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Abstract: Air quality modeling at the very local scale within an urban area is performed through
a hybrid modeling system (HMS) that combines the CAMx Eulerian model the with AUSTAL2000
Lagrangian model. The enhancements obtained by means of the HMS in the reconstruction of the
spatial distribution of fine particles (PM2.5) and elemental carbon (EC) concentration are presented
for the case-study of Milan city center in Northern Italy. Modeling results are reported for three
receptors (a green area, a residential and shopping area, and a congested crossroad on the inner
ring road of the city center) selected in order to represent urban sites characterized by both different
features in terms of the surrounding built environment and by different exposure to local emission
sources. The peculiarity of the three receptors is further highlighted by source apportionment analysis,
developed not only with respect to the kind of emission sources but also to the geographical location
of the sources within the whole Northern Italy computational domain. Results show that the outcome
of the Eulerian model at the local scale is only representative of a background level, similar to the
Lagrangian model’s outcome for the green area receptor, but fails to reproduce concentration gradients
and hot-spots, driven by local sources’ emissions.

Keywords: air quality; hybrid modeling; source apportionment; source regions; CAMx; AUSTAL2000;
Milan; Po valley

1. Introduction

Air pollution in urban areas is a significant public health issue because of chronic diseases,
principally of respiratory and cardiovascular nature [1], and because of premature deaths resulting
from population exposure to atmospheric pollutants [2–4]. According to Lelieveld et al. [5], the loss of
life expectancy due to air pollution is higher than those caused by tobacco smoking and AIDS. In 2015,
air pollution-related diseases were estimated to be responsible for about 6.4 million premature deaths
worldwide, with 4.2 million due to ambient air pollution. Indeed, during that year, about 90% of
the population, mostly people living in cities, was exposed to particulate matter in concentrations
exceeding the WHO air quality guidelines [2]. Air quality monitoring networks provide data in order to
check the compliance with air quality limits. However, monitoring sites are usually limited in number
and, even though located at sites supposedly representative of different urban microenvironments,
their data may not properly assess the actual air quality over the whole urban area [6].
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Air quality models are useful tools to assess pollutant concentration levels and emission sources’
contributions in urban areas [7–9]. Situations where models can be applied for air quality assessment
instead of, or in combination with fixed measurements have been defined by the European Union
Directive 2008/50 on air quality [10]. Moreover, most of models can support epidemiological studies
providing concentration data with high spatial and temporal resolution for exposure assessment of selected
individuals, allowing both predictions on future exposure and reconstruction of historical exposure [11].

However, air quality modeling in urban areas is quite challenging for a number of reasons:

– The concentration levels of atmospheric pollutants are the result of three additional contributions:
a regional background (i.e., the baseline level in the surroundings/region of the urban area); an urban
background, representing the increment of concentration due to emission of the urban area itself;
and a very local contribution of emission sources at pollution hotspots within the urban area [12].

– The pollutants of interest may be not only of primary origin (i.e., directly emitted by emission
sources) but also the result of secondary formation processes, like those affecting O3, NO2, and fine
particulate matter.

– The spatial distribution of the emission sources in urban areas, essentially road traffic and space
heating, depends on the urban structure of the built environment, that, in turn, can affect the
dispersion of the locally emitted polluted, with local modifications of the wind conditions induced
by buildings and with urban canyon structures favoring the build-up of pollutants at emission
hot-spots [13].

– Last but not least, model reliability strongly depends on both emission data accuracy, spatial resolution
and temporal modulation [14–17], and on the proper reconstruction of the meteorological conditions
driving the motion of air masses and pollutant transport and diffusion [18,19].

Eulerian chemical and transport models (CTMs) are commonly applied for air quality modeling
at the regional scale, reasonably well estimating regional and urban background concentration levels
for both primary and secondary pollutants. Conversely, they are not able to properly reproduce the
local concentration gradients in urban areas due to the relatively large step of the computational grid.
In order to overcome this limitation, various modeling frameworks that integrate CTMs outputs with
other models have been proposed for better reproducing within-city exposure variability. Geostatistical
approaches combining land use regression (LUR) and chemical transport modeling have been proposed
for long-term concentrations of NO2, O3 and particulate matter [20–24]. Hybrid deterministic models
combining a Lagrangian dispersion model (LDM) at the local scale and a CTM at the regional scale have
been proposed for NOX and PM10 [25–27]. Indeed, LDMs can be profitably used for the assessment of
local sources’ impact at high spatial resolution over a small domain because of the fine computational
grid that allows a more realistic spatialization of urban emissions, depending on the road network
layout and the built environment structure, also accounting for wind field modifications induced
by buildings [28]. As drawbacks, LDMs do not include comprehensive gas and aerosol chemistry
modules for secondary pollutants assessment and cannot be used for regional scale modeling due to
their computational burden.

This work is focused on air quality modeling at the very local scale within an urban area through a
hybrid modeling system that combines the CAMx (Comprehensive Air quality Model with Extensions)
Eulerian model with the AUSTAL2000 Lagrangian model. In particular, the work highlights the
enhancements in the reconstruction of the spatial distribution of the concentration of fine particles
(PM2.5) and elemental carbon in the city center of Milan, obtained by means of the hybrid modeling
system in comparison with the CAMx Eulerian model. The city of Milan, located in the Po valley in
Northern Italy, is a well-known hotspot for particulate matter (PM) pollution. Modelling results are
presented for three receptors selected in order to represent urban sites characterized by both different
features in terms of the surrounding built environment and by different exposure to the local emission
sources. The peculiarity of the three receptors is further highlighted by the source’s apportionment
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analysis developed not only with respect to the kind of emission sources but also to the geographical
locations of the sources within the whole Po valley computational domain.

2. Methods

2.1. HMS Modeling Chain Setup

The hybrid modeling system (HMS) used for air quality simulations and source apportionment
analysis is composed by three main components (Figure 1): the Weather Research and
Forecasting meteorological model (WRF v3.4.1; [29]), the Comprehensive Air quality Model with
Extensions (CAMx v6.30; [30]), as Eulerian chemical and transport model, and AUSTAL2000
(AUSTAL2000 v2.6.9; [31]), as Lagrangian local-scale model. The HMS setup also includes the
Sparse Matrix Operator for Kernel Emissions model (SMOKE v3.5; [32]) for emission inventory data
processing. CAMx was coupled with AUSTAL2000 in order to better estimate concentration levels and
properly assess sources’ contribution over the urban local domain, thanks to the strong refinement in
the spatialization of local emissions according to the road network layout (for traffic emissions) and of
the built environment structure (for commercial and residential combustion emissions).
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Figure 1. Hybrid modeling system setup.

Input meteorological fields for 2010 were reconstructed by the WRF model, driven by ECMWF
(European Centre for Medium-Range Weather Forecasts) analysis fields, “Operational Atmospheric
Model Data Set class = od − ANA”, at all hours available (00:00, 06.00, 12:00, 18:00 GMT), and set
up with 30 vertical layers spanning from 25 m up to 15 km above the ground. Initial and boundary
conditions from ECMWF analysis fields, at 0.5◦ × 0.5◦ grid size, included 3D (wind speed components,
temperature, relative humidity) and 2D surface parameters (sea level pressure and temperature),
2D static parameter for land-sea mask, and 3D soil parameters (temperature and water content),
integrated on 4 ground layers (0–7 cm, 7–28 cm, 28 cm–1 m, 1–2.55 m). Horizontally, four nested grids
covering Europe, Italy, Po valley, and Milan metropolitan area have been used; grid resolutions are
45 km, 15 km, 5 km, and 1.7 km, respectively. WRF model evaluation was discussed in Pepe et al. [26],
with respect to both the Po valley and Milan metropolitan area; the time series of observed and
computed values of mixing ratio, temperature and wind speed over Milan metropolitan area are
reported in Supplementary Material Figure S1. The wind rose for calendar year 2010 at Milano Linate
airport is presented in Figure S2.

CAMx simulations covered the two innermost domains of WRF (Po valley and Milan metropolitan
area). CAMx was run at the same spatial resolution of WRF, but with a slight reduction of the domains
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in order to remove boundary effects (Supplementary Material Table S1). AUSTAL2000 simulation
covered one single cell (1.7 × 1.7 km2) of CAMx Milan metropolitan area domain with 20 m grid
resolution. This cell covers part of Milan city center and is characterized by a heterogeneous urban
pattern with road arches separating the densely built up commercial and residential areas (Figure 2).
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Input meteorological fields for AUSTAL2000 were calculated by the diagnostic wind field model
TALdia based on WRF model output and on the urban canopy features at 20 × 20 m2 resolution,
according to the European land use atlas data [33].

Emissions were derived from inventory data at three different spatial resolution levels:
European Monitoring and Evaluation Programme data (EMEP) [34], available over a regular grid of
50 × 50 km2; ISPRA Italian national inventory data [35] which provides a disaggregation for province;
regional inventories data based on INEMAR (INventario EMissioni ARia) methodology [36] for the
administrative regions of Lombardy, Veneto and Piedmont, which provide detailed emissions data
at single municipality level. Data from each emission inventory were processed using the SMOKE
model in order to obtain the hourly time pattern of the emissions. Further details on WRF, CAMx,
AUSTAL2000 setup, on meteorological and emissions input data, and on the chemical schemes adopted
in this work are reported in Pepe et al. [26], together with the model validation phase for the 2010
calendar year through the comparison between model results and measurements at air quality stations.

2.2. Emission Regions and Emission Categories

HMS source apportionment analyses concurrently considered different emission categories
(e.g., road transport, disaggregated by vehicles type, commercial and residential combustion,
disaggregated by fuel used) and emission regions i.e., user-defined areas of particular interest
for administrative reasons or for the location of specific emission sources. Thus, thanks to the
Particulate matter Source Apportionment Technology, (PSAT) algorithm [37], embedded in CAMx,
source apportionment analyses could detect contributions from emission categories in combination
with geographic information on source locations. The key feature introduced by HMS is the higher
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detail of source apportionment analysis at urban receptors, where the contributions due to local sources
(i.e., located in proximity of the receptors), not correctly disaggregated by CAMx with consequent
inaccuracies for source apportionment analyses, are properly accounted for by AUSTAL2000, conversely.
In this work, 11 emission categories (Table S2) and 5 emission regions over the Po Valley are considered
for the source apportionment (Figure S1). Together with a local urban region (LOCAL), covering the
CAMx cell in Milan city center corresponding to the AUSTAL2000 domain, four nested emission regions
have been defined: the MIL region covers the municipality of Milan, the PRO region the metropolitan
area of Milan, the LOM region the Lombardy region, and the POV region the Po valley. Each emission
region accounts for the sources located within its boundaries except those located in the nested
inner domains. Additionally, a sixth region that considers sources located within the computational
domain but outside of Italy and long-range transport was included in source apportionment analyses.
Further details about emission categories and region maps are illustrated in Pepe et al. [25].

2.3. HMS Source Apportionment Output

The HMS approach has been applied in order to assess fine particles (PM2.5) and elemental carbon
(EC) ambient concentration levels and related source contributions at three receptors in Milan city
center. PM2.5 is one of the regulated pollutants of major concern, due to its health relevance and to its
rather high average and episodic concentration levels, especially during the winter months. EC is a
primary component of PM particularly critical for human health [38]. The three receptors, all located
within the same cell of CAMx’s innermost domain (Figure 2), which corresponds to AUSTAL2000
computational domain, were selected in order to represent sites with a different exposure to the local
emission sources. Namely, they correspond to a green area (PARK), to a residential and shopping area
near the main cathedral square (DUOMO), and to a congested crossroad on the inner ring road of the
city center (TRAFFIC). Such a selection was also intended to highlight the capability of AUSTAL2000
for a more reliable source apportionment at the local scale in comparison with CAMx.

Double counting of the emissions from the LOCAL region was avoided thanks to the PSAT source
apportionment that allowed to track separately the contributions of the emission regions to the total
concentration computed by CAMx. HMS concentration values and source apportionment results at
the selected receptors are the combination of CAMx results for the emissions from the most part of the
Po valley computational domain (i.e., from POV, LOM, PRO, and MIL region) and of AUSTAL2000
results for the LOCAL region.

3. Results and Discussion

All model results refer to the three abovementioned urban receptors and consider both PM2.5 and
EC, focusing on the following issues: (i) AUSTAL2000 output, that is concentration levels and related
contribution for the emission sources in the LOCAL region; (ii) comparison between AUSTAL2000 and
CAMx output for the concentration levels and for the contributions of the emission sources from the
LOCAL region; (iii) HMS concentration levels and sources’ contributions for the emissions from the
whole Po valley computational domain, also accounting for the geographical locations of the sources
(i.e., emission regions).

3.1. AUSTAL2000 Output

This section provides an overview of AUSTAL2000 source apportionment results for PM2.5 and
elemental carbon (EC) emitted by local sources of the innermost computational domain (LOCAL region).
AUSTAL2000 simulations for PM2.5 consider only its primary fraction (PPM2.5) because the model
does not handle aerosol chemistry; that at the very small spatial scale the secondary PM generated
by the local emissions of precursors is substantially negligible [39]. According to emission inventory
data, commercial and residential combustion (C&R combustion–SNAP category 02) and road traffic
(SNAP category 07) are responsible for more than 90% of the emissions within the domain; thus, for the
LOCAL region this work is focused on the contributions to ambient levels from these two source
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categories. Estimated contributions to ambient PM2.5 and EC levels at the three receptors are presented
in the panels of Figure 3 as monthly average values for calendar year 2010, with a breakdown based
on both source categories and sub-categories (i.e., kind of fuel for C&R combustion, vehicle class for
road traffic). Relative contributions, assessed both on annual basis and for the cold and warm season
separately, for a deeper insight on seasonality of sources’ activity, are summarized in Table 1 for PM2.5
and in Table 2 for EC.
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Figure 3. Monthly contributions of C&R combustion and road traffic emissions from the LOCAL area
to primary PM2.5 (left column: (a) PARK site; (b) DUOMO site; (c) TRAFFIC site) and EC (right column:
(d) PARK site; (e) DUOMO site; (f) TRAFFIC site) ambient levels at the three urban receptors for 2010.
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Table 1. Total annual and seasonal average contributions to PM2.5 ambient levels and percentage
contributions of emission sources in the LOCAL area at the three urban receptors. (02-BIO: Residential
and commercial heating-Biomass burning; 02-OTH: Residential and commercial heating-Fossil
fuels burning; 07-CAR: Road traffic-Passenger cars; 07-LDV: Road traffic-Light Duty Vehicles;
07-HDV: Road traffic-Heavy Duty Vehicles; 07-MOT: Road traffic-Mopeds and motorcycles).

Receptor Period PM2.5 (µg/m3)
Emission Sub-Categories Contribution (%)

02-BIO 02-OTH 07-CAR 07-LDV 07-HDV 07-MOT

PARK
Annual 0.65 38.6 4.4 27.8 13.0 12.5 3.8

Cold 1.17 52.3 5.9 20.4 9.5 9.2 2.8

Warm 0.28 14.5 1.7 40.8 19.0 18.4 5.6

DUOMO
Annual 1.46 42.9 4.9 25.5 11.8 11.4 3.5

Cold 2.60 56.9 6.4 17.9 8.3 8.0 2.4

Warm 0.58 10.7 1.2 42.9 20.0 19.3 5.8

TRAFFIC
Annual 3.80 15.9 1.8 40.2 18.6 18.0 5.4

Cold 5.32 27.9 3.2 33.6 15.6 15.1 4.6

Warm 2.44 2.7 0.3 47.4 21.9 21.3 6.4

Table 2. Total annual and seasonal average contributions to EC ambient levels and percentage
contributions of emission sources in the LOCAL area at the three urban receptors.

Receptor Period EC (µg/m3)
Emission Sub-Categories Contribution (%)

02-BIO 02-OTH 07-CAR 07-LDV 07-HDV 07-MOT

PARK
Annual 0.26 22.9 1.7 36.0 19.7 18.0 1.7

Cold 0.41 35.0 2.4 29.9 16.3 14.9 1.4

Warm 0.14 7.2 0.7 44.0 24.1 22.0 2.1

DUOMO
Annual 0.55 25.8 1.9 34.5 18.9 17.3 1.7

Cold 0.88 39.9 2.7 27.4 15.0 13.6 1.3

Warm 0.28 5.5 0.4 44.9 24.6 22.5 2.2

TRAFFIC
Annual 1.80 8.2 0.6 43.6 23.8 21.8 2.1

Cold 2.30 15.1 1.1 40.1 21.8 20.0 1.9

Warm 1.26 1.2 0.1 47.1 25.8 23.6 2.3

3.1.1. PM2.5

PM2.5 results account only for primary PM2.5 because the local scale model AUSTAL2000 does
not include a chemical module, thus neglecting chemical transformation process of gaseous precursors
that lead to secondary particle formation. The map of the spatial distributions of PM2.5 annual mean
concentration over AUSTAL2000 simulation domain (Figure 4a) clearly displays the model ability to
account for the structure of the built environment, namely with respect to the main road network.
Because of the different exposure to the LOCAL region sources, quite different concentrations levels
are estimated for the selected receptors, as expected (0.65 µg/m3, 1.46 µg/m3, and 3.80 µg/m3 at PARK,
DUOMO, and TRAFFIC receptor, respectively).

At PARK receptor the overall contribution of the local sources displays a clear seasonal pattern
(Figure 3a), with higher contribution in the cold season (>1 µg/m3 from December to March) and lower
contributions in the warm season (<0.5 µg/m3 from April to October). Peaks up to about 1.5 µg/m3 are
estimated in February and December and the lowest concentrations (about 0.25 µg/m3) from June to
August. The pattern is mainly driven by the seasonality that affects sources’ activity, with emissions from
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C&R combustion in addition to traffic emissions in the cold season. C&R combustion, namely biomass
burning (02-BIO), is the first contributor among local sources with a contribution ranging between
0.5 µg/m3 and 0.9 µg/m3; conversely, it is almost negligible in the warm season when its contribution is
about 0.04 µg/m3. Road traffic contribution is rather constant throughout the year (ranging between
0.25 µg/m3 and 0.5 µg/m3). In the cold season (January–March), 58.2% of PM2.5 from local sources
comes from C&R combustion (category 02), mostly from biomass burning (52.3%); in the warm season
(July–September), its contribution drops down to 16.2%, still almost entirely due to biomass combustion
(14.5%). Road traffic is responsible for 41.9% of PM2.5 mass in the cold season and for 83.8% in
the warm season. However, notwithstanding the higher values computed during winter for C&R
combustion, on annual basis road traffic (57.1%) prevails on domestic heating (42.9%). In details,
on annual basis passenger cars contribute for almost half of the road traffic share (27.8%), light- and
heavy-duty vehicles produce almost the same contribution (13% each), while mopeds and motorcycles
account for about 4%.
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At DUOMO receptor the overall contribution of the local sources follows the same seasonal
pattern observed at PARK site, but concentration levels are twice as high in each month (Figure 3b).
During the winter months the total contribution generated by vehicles and heating is always in excess
of 1.5 µg/m3, but even higher than 3 µg/m3 in January and up to 3.5 µg/m3 in December. From April
to October PM2.5 levels are always below 0.9 µg/m3, but they are around 0.5 µg/m3 from June to
August. In spite of the limited distance between PARK and DUOMO receptor (less than 2 km as crow
fly distance) the model is able to reproduce the concentration gradient due to the activity of very
local sources active in the neighborhoods of the residential DUOMO site. As for the PARK receptor,
the biomass burning contribution prevails over road traffic during the winter period while the latter
takes over during summer. Contribution from sub-category 02-BIO is in the 1–2 µg/m3 range in the
cold season but falls down to about 0.05 µg/m3 in the warm season; road traffic contribution ranges
between summer values around 0.5 µg/m3 and winter values up to 1.3 µg/m3. Relative contributions
show seasonal figures similar to those of PARK receptor: in the cold season, category 02 accounts for
63.3%, with a 56.9% from biomass burning, in the warm season for 11.9%, again almost entirely due to
biomass combustion (10.7%); road traffic is responsible for 36.7% of PM2.5 mass in the cold season and
for 88% in the warm season, a few percentage points more than at the PARK receptor, coherently with
the higher exposure to traffic emission of the DUOMO receptor. Thus, on annual basis the two sources
categories provide almost equal contributions to ambient PM2.5: road traffic contributes for 52.2%,
with vehicle classes’ share similar to those of the PARK site (25.5% from passenger cars, about 11.5%
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from light- and heavy-duty vehicles, and 3.5% from mopeds and motorcycles) and C&R combustion
generates the remainder 47.8%.

At TRAFFIC receptor the monthly time series of estimated contributions shows the same seasonal
pattern as at the two previous sites, but with values 4 to 8 times higher than at the PARK receptor
and roughly 2 to 4 times higher than at DUOMO receptor (Figure 3c). During the winter months the
local sources is always in excess of 4 µg/m3, but even higher than 6 µg/m3 in January and December;
from April to September, PM2.5 levels are always in the 2–3 µg/m3 range. The highest contribution
(6.8 µg/m3 in December) is about 5× and 2× the contribution estimated at PARK and DUOMO receptors
in the same month; the lowest (2.2 µg/m3 in July) is 8× and 4× the contributions estimated at the
latter sites. Differently from PARK and DUOMO, road traffic is the main contributor not only in the
warm season but also in the cold season. Estimated contribution from traffic are in the 4–5 µg/m3

range in wintertime and about 2.5 µg/m3 in summertime; C&R combustion contribution is in the same
order as at DUOMO (2 µg/m3) in wintertime and becomes practically insignificant in summertime
(<0.06 µg/m3) as for the other two receptors. Actually, in the warm season the contribution of C&R
combustion to primary PM2.5 is almost negligible (3%), the remainder 97% coming from road traffic.
In the cold season, the overall contribution of category 02 rises up to 31.1% (27.9% from biomass
burning) but still largely ancillary with respect to road traffic, and even to the contribution of passenger
cars alone (33.6%). On an annual, basis traffic is responsible for 82.3% of annual mean concentration
with 40% due to passenger cars, 18.5% from light- and heavy-duty vehicles, and 5% from mopeds and
motorcycles; the residual 17.7% is described by C&R combustion, once again almost entirely due to
biomass burning (15.9%).

It is worth noting that the contribution of C&R combustion to primary PM2.5 due to LOCAL
sources is probably affected by a partial overestimation because of both the spatial disaggregation
and temporal modulation procedures. Indeed, due to the limitation on proxy data for emission
spatialization, the emission density was kept constant at municipality level, meaning that it was not
possible discriminate differences among Milan city center (i.e., LOCAL region) and the city outskirts
(i.e., MIL region). Thus, a possible overestimation of the total emission of biomass burning in the
LOCAL cell could have taken place. Furthermore, due to a limitation of the data availability C&R
combustion emissions were modulated using a unique profile, more representative of domestic heating
than of commercial activities. As a consequence, commercial activity emissions, such as wood oven
pizzerias, that are the prevailing source of primary PM for non-residential biomass burning in SNAP
category 02, are probably overestimated during the winter season.

3.1.2. EC

Results for EC confirm that the model is able to reproduce the seasonality that affects both sources’
activity and atmospheric dispersion, as well the spatial variability of sources’ contributions within the
urban area due to the different exposure to emission sources of the receptor sites. Seasonality effects
are pointed out by the same U-shaped pattern as primary PM2.5 computed at all sites for the time
series of monthly EC contributions and by the higher EC/PM2.5 ratios in the warm season, when road
traffic is practically the only contributor to PM2.5 levels. Site-dependent exposure to emission sources,
unevenly distributed in the urban area because of the features of the built environment and of the
road network, is highlighted by the different concentration levels and related gradients at the very
local scale (Figure 4b). Indeed, the EC annual mean concentrations estimated at PARK, DUOMO,
and TRAFFIC (0.26 µg/m3, 0.55 µg/m3, and 1.80 µg/m3, respectively) reflect their different exposure to
the traffic emission of the LOCAL region sources.

At PARK receptor EC levels are in the 0.13–0.14 µg/m3 and in the 0.4–0.5 µg/m3 range during
the warm and cold season, respectively (Figure 3d). As for primary PM2.5, road traffic is the main
contributor (>90%) in the warm season but, differently, it is also the main contributor in the cold season
(62.5%); on annual basis, local traffic is responsible for 75.5% of ambient EC, the remainder 24.5%
almost entirely due to biomass burning in C&R combustion processes (22.9%) (Table 2). The breakdown
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of road traffic contribution by vehicle class shows figures similar to those of primary PM2.5 but with a
slightly higher share (few % points) for light- and heavy-duty vehicles, all powered by diesel engines.

Similar considerations hold for the DUOMO receptor despite the fact that, as for PM2.5,
monthly concentration levels are 2×–3× higher than at PARK (Figure 3e), ranging between 0.27 and
0.42 µg/m3 and 0.7 and 1.2 µg/m3 during the warm and cold season, respectively. Like at the PARK
receptor, road traffic is the first contributor on both seasons, responsible for 57.4% in wintertime and
94.1% in summertime, with the contribution of passenger cars almost equal to Light Duty Vehicles
(LDV) and Heavy Duty Vehicles (HDV) contributions altogether.

At the TRAFFIC receptor, monthly EC levels are 4 to 10 times higher than at the PARK receptor
and 2.4 to 4.6 times higher at DUOMO (Figure 3f), thus pointing out spatial gradients even larger
than for PM2.5, as a consequence of the greater exposure to primary emissions from traffic. Estimated
EC values are in the 1.2–3 µg/m3 range, averaging about 2.3 µg/m3 and 1.3 µg/m3 in wintertime and
summertime, respectively, and leading to an annual average of 1.8 µg/m3. Road traffic is by far the
main contributor to EC levels (cold season: 83.8%; warm season: 98.7%; annual basis 91.2%) with
single SNAP 07 sub-categories contributions prevailing on biomass burning (02-BIO) even in the cold
season (Table 2).

3.2. Comparison between AUSTAL2000 and CAMx Output

Results for ambient PM2.5 and EC levels estimated by AUSTAL2000 have been compared
to the corresponding estimates provided by CAMx for the three receptors of the urban
area in order to point out the accuracy increase that can arise from coupling the local-scale
Lagrangian approach with the mesoscale Eulerian approach within the hybrid modeling system.
Actually, CAMx (Eulerian approach) is able to reproduce the large part of chemical processes in
the atmosphere, including the secondary formation of aerosols, but has a limited spatial resolution;
conversely, AUSTAL2000 (Lagrangian approach) is expected to reconstruct more faithfully the spatial
resolution of concentrations, though neglecting chemical transformations.

Local sources’ contributions and source apportionment results at the three urban receptors from
CAMx and AUSTAL2000 runs are compared in Figure 5 for primary PM2.5 and in Figure 6 for EC.
Comparisons, presented for both annual and seasonal average concentrations, point out the relatively
“flat” output of CAMx with very limited spatial variability of PPM2.5 and EC concentration levels,
notwithstanding the radical change of features of the urban receptors. Conversely, AUSTAL2000
results highlight the difference between the receptor strongly affected by local sources (TRAFFIC)
and the receptors less exposed to traffic emissions (DUOMO) and in an urban background location
(PARK). PPM2.5 concentrations estimated by CAMx vary in rather narrow ranges (0.7–1.1 µg/m3 in
wintertime, 0.3–0.4 µg/m3 in summertime) whereas AUSTAL2000 results display variations in the order
of a 2× factor between DUOMO and PARK and, in turn, between TRAFFIC and DUOMO. Similarly,
for EC, a well-known tracer of traffic emissions, CAMx predictions do not show significant spatial
gradients (0.40–0.50 µg/m3 in wintertime, 0.17–0.26 µg/m3 in summertime) whilst AUSTAL2000 results
indicate much wider ranges (0.41–2.30 µg/m3 in wintertime, 0.14–1.26 µg/m3 in summertime).

CAMx limits in properly reproducing the impact of local sources are also confirmed by source
apportionment results. Regardless for the period considered, CAMx provides very similar percentage
contribution for source categories and sub-categories at the three receptors. Namely, for PPM2.5 traffic
shares are 45.0–47.3%, 28.6–30.1%, and 72.6–73.7% respectively on annual, cold season, and warm
season basis; corresponding figures for AUSTAL2000 are 52.2–82.3%, 36.7–68.9%, and 83.8–97%.
Additionally, such a limited capability of reproducing the exposure to primary emission from road
traffic is further highlighted by EC source apportionment, with CAMx traffic shares insensitive to
receptors’ features (66%, 48%, and 86% on annual, cold season, and warm season basis) whereas
AUSTAL2000 provides receptor-dependent shares (72.3–91.2%, 57.4–83.8%, and 92.2–98.7%).
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In spite of the abovementioned limits of CAMx and notwithstanding the fact that two models
are based on different approaches, their results are in rather good agreement at PARK receptor for
both PPM2.5 (0.65 µg/m3 vs. 0.76 µg/m3 for the annual average and 1.17 µg/m3 vs. 1.32 µg/m3 and
0.28 µg/m3 vs. 0.40 µg/m3 for seasonal values) and especially for EC (both models predict 0.26 µg/m3

for EC annual average and 0.41 µg/m3 vs. 0.39 µg/m3, 0.14 µg/m3 vs. 0.17 µg/m3 for the seasonal
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values). Deviations between model outputs become larger and larger as the density of emission
sources nearby the receptor increases (i.e., passing from PARK to DUOMO and to TRAFFIC receptor).
Thus, CAMx results can be regarded as concentrations levels representative of receptors not directly
exposed to local emissions but poorly representative of both residential areas and, most of all, of traffic
exposed receptors, where the impact of local sources is missed.

These outcomes are a direct consequence of the different emission spatialization degree within
the LOCAL region adopted by the two models: AUSTAL2000 locates road traffic and domestic
heating emissions in correspondence with the arches of the urban street network and of built areas;
conversely, CAMx evenly distributes the emissions all over the region. Additionally, AUSTAL2000
really calculates concentrations at the receptors points, whereas CAMx determines the concentrations
as a distance-based weighed average of the concentrations computed for the four grid cells nearest to
the receptor. The drawback of AUSTAL2000 results is that they neglect the secondary PM generated
by precursors emissions from the sources within the LOCAL region, that conversely CAMx is able to
separately predict and apportion. However, as shown in Figure 7, the contribution of secondary PM to
the total PM2.5 is very limited, roughly in the order of 6–7%. Thus, AUSTAL2000 enhanced capability
of better reproducing the variability of the concentration levels at the local urban scale, according
to receptors’ exposure to the emission sources, almost totally offsets the limitation of the neglected
secondary PM formation processes.
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3.3. HMS Output

Previous results demonstrate that AUSTAL2000 has a greater ability in reproducing the variability
of concentration levels and source contributions at the local scale, thus supporting the setup of a
Hybrid Modeling System (HMS) that combines the key features of CAMx and AUSTAL2000. At the
receptors of the local scale urban domain the concentration predicted by the HMS is given by the sum
of two terms: the former representing the contribution of sources located outside the urban domain,
which accounts for PM secondary formation processes too, the latter representing the contribution
of local sources, which neglects chemical processes but accounts for the receptors’ exposure to the
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emission sources. In practice, the spatially-variable and site-dependent contribution of local sources
computed by AUSTAL2000 is superimposed to a common base produced by sources located elsewhere
(CAMx Background). For the sake of accuracy, the secondary PM2.5 generated by the emissions from
the LOCAL region estimated by CAMx was also accounted for within the LOCAL region contribution,
in spite of its marginal contribution

3.3.1. PM2.5

HMS results for PM2.5 source apportionment are shown in Figure 8 that allows appreciating
both source categories and emission regions contributions concurrently. Summary Tables for the
estimated contributions are reported in Supplementary materials. As pointed out, the difference
among the estimated concentration levels is driven by the contribution of the local sources, because
the CAMx Background is the same at the three receptors, all located in the same cell of CAMx
computational domain.

On annual basis (Figure 8a), the sources located outside the local domain (CAMx Background) are
responsible for about 17 µg/m3, that is 96%, 92%, and 82% of the total estimated PM2.5 (17.6 µg/m3 at
PARK, 18.4 µg/m3 at DUOMO, 20.6 µg/m3 at TRAFFIC); LOCAL contributions are in the 0.7–3.7 µg/m3

range. Among emission regions, MIL region is the first contributor (5.2 µg/m3, 25.5–29.9%), followed by
LOM region (4.0 µg/m3, 19.5–22.9%) and by POV and PRO (both around 1.9 µg/m3, 9.0–10.7%);
long range transport contributes with a 3rd-highest 3.9 µg/m3 (19.0–22.2%). In terms of emission
categories, road traffic (5.2–7.8 µg/m3 range, 31.6–38.0%) slightly prevails on C&R combustion
(4.8–5.2 µg/m3 range, 25.2–28.4%), both by far greater than the long-range transport and the other
anthropogenic sources (OTHAS, 2.9 µg/m3, 14.3–16.8%). Figures for road traffic at the TRAFFIC
receptor are higher than at the two other receptors both as concentration (7.8 µg/m3) and as percent
share (39.0%) because of the additional contribution (3 µg/m3, 14.5% of total PM2.5 at TRAFFIC) from
local traffic estimated by AUSTAL2000, sensitively greater than at DUOMO and, most of all, at PARK
(0.38 µg/m3, 2.2% of total PM2.5 at PARK) as shown in Figure 7. Road traffic contribution mainly
derives for ~40% from passenger cars emissions (07-CAR) and for ~30% from light- and heavy-duty
vehicles; motorcycles are responsible for 2% only. C&R combustion almost entirely derives from
biomass burning (02-BIO). When both emission regions and categories are considered, the features of
the receptors come clearly to the light: at PARK and DUOMO road traffic (2.3 µg/m3) and biomass
burning (2.1 µg/m3) from the MIL region are the first two contributors; conversely, at TRAFFIC road
traffic from the LOCAL region (3.0 µg/m3) takes over. However, all these contributions are smaller than
the one coming from long range transport (3.9 µg/m3), that accounts for about 20% of the total PM2.5.

Seasonal results (Figure 8b,c) point out the different activity of biomass burning, not only in
the local region but also in all the other emission regions, sensitively affecting the total PM2.5 levels.
Actually, in the cold season CAMx Background (24.4 µg/m3) is about 2.5 times as high as in the
warm season (10.2 µg/m3) and LOCAL region contributions are from 2 to 4 times higher (cold season
range 1.3–5.4 µg/m3 vs. warm season range 0.3–2.5 µg/m3). MIL region (8.7 µg/m3) and LOM
region (6.0 µg/m3) are the two first contributors to PM2.5 levels: LOCAL region contribution is
3rd-highest at TRAFFIC (5.4 µg/m3) and at DUOMO (2.7 µg/m3), but is the lowest at PARK (1.3 µg/m3)
where is doubled by both POV and PRO contributions (~2.6 µg/m3). Contribution from biomass
burning is about 10 times higher than in the warm season (~10 µg/m3 vs. ~1 µg/m3), making this
source the first contributor to PM2.5 at all the receptors, even at TRAFFIC site where it takes over
road traffic (10.6 µg/m3 vs. 9.1 µg/m3). Overall, biomass burning accounts for 35.7–39.3% of total
PM2.5, mostly deriving from the MIL and LOM region (45–49% and 25.7–28% of 02-BIO contribution,
respectively). Biomass burning from the MIL (4.8 µg/m3) and LOM region (2.7 µg/m3) are the two
top contributors in the joint breakdown by emission regions and categories, followed by OTHAS
contribution from LOM region (2.9 µg/m3) at PARK and DUOMO and by passenger cars contribution
(07-CAR, 1.8 µg/m3) from the LOCAL region at TRAFFIC receptor.
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In the warm season the contributions from the 4 outermost regions prevails on that from the LOCAL
region, still with MIL and LOM regions as top contributors (2.8 µg/m3 and 2.1 µg/m3 respectively);
conversely, at TRAFFIC receptor road traffic emissions from the LOCAL region become the 2nd-most
contributor (2.4 µg/m3). Almost missing the C&R combustion, road traffic is the first source of PM2.5,
accounting for about 36% at PARK and DUOMO, but up to 46% (5.9 µg/m3) at TRAFFIC, due to the
relevant contribution from the LOCAL region, followed by long range transport (25–30%) and OTHAS
(15–17%). The primary role of road traffic is also confirmed by joint regions-categories breakdown:
traffic emissions from the MIL region are responsible for a top 1.8 µg/m3 at PARK and DUOMO (17% of
total PM2.5), whereas those from the LOCAL region are the 1st-contributor at TRAFFIC (2.5 µg/m3 of
total PM2.5). Overall, traffic emissions from the entire Milan municipality (i.e., LOCAL + MIL region)
determine 2.2 µg/m3 (PARK), 2.5 µg/m3 (DUOMO), and 4.3 µg/m3 (TRAFFIC), that is, respectively,
20%, 23%, and 34% of the total estimated PM2.5 at the three receptors.

3.3.2. EC

Estimated EC levels and related source and region apportionment are presented in the panels of
Figure 9. As annual average, EC concentration is in the 3.3–4.7µg/m3 range, strongly receptor-dependent
because of the strong variation in the LOCAL region contributions (0.3–1.7 µg/m3) in addition to the
CAMx Background of 3.0 µg/m3 (Figure 9a). Such receptor-dependency is due to the great difference
among local road traffic contributions, ranging between a minimum of 0.2 µg/m3 at PARK up to
a maximum of 1.6 µg/m3 at TRAFFIC receptor. Overall, road traffic emissions are responsible for
about 57% of EC at PARK and DUOMO (~1.9 µg/m3) and of 68% (3.2 µg/m3) at TRAFFIC, but at the
two former receptors the traffic contribution originates from the MIL region traffic (30–32% of total
EC) whereas at the latter receptor LOCAL region (33%) prevails on MIL region contribution (23%).
The contribution of C&R combustion (~1.1 µg/m3) is in the order of 31% at PARK and DUOMO and
down to 23% at TRAFFIC, with the MIL region responsible for about half of these contributions.

The comparison between seasonal results (Figure 9b,c) highlights the wintertime contribution
of biomass burning: at PARK and DUOMO biomass combustion (~2.5 µg/m3, 48%) slightly prevails
on road traffic provide almost the same contribution (2.2 µg/m3, 43%); at TRAFFIC, the latter source
prevails (3.8 µg/m3 vs. 2.6 µg/m3, that is 56% vs. 38% of total EC). Conversely, in summertime biomass
combustion displays a much lower contribution (0.25 µg/m3), almost entirely deriving from sources
outside the LOCAL region, and at all receptors road traffic is, by far, the first contributor overall
(1.5–2.6 µg/m3, that is 70–80% of EC). As far as traffic contribution is concerned, on both in the cold and
warm season the LOCAL region contribution prevails on the MIL region one at the TRAFFIC receptor
(1.9 µg/m3 vs. 1.2 µg/m3 and 1.2 µg/m3 vs. 0.9 µg/m3, respectively) contrary to the two other receptors,
and especially at PARK, where LOCAL region (0.26 µg/m3 and 0.12 µg/m3) is by far exceeded by the
MIL region contribution.
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4. Conclusions

A hybrid modeling system (HMS), which couples the Eulerian chemical and transport model
CAMx with the local-scale Lagrangian model AUSTAL2000, was set up for air quality assessment
and source apportionment in urban areas. In the HMS approach, estimated concentration levels
come from the superposition of the background contribution of emission sources located outside the
local-scale urban domain, assessed by the Eulerian component, and of the contribution of sources
within this latter domain, assessed by the Lagrangian component. In comparison with the Eulerian
model, the Lagrangian component relies on a better spatial distribution of emission sources within its
computational domain, unevenly distributed because of the road network layout (for traffic emissions)
and of the built environment structure (for space heating). Such refinement in the spatialization of
local emissions allows the HMS to reproduce more realistically the variability of concentration levels
among urban receptors (within the local-scale domain), according to their actual exposure to local
sources. In this work, the enhanced performance of the HMS has been assessed for three selected
receptors, located in a relatively small area of Milan city center and representative of different exposure
to emission sources (PARK receptor: urban background; TRAFFIC receptor: heavy urban traffic;
DUOMO receptor: urban traffic, commercial and residential emissions). However, this promising
result is someway limited by the few receptors considered and the limited extension of the modelled
area by the Lagrangian component. Therefore, these first outcomes need to be further confirmed
by future work where, extending the computational domain of the Lagrangian component, a larger
number of receptors (e.g., residential areas outside city center, city outskirts, main access roads to
the city) can be considered, in order to account for the complex spatial variability of air pollution
within the whole urban area. Future work could also include the development of alternative local scale
modeling layers, based either on Lagrangian modeling approach, such as puff models, as well as on
geostatistical-based methods, both allowing the extensions of the analysis to larger portions of the
urban area.

For the presented case-study, the HMS results in almost a 6× factor between PM2.5 annual
average at the traffic exposed receptor and at the background receptor in a green area, whereas the
Eulerian model, missing the impact of local traffic at the former receptor, predicts only a 26% difference.
In practice, the outcome of the Eulerian model at the local scale is only representative of a background
level, similar to HMS outcome for the green area receptor, but fails to reproduce concentration gradients
and hot-spots, driven by local sources’ emissions.

The HMS shows the potential for source apportionment evaluations based on both emission
source categories, emission regions (i.e., user-defined areas where sources ae located), and on the
combination of categories with regions. This feature enables to assess the overall contribution to
ambient concentration levels of the different sources, but also to split the contribution based on
geographical location of the sources, that may significantly vary in relation to the receptors’ exposure
to local sources. In our case-study, at the two receptors less exposed to vehicular emissions, domestic
heating and road traffic almost equally contribute to PM2.5 annual average concentration (30%),
Milan’s urban area is the top contributor among emission regions (29.6%), and road traffic from Milan’s
urban area is the top contributor (13%) when both emission categories and regions are considered.
At the traffic-exposed receptor, road traffic is the top contributor (38%), the Milan region is still the
main origin for PM2.5, but with a lower share (25%), and local road traffic is the first contributor
(14.5%) in the joint emission categories and regions analysis. The different features of the receptors,
namely their exposure to local traffic emissions, are confirmed by PM2.5 source apportionment results
on seasonal basis and for elemental carbon too. Thus, the enhanced reproduction of the impact of local
sources ensured by the Lagrangian component of the HMS allows to better assess and properly put
in context sources’ contributions. Additionally, the joint apportionment by categories and regions
provides a piece of information that receptor models cannot provide, as their outcome is limited to
sources’ identification and overall contribution estimation.
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This peculiar output of the HMS is particularly useful for scenario evaluations in the framework
of air quality remediation and management plans, because it allows the prediction of the outcome of
interventions and policies at different spatial scales. Implementation of a small low-emission-zone
can affect traffic emissions at the very local scale, whereas the adoption of a congestion/pollution
charging scheme, or the ban for diesel vehicles prospected for some European large cities in the near
future, has a wider impact, affecting emissions at the urban scale. From the space heating standpoint,
implementation/enlargement of district heating at the municipality level may affect local/urban scale
emissions, whereas policies on fuels, like limitations or bans in biomass use for domestic heating,
usually act on larger administrative areas, therefore potentially affecting emissions even up to the
regional scale.
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Table S1. Lambert Conformal coordinates for Po valley and Milan metropolitan area nested domains in WRF and
CAMx model. Table S2. Emission categories defined considered for source apportionment. Table S3. Annual and
seasonal average concentrations of PM2.5 and relative contributions by source regions. Table S4. Contributions
(µg/m3) by source regions to the annual PM2.5 concentrations. Figure S1. Time series of the box and whisker
plots for the distribution of the observed (black/grey) and computed (red/orange) daily mean values of mixing
ratio, temperature and wind speed over Milan metropolitan area for 2010. Bars show the interquartile range
(IR), lines the median values, dashed vertical bars (25th – 1.5 · IR) and the (75th + 1.5 · IR) value. Values for the
25th, 50th, 75th, and 95th quantiles of the whole yearly time series are reported too. (Pepe et al., 2016). Figure S2.
Wind rose for calendar year 2010 at Milano Linate airport (5 km crow-fly distance East from Milano city center).
Figure S3. Emission regions within Po Valley (top panel, 5 km grid step) and Milan metropolitan area (bottom
panel, 1.7 km grid step) computational domains. Figure S4. Google street views of the surroundings of DUOMO
receptor. Figure S5. Google street views of the surroundings of PARK receptor. Figure S6. Google street views of
the surroundings of TRAFFIC receptor.
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