is evident
that a correct meteorological simulation is essential to accurately reproduce the atmospheric
processes that impact on the reproduction of the OA concentration. In fact, values showing
significant divergences between observed and modeled OA concentrations are probably
due to a difficult and inaccurate reproduction of the local meteorological conditions.

In conclusion, the VBS scheme with emission revisions looks promising for a better
reproduction of organic aerosol. However, further modeling studies and, most of all,
experimental campaigns for speciated organic aerosol are required in order to strengthen
our results and overcome the limitations of this work, which is essentially related to the
short time period analyzed and to the limited number of reference sites considered.
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profile; Figure S22: Organic aerosol, San Pietro Capofiume site; Figure S23: Volatility distribution data;
Table S1: Values of the performance indicators for NOx, O3, SO2, PM10, and PM2.5 over the Po Valley
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