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ABSTRACT 13 
A hybrid modeling system (HMS) was developed to provide hourly concentrations at the urban 14 
local scale. The system is based on the combination of a meteorological model (WRF), a chemical 15 
and transport eulerian model (CAMx), which computes concentration levels over the regional 16 
domains, and a lagrangian dispersion model (AUSTAL2000), accounting for dispersion phenomena 17 
within the urban area due to local emission sources; a source apportionment algorithm is also 18 
included in the HMS in order to avoid the double counting of local emissions. 19 
The HMS was applied over a set of nested domains, the innermost covering a 1.6x1.6 km2 area in 20 
Milan city center with 20 m grid resolution, for NOX simulation in 2010. For this paper the 21 
innermost domain was defined as “local”, excluding usual definition of urban areas. WRF model 22 
captured the overall evolution of the main meteorological features, except for some very stagnant 23 
situations, thus influencing the subsequent performance of regional scale model CAMx. Indeed, 24 
CAMx was able to reproduce the spatial and temporal evolution of NOX concentration over the 25 
regional domain, except a few episodes, when observed concentrations were higher than 100 ppb. 26 
The local scale model AUSTAL2000 provided high-resolution concentration fields that sensibly 27 
mirrored the road and traffic pattern in the urban domain. Therefore, the first important outcome of 28 
the work is that the application of the hybrid modelling system allowed a thorough and consistent 29 
description of urban air quality. This result represents a relevant starting point for future evaluation 30 
of pollution exposure within an urban context. 31 
However, the overall performance of the HMS did not provide remarkable improvements with 32 
respect to stand-alone CAMx at the two only monitoring sites in Milan city center. HMS results 33 
were characterized by a smaller average bias, that improved about 6-8 ppb corresponding to 12-34 
13% of the observed concentration, but by a lower correlation, that worsened around 1-3% (e.g. 35 
from 0.84 to 0.81 at Senato site), due to the concentration peaks produced by AUSTAL2000 during 36 
nighttime stable conditions. Additionally, the HMS results showed that it was unable to correctly 37 
take into account some local scale features (e.g. urban canyon effects), pointing out that the 38 
emission spatialization and time modulation criteria, especially those from road traffic, need further 39 
improvement. 40 
Nevertheless, a second important outcome of the work is that some of the most relevant 41 
discrepancies between modeled and observed concentrations were not related to the horizontal 42 
resolution of the dispersion models but to larger scale meteorological features not captured by the 43 
meteorological model, especially during winter period. Finally, the estimated contribution of the 44 
local emission sources accounted on the annual average for about 25-30% of the computed 45 
concentration levels in the innermost urban domain. This confirmed that the whole Milan urban 46 
area as well as the outside background areas, accounting all sources outside the innermost domain, 47 
play a key role on air quality. The result suggests that strictly local emission policies could have a 48 
limited and indecisive effect on urban air quality, although this finding could be partially biased by 49 
model underestimation of the observed concentration. 50 
 51 
Research Highlights  52 
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• Hybrid modeling system developed at the urban local scale  53 
• Hourly model output at 20x20 m space resolution for urban area 54 
• Improvement in model bias despite slightly worsened time correlation 55 
• Weaknesses and strengths of the system are pointed out and discussed 56 
• Estimated NOX background accounted for about 75% in Milan area domain 57 
 58 
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1. Introduction	62 
 63 
The impact assessment of environmental policies on air quality involves reactive pollutants, thus 64 
requiring chemical transport models (CTMs) and urban to regional domains, depending by the area 65 
of interest (Isakov et al., 2007; Denby et al., 2011; Martins, 2012). Urban areas are composed by 66 
heterogeneous elements and present densely built-up features, which can influence the spatial 67 
distribution of some pollutants such as NOx and NO2, as well as the primary fraction of PM (EEA, 68 
2015; Torras Ortiz et al., 2013). Due to their relatively low spatial resolution, CTMs cannot capture 69 
correctly the strong spatial gradients that can take place in urban areas, hampering a reliable 70 
evaluation of human exposure (Isakov et al., 2009; Batterman et al., 2014). The reconstruction of air 71 
quality variability within urban areas would require local scale models (LSMs); nevertheless LSMs 72 
alone are usually unable to reproduce chemical reactions and can not be applied over large domains 73 
(Stein et al., 2007; Lefebvre et al., 2011; Beevers et al., 2012; Lefebvre et al., 2013; Isakov et al., 74 
2014).  75 
For all these reasons we developed an integrated hybrid modelling system (HMS) by combining the 76 
Comprehensive Air Quality Model (CAMx) with Extensions (Environ, 2011), as chemical transport 77 
model, and the AUSTAL2000 (Janicke consulting, 2014), as local scale model, according to a 78 
model nesting approach. The resulting HMS is a comprehensive and efficient modelling tool for 79 
urban air quality, capable of reconstructing the regional scale features of air pollution as well as the 80 
spatial variability of concentrations within urban areas, taking into account the building structures 81 
and the detailed spatial distribution of the emissions at the urban scale. In particular, this work is 82 
intended to define a standardized modelling chain that can use the same emission inventories and 83 
land use datasets, as well as meteorological inputs, for the CTM and LSM components of the HMS. 84 
A case-study application of the HMS concerning the metropolitan area of Milan, with a specific 85 
focus over the city center, where the LSM was applied in cascade to the CTM in order to provide 86 
hourly NOX concentration for a high resolution urban grid (20x20 m) for 2010, is presented and 87 
discussed. 88 
The paper firstly describes the conceptual structure and the elements of the HMS. The following 89 
section is devoted to the evaluation of the performance of the CTM part of the HMS. Then the 90 
results of the LSM application are presented and compared with the corresponding CTM outcomes. 91 
HMS results at the Milan urban domain are then compared with observations. Finally the evaluation 92 
of the spatial variability of the fine scale concentrations is presented and discussed. 93 
 94 

2. Methods	95 

2.1. The	hybrid	modelling	system	96 
 97 
The hybrid system relies on two main components: the regional scale model CAMx and the local 98 
scale dispersion model AUSTAL2000. The modelling system also includes the Weather Research 99 
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and Forecasting (WRF) meteorological model and the SMOKE emission model. Interactions 100 
between all models are shown in the flow chart of Figure 1. All models and tools implemented in 101 
the modelling chain are based on open source codes. The modelling system has two main features:  102 

- CTM and LSM input data consistency, i.e.: the two models share the same meteorological 103 
and emission data; 104 

- solution to the double counting problem of local contribution, thanks to a source 105 
apportionment algorithm implemented in the CTM model the local sources’ contribution is 106 
accounted for only by the LSM.  107 

The modelling chain presents efficient features concerning computational time: 15 minutes/day 108 
with 8 core processors about CAMx outcomes while 4min/day about AUSTAL2000 outputs with 109 
single core. Physical and chemical processes are described and quantified although AUSTAL2000 110 
treats all pollutants as inert. Chemical schemes are implemented into CAMx, as described in setting 111 
section, and cover an important role overall at the basin scale; conversely, at the local scale the 112 
correct quantification of the dispersion phenomena is more important in order to compute backlog 113 
events, key features concerning exposition levels within urban areas. Thanks to its LSM component 114 
the HMS can accurately reproduce the spatial pattern of emission sources and reconstruct the spatial 115 
variability of pollutants concentrations. Thus, for example, the HMS is helpful to define critical 116 
zones for urban pollution and to assess the impact of air quality control policies, as the introduction 117 
of “Low Emission Zone” (Hellison et al., 2013; Morfeld et al., 2014), popular in big cities of 118 
Germany and England and adopted also in Milan since a few years. 119 
Models setup and details on the output of the HMS are given in the following paragraphs with 120 
specific reference to the case-study for NOX concentration in Milan city center. 121 
 122 
 123 

 124 
Figure 1. Flow chart of the hybrid modelling system 125 

2.2. WRF	setup	126 
 127 
The WRF model v3.4.1 (Skamarock et al.,2008) was setup using 30 vertical layers, with the first 128 
one reaching about 25 meters from ground level; the top layer overcomes 15 km. Four horizontal 129 
nested grids were used, downscaling from a 3870x4140 km2 domain covering Europe to a 130 
1350x1530 km2 domain over Italy, a 600x420 km2 over the Po Valley and a 85x85 km2 over a part 131 
of the Lombardy region, including the city of Milan. Each domain was gridded using different 132 
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resolutions starting from 45 km as grid step down to 15 km, 5 km and 1.7 km for the last domain. 133 
Initial and boundary conditions were taken from ECMWF analysis fields at 0.5x0.5° grid size, both 134 
at ground level and at different pressure levels 135 
(http://old.ecmwf.int/products/data/archive/ECMWF_catalogue/index.html). Data included 3D and 136 
surface parameters (wind speed components, temperature, relative humidity), 2D surface 137 
parameters (sea level pressure and temperature, separating sea cells from ground ones), 2D static 138 
parameter of land sea mask and 3D soil parameters (temperature and water content) integrated on 4 139 
ground layers (0-7 cm, 7-28 cm, 28 cm-1m, 1-2.55 m). Main physical settings within WRF included 140 
the Rapid Radiation Transfer Model (RRTM) radiation scheme (Iacono et al., 2008), Morrison 141 
double moment microphysics processes scheme (Morrison et al., 2009), Yonsei University PBL 142 
scheme (Hong et al., 2006), Grell 3D scheme for clouding creation (Grell et al., 2002) over 143 
European and Italian domain, Monin-Obukhov surface layer scheme (Monin and Obukhov, 1954) 144 
and Noah land surface model (Chen and Dudhia, 2001). Analysis nudging of wind speed horizontal 145 
components, temperature and relative humidity was used in the WRF model with a nudging 146 
strength of 3x10-4. The classification system for land use was based on European database CORINE 147 
that counts 44 different categories (http://www.eea.europa.eu/), reclassified over 33 classes of 148 
USGS system. Particularly, CORINE adopts five different sub-categories of urban land use, from 149 
continuous urban fabric to discontinuous low-density urban fabric, that were linked to three USGS 150 
urban land use classes. 151 
 152 

2.3. CAMx	setup		153 
 154 
CAMx v5.40 model (ENVIRON, 2011) was used to simulate dispersion phenomena and chemical 155 
processes at regional scale. CAMx provided the concentration fields for the outer domains and 156 
background contributions for the local domain, better detailed below. CAMx was setup using the 157 
same horizontal grid structure as for WRF. CAMx vertical grid was defined collapsing the 27 158 
vertical layers used by WRF into 14 layers in CAMx but keeping identical the layers up to 1 km 159 
above ground level; in particular, the first layer thickness was up to about 25 m from the ground 160 
like the corresponding WRF layer. The model was run only for the three innermost domains of 161 
WRF (Italy, Po Valley, Milan area), adopting the same grid step but slightly reduced dimensions to 162 
remove boundary effects. Details on the computational grids are reported in Table S 1 of 163 
Supplementary materials section. 164 
Homogenous gas phase reactions of nitrogen compounds and organic species were reproduced 165 
through CB05 mechanism (Yarwood et al., 2005). The aerosol scheme was based on two static 166 
modes (coarse and fine). Secondary inorganic compounds evolution was described by 167 
thermodynamic algorithm ISORROPIA (Nenes et al., 1998), while SOAP (ENVIRON, 2011) was 168 
used to describe secondary organic aerosol formation. Meteorological input data were provided by 169 
WRF and were completed by OMI satellite data (http://toms.gsfc.nasa.gov), including ozone 170 
vertical content and aerosol turbidity. Vertical turbulence coefficients (kv) were computed using 171 
O’Bryan scheme (O’Brien, 1970), but adopting two different minimum kv values for rural and 172 
urban areas, so to consider heat island phenomena and increased roughness of built areas. 173 
Emissions were derived from inventory data at three different levels: European Monitoring and 174 
Evaluation Programme data (EMEP, http://www.ceip.at/emission-data-webdab/emissions-used-in-175 
emep-models/) available over a regular grid of 50x50 km2; ISPRA Italian national inventory data 176 
(http://www.sinanet.isprambiente.it/it/sia-ispra/inventaria/disaggregazione-dellinventario-nazionale-177 
2010) which provides a disaggregation for province; regional inventories data based on INEMAR 178 
methodology (INEMAR – ARPA Lombardia, 2015) for the four administrative regions in the Po 179 
Valley, which provide detailed emissions data at municipality level. Each emission inventory was 180 
processed using the Sparse Matrix Operator for Kernel Emissions model (SMOKE v3.5) (UNC, 181 
2013) in order to obtain the hourly time pattern of the emissions. Temporal disaggregation was 182 
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based on monthly, daily and hourly profiles deducted by CHIMERE model (INERIS, 2006) and 183 
EMEP model from Institute of Energy Economics and the Rational Use of Energy (IER) project 184 
named GENEMIS (Pernigotti et al., 2013). 185 
In order to avoid the double counting of the emissions placed inside the local domain, the source 186 
apportionment algorithm PSAT (Yarwood, 2004) implemented into CAMx was used. PSAT allows 187 
keeping track of the contribution of different emission areas and source categories to the total 188 
pollutant concentration. For this application PSAT was setup to split the ambient concentrations 189 
resulting from the emissions of two Milan areas: innermost domain contribution (”local”) and 190 
external domain contribution (”background”). The former contribution derives from the emissions 191 
belonging to the overlapping LSM-CTM urban domain, while the latter accounts for all the 192 
remaining sources, also including the CAMx parent domains. Therefore, in the context of this 193 
paper, “local” and “background” does not refer to the usual definition of the urban areas, but to the 194 
computational domains of the two modeling layers. 195 
This approach allows avoiding double counting of emission sources preserving physical and 196 
chemical consistency between the two models, in a simpler way than other methods requiring more 197 
simulations and assumptions (Stocker et al., 2014). 198 
Initial and boundary conditions were taken from MACC-II system (http://www.gmes-199 
atmosphere.eu/services/aqac/) that provides 3D global concentrations fields. 200 
 201 

2.4. AUSTAL2000	setup		202 
 203 
AUSTAL2000 v2.6.9 release was used as LSM within the modelling chain. AUSTAL2000 204 
computational domain almost exactly overlapped one CAMx cell, covering a 1.6x1.6 km2 urban 205 
area, including the main square of Milan city center, with 20 m grid step size (Figure 2). The 206 
innermost domain is characterized by heterogeneous urban pattern: public parks (green area in the 207 
figure below) and road arches separate the densely built up area. Actually, the ring road is trafficked 208 
street during the all week-day. Based on the same emissions and meteorological parameters used by 209 
CAMx, AUSTAL2000 computed NOX time series of concentrations generated by local sources 210 
enabling for the analysis of their spatial variability at high resolution within the urban domain. The 211 
vertical domain started from ground level up to 1500 m, adopting a variable-step grid: a 3m-step 212 
was used up to 60 m (i.e: twice the average height of the buildings), the top of the following three 213 
layers was set at 65 m, 100 m, 150 m, then a 100m-step was used from 200 m to 800 m and the top 214 
of the last three layers was set at 1000 m, 1200 m and 1500 m. 215 
 216 
 217 

 218 
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Figure 2. Overview of Milan area boundary (left panel). View of AUSTAL2000 urban computational domain 219 
(right panel). Yellow dots represent the air quality stations included within the urban domain used for 220 
validation. Green areas represent public parks. 221 
 222 
Meteorological input variables for AUSTAL2000 (hourly data for Monin-Obukhov length, wind 223 
speed and direction) were provided by WRF and considered as representative of the non-disturbed 224 
flow; then the local wind field was calculated by the diagnostic wind field model TALdia, coupled 225 
with AUSTAL2000 and able to take into account the features of the urban built environment. 226 
European land use atlas (http://www.eea.europa.eu/data-and-maps/data/urban-atlas), which provides 227 
information on the land cover composition according to the CORINE approach, was used to 228 
describe the presence of buildings in the urban domain. The cells covered at 99% by urban category 229 
land use, were considered as a building, with an assumed height of 30 meters based on the evidence 230 
of the average building height in Milan. 231 
AUSTAL2000 used the same emission data as CAMx but with a more accurate spatial distribution 232 
that better mirrored the actual location of the sources and the release height. Namely, total NOX 233 
emissions of the CAMx cell corresponding to the AUSTAL2000 urban domain were split among its 234 
cells based on proper 20x20 m2 gridded information. According to CAMx emission data, NOX 235 
emissions over the local domain were related only to domestic and commercial heating and to road 236 
traffic. Domestic heating emissions were equally split among all the cells associated to buildings in 237 
the urban domain, lacking specific information on the energetic system and performance of the real 238 
buildings. Each building was associated to a stack represented as a point source at the building 239 
rooftop height. Traffic emissions were dealt with as ground-level linear sources, allocated with high 240 
accuracy within the domain exploiting the full potential of LSM model. Total NOX traffic emissions 241 
were proportionally split among all road arches in the local domain based on road network data 242 
provided by AMAT (http://www.amat-mi.it/it/documenti/dettaglio/16/). Emissions for each road 243 
have been computed as a weighted average of the total emissions within the local domain based on 244 
an aggregate street variable (ASV) given by the product of street length and vehicle number. 245 
AUSTAL2000 model operated considering NOX as an inert species. However this limitation did not 246 
affect the results because of the very short atmospheric residence time within the local domain. 247 

2.5. Hybrid	modeling	system	output	248 
 249 
HMS was applied to assess hourly NOX concentration for the AUSTAL2000 computational domain 250 
showed in Figure 2. In the hybrid approach CAMx provided the background contribution, whilst 251 
AUSTAL2000 reproduced the hourly field concentration generated only by the sources active in the 252 
innermost urban domain; the final NOX hourly concentration field at the Milan area domain was 253 
computed adding the local scale AUSTAL2000 concentration field to the CAMx background 254 
concentration. This approach avoided the double counting of local emissions that could occur when 255 
the LSM results for the local domain are simply superimposed to the regional scale results from 256 
CTM. 257 
HMS results were compared with measurements at two air quality monitoring stations (Senato: 258 
9,1974E, 45,4705N; Verziere: 9,1953E, 45,4633N) in the urban domain operated by the regional 259 
agency for environmental protection. Both stations are located in kerbside position near trafficked 260 
streets and Senato station is classified as an urban canyon environment. Figure S 2 in S.M. shows 261 
plan view of the two monitoring sites. In order to illustrate the local situation and micro-262 
enviroments of both monitoring sites, the different impact of buildings on local scale winds is 263 
shown by the wind roses obtained by TALdia meteorological model for January 2010, reported in 264 
Figure S 3 in S.M. In particular, the screen effect of the building “west” of Verziere monitoring site 265 
(Figure S 4 – right), as well as the channeling effect of buildings along the city center ring road at 266 
Senato site (Figure S 4 – left) are clearly highlighted. However, because at these sites no wind 267 
measurements are available, TALdia results cannot be validated. Additionally, it was also possible 268 
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to compare the HMS results with those simply produced by the CTM as a result of both the 269 
emissions inside and outside the urban domain (stand-alone CAMx). 270 
The statistical parameters for model performance assessment included the mean bias (MB), mean 271 
absolute error (MAE), root mean square error (RMSE), index of agreement (IOA) and the 272 
correlation coefficient (r). The explicit definition of each parameter is reported in the S.M. section. 273 
 274 

3. Results	and	discussion	275 

3.1. WRF	performance	evaluation	276 
 277 
Meteorological fields were compared against surface observations proving that WRF was able to 278 
capture the temporal evolution of both the wind speed and direction over 2010. WRF Performance 279 
was evaluated considering the Po Valley and Milan area domain through two different observation 280 
networks: the World Meteorological Organization (WMO) and the Regional meteorological 281 
networks (ARPA). WRF provided similar performance for both networks; therefore, only the 282 
comparisons with ARPA data are shown in Figure 3 and Figure 4 for the Po valley and Milan area 283 
domain, respectively. Additional WRF performance results are available in the Table S 2 and Table 284 
S 3 of S.M. for both ARPA and WMO network. 285 
Year 2010 was characterized by a normal rise of specific humidity (mixing ratio) with a peak in the 286 
summer period, as temperature trend. Occasionally quick decrease of temperature and mixing ratio 287 
were well captured by WRF over both domains during winter and summer months too. This is 288 
clearly proved by the values of the correlation index (Table S 2) showing values higher than 0.95 289 
for both parameters and domains. Temperature over the Milan area domain was slightly 290 
overestimated over the whole year (BIAS = 0.67 deg), but the overall performance is better than the 291 
Po Valley domain, as stated by RMSE index, decreasing from 2.68 to 2.01. The observed annual 292 
wind speed distribution was correctly reproduced by WRF although a slight overprediction, higher 293 
for Milan area domain (BIAS=0.47 m/s) than Po Valley area (BIAS=0.3 m/s). Observed wind speed 294 
percentiles performed within Milan area domain were lower than wider domain, stressing critic 295 
situation for pollutants dispersion expected for Po Valley and urban domain. 296 
Wind speed was constantly overpredicted over both domains but simulation for Milan area WRF 297 
showed an increased discrepancy in more windy conditions as shown by the 95th percentile of the 298 
observed (2.67 m/s) and predicted (3.48 m/s) wind speed. 299 
 300 
 301 
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 302 
Figure 3. Time series of the box and whisker plots for the daily distribution of the observed (black/grey) and 303 
computed (red/orange) values of mixing ratio, temperature and wind speed at 170 ARPA sites, computed over 304 
the Po valley domain for 2010. Bars show the interquartile range (IR), lines the median values, dashed vertical 305 
bars the (25th – 1.5 · IR) and the (75th + 1.5 · IR) value. Values for the 25th, 50th, 75th, and 95th quantiles of the 306 
whole yearly time series are reported too. 307 
 308 
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 309 

 310 
Figure 4. Time series of the box and whisker plots for the daily distribution of the observed (black/grey) and 311 
computed (red/orange) values of mixing ratio, temperature and wind speed at 15 ARPA sites (only 3 sites for 312 
wind speed), computed over the Milan area for 2010. Bars show the interquartile range (IR), lines the median 313 
values, dashed vertical bars (25th – 1.5 · IR) and the (75th + 1.5 · IR) value. Values for the 25th, 50th, 75th, and 314 
95th quantiles of the whole yearly time series are reported too. 315 
 316 

3.2. Stand‐alone	CAMx	performance	evaluation	317 
 318 
CAMx performance was computed over both Po Valley and Milan area domains. CAMx should 319 
reproduce the atmospheric behavior of all main gaseous and aerosol pollutants, taking into account 320 
all relevant processes ought to be available in the code. According to the aim of the work, in this 321 
paper only results concerning NOX concentration are presented and discussed.  322 
Table 1 shows the comparison between statistical indicators over the two domains, considering only 323 
urban and suburban air quality monitoring stations. Measurements at 20 urban sites and 8 sub-urban 324 
sites were available for the Milan area and at 97 urban sites and 43 sub-urban sites, also including 325 
the previous ones for the whole Po Valley domain. Observed mean concentration increased from 30 326 
ppbV to about 40 ppbV zooming from the whole Po Valley to the Milan area, due to the increasing 327 
strength of the anthropogenic emissions. Over both domains CAMx clearly underestimated the 328 
observed concentration, especially during the winter period, with an overall mean bias around 14 329 
ppbV. As shown in Figure 5, regardless for the spatial resolution of the simulation, CAMx was able 330 
to reproduce the observed concentration for most of the summer months, but missing several of the 331 
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severe episodes that took place on winter months, particularly January and December which caused 332 
a low correlation index. Indeed, the difference between modelled and observed time series became 333 
larger and larger in the upper tail of the distribution, as pointed out by the values of the three 334 
quartiles and of the 95th percentile reported in Figure 5. 335 
The origin of NOX underestimation, mainly during the cold season, was not clearly identified, but it 336 
could be probably explained by the potential overestimation of the vertical mixing because, as 337 
stated in the previous paragraph, horizontal dispersion was well captured by WRF model. Wind 338 
direction also could be a reason for the NOx underestimation but the error showed in S.M. in the 339 
Figure S 5 over the Milan area was not so relevant and homogenously distributed for different wind 340 
speed. Thus at basin scale, the effect of the wind direction error on discrepancies between 341 
observations and model outputs was limited. Low wind speed, dry air and cold temperature that 342 
characterized principally the winter period in the Po valley, were often linked to strong inversion 343 
conditions with very low mixing heights, favoring pollutant accumulation, but direct measurements 344 
of mixing height were not available. However, focusing on peak events during the cold season, 345 
WRF slightly overestimated temperature and this could overestimate mixing layer height too. 346 
Similar performances are observed for the few rural stations available in the domain in S.M., in 347 
particular in Figure S 6 and Table S 4. 348 
Additionally, it is worth noticing that CAMx provided the same performance for both the 349 
simulation domains, pointing out that the underestimation had not be ascribed to local scale effect 350 
(e.g. missing local sources), but to larger scale features not captured by the meteorological model.  351 
 352 
 353 
Table 1. Comparison of stand-alone CAMx model performance for NOX hourly concentrations computed for 354 
2010 at urban and suburban AQ stations of Po Valley and Milan area domain. 355 

 Po Valley Milan area 
 Observations Model Observations Model 
Mean  [ppbV] 29.7 14.9 39.4 26.5 
Standard Deviation  [ppbV] 35.1 17.5 46.4 24.0 
Number Observations [-] 1173403 237587 
Correlation [-] 0.45 0.5 
Mean Bias [ppbV] -14.8 -13 
Mean Error [ppbV] 19.5 23.2 
Index_of_Agreement [-] 0.56 0.6 
RMSE [ppbV] 34.7 42.3 

 356 

 357 
Figure 5. Time series of the box and whisker plots for the daily distribution of the observed (black/grey) and 358 
computed values of NOX concentration (ppb) at Urban and Suburban monitoring sites of the Milan area domain 359 
for 2010. CAMx results at 5 km and 1.7 km resolution are displayed in red/orange and in green, respectively. 360 
Bars show the interquartile range, lines the median values. Values for the 25th, 50th, 75th, and 95th quantiles of 361 
the whole monthly time series are reported too. 362 
 363 
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3.3. CAMx	and	AUSTAL	local	concentration	fields	364 
 365 
AUSTAL2000 made possible the reconstruction of the urban structure of the city including 366 
buildings and all the obstacles that influence dispersion of pollutants. Figure 6 shows the NOX 367 
spatial distribution over the local domain as ground-level mean concentration for 2010. 368 
 369 
 370 

 371 
Figure 6. AUSTAL2000 NOX mean concentration field for 2010 at ground level, computed as a vertical average 372 
along the first 24 meters (HMS_mean24m). Grey areas identify buildings. 373 
 374 
Such a mean concentration field points out the effect of traffic sources on main roads of the area, 375 
responsible for NOX levels as high as 40 ppbV near busy crossroads, as well as areas with lower 376 
levels, down to about 10 ppbV, far from busy streets. This result highlights the LSM capability to 377 
reproduce the strong spatial variability of pollutants within urban areas, that cannot be captured by a 378 
CTM alone, that over the same area can provide only one mean concentration value.  379 
An interesting feature of our HMS is that the LSM output can be compared with the CTM local 380 
contribution (CAMx local), obtained by PSAT application, because both of them are produced by 381 
the same emissions sources. To this purpose, AUSTAL2000 vertical concentration profiles were 382 
averaged within the first 24 meters, in order to make them comparable to CAMx first layer output 383 
(up to around 25 meters). Then, in order to preserve LSM variability, the CAMx mean local 384 
concentrations were compared to the statistical distribution of the AUSTAL2000 concentrations, 385 
excluding those cells representing a building or general obstacles. 386 
Figure 7 shows the comparison between the mean estimations from CAMx and the box plots 387 
representing the distribution of daily mean NOX concentrations over all the urban domain from 388 
AUSTAL2000. In order to highlight the higher concentrations performed by AUSTAL2000, the 389 
scatter plot and the main statistical parameters from the two different local contributions were 390 
showed in Figure S 7 in S.M, based on the median value of AUSTAL2000 daily concentrations and 391 
CAMx local contribution. 392 
 393 
 394 
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 395 
Figure 7. Comparison between NOX daily concentrations for the urban domain computed by CAMx local (red 396 
line) and by AUSTAL2000. The latter is expressed as statistical distribution, with the blue line representing the 397 
median value of the spatial distribution, the blue box limits the 25th and 75th percentile of the distribution and the 398 
grey line the 5th and 95th percentile.  399 
 400 
The two models were driven by the same meteorological input and the same emission data but 401 
based on very different modelling approaches (CAMx is an eulerian model while AUSTAL2000 402 
follows a lagrangian approach). CAMx local concentrations mostly ranged between 0 and 20 ppbV 403 
while AUSTAL2000 showed several peaks ranging between 10 and 70 ppbV. Nevertheless the 404 
models showed a rather good agreement in some periods, especially when the estimated 405 
contribution from “local sources” was below 10 ppbV (e.g.: between April and October). 406 
Conversely, in some other periods the whole distribution of AUSTAL2000 concentrations was 407 
higher than the CAMx local value, though both the models tended to reproduce the same time 408 
pattern. Other than to the different modeling approach, the discrepancy between the models can be 409 
related to different sensitivity to meteorological data. 410 
The effect of atmospheric stability on model performance was highlighted by the comparison 411 
between the daily pattern of the computed ”local sources” contributions (Figure 8) for a winter a 412 
summer month. In January, differences between models are related to nighttime hours, when 413 
AUSTAL2000 showed a more pronounced temporal variability than CAMx with two peaks 414 
corresponding to morning and late afternoon rush hours. Differently, CAMx computed a slighter 415 
growth of concentrations on morning and evening rush hours and a flatter concentration time 416 
pattern over the whole day. Conversely, on daytime hours model results were very similar, but with 417 
CAMx mean values slightly higher. The model outputs largely differed on late evening hours, when 418 
the stratification of the atmosphere, more relevant for the LSM, drove AUSTAL2000 to emphasize 419 
backlog conditions and consequently NOX concentration levels. 420 
An additional analysis of the influence of winter meteorological conditions on concentration levels 421 
computed at Verziere and Senato site, the two air quality monitoring sites also used for model 422 
performance evaluation, is shown in Figure S 8. At both sites, the most part of hourly concentration 423 
events when the local sources’ contribution estimated by AUSTAL2000 exceeded 50 ppbV 424 
occurred under “critical conditions”, associated with wind speed lower than 1.5 m/s and Monin-425 
Obhukov length in the 0.1 - 50 m range, thus representing stable atmospheric conditions. 426 
The combined analysis of Figure 8 and Figure S 8 points out that the “critical conditions” were 427 
prevailing during nighttime hours, when the absence of solar radiation favored the development of 428 
more stagnant conditions. 429 
In June modeled concentrations are lower than winter for both models, as expected. CAMx and 430 
AUSTAL2000 showed a similar behavior during nighttime hours, while CAMx was lower than 431 
AUSTAL2000 during daytime. This results points out that CAMx is characterized by an enhanced 432 
vertical mixing during daytime hours of the warm season (Lonati et al, 2010). 433 
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 434 
 435 

 436 
Figure 8. NOX January (left) and June (right) mean day concentration. Red line represents CAMx local 437 
estimation. Blue line represents the median of AUSTAL2000 spatial distribution of the mean day concentrations, 438 
while the box’s limits indicate 25th and 75th percentile and the vertical lines link the 5th and 95th percentile. 439 
 440 
 441 

3.4. Hybrid	modeling	system	performance	442 
 443 
Adding AUSTAL2000 output to the background concentration computed by CAMx, it was possible 444 
to obtain the HMS estimation of the total NOX concentration, without any double counting of local 445 
sources. HMS output was compared with observations as well as with the results of the stand-alone 446 
CAMx simulation. The definition of the HMS “total” NOX concentration requires additional 447 
assumptions. Indeed, AUSTAL2000 results are available over a 3m-stepped vertical profile, 448 
observed values generally refers to 2 m above ground level, while CAMx concentration represents 449 
the mean value for the first vertical layer. For this reason, at a first stage, the model performance 450 
evaluation was based on two different definition of the LSM concentration contribution: 451 
AUSTAL2000 contribution at 3 meters from the ground (HMS_3m) was used for comparison with 452 
measurements, which are sampled at a similar height; AUSTAL2000 average contribution of first 453 
24 meters (HMS_mean24m) was used for comparison with CAMx estimation. In Figure 9 the 454 
measured time series (black line), stand-alone CAMx estimate (red line) and HMS values made by 455 
background contribution (blue area) and AUSTAL2000 contribution (green area) are plotted. The 456 
analysis referred to Verziere and Senato site, the two only monitoring sites available within the 457 
local domain. 458 
 459 
 460 

 461 

 462 
Figure 9. Comparison of daily mean NOX concentrations observed and computed by the HMS, according to both 463 
definition, and stand-alone CAMx for Senato (left column) and Verziere site (right column). HMS concentration 464 
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is obtained superimposing CAMx background concentration (in blue) with AUSTAL2000 local contribution (in 465 
green). AUSTAL2000 contribution in HMS time series is HMS_3m in top graphs and HMS_mean24m in bottom 466 
graphs. Stand-alone CAMx results are in red. 467 
 468 
The first relevant finding stemming from Figure 9 is that, in most cases, the total HMS 469 
concentration was mainly due to the background contribution, thus depending on the sources placed 470 
outside the AUSTAL2000 local domain. The mean modeled contributions are summarized in Table 471 
2, showing a background concentration around 36 ppbV. Local contributions at Senato site ranged 472 
between 4 ppbV for CAMx local up to 21 ppbV with AUSTAL2000 at 3m and between 4.9 and 473 
18.1 at Verziere site. This result implies that, first of all, the reconstruction of air quality levels 474 
within urban areas, even in an intensely emitting area like Milan city center, requires a modeling 475 
approach able to take into account the influence of sources placed over the whole urban context. 476 
Table 3 reports the main statistical parameters summarizing model performance for both HMS 477 
outputs and for stand-alone CAMx output. 478 
Both the observed annual mean concentration and the standard deviation of hourly concentrations at 479 
Senato site were higher than at Verziere site. The reason is probably related to local features of 480 
urban morphology as shown in Figure S 2 but also to the traffic load on the two streets. Actually, 481 
Verziere street is a secondary road, less trafficked compared to Senato street, that is a stretch of the 482 
city center ring road with the aspect of an urban canyon. Therefore, in addiction to high local NOx 483 
emissions, there are also buildings surrounding Senato monitoring station, that emphasize backlog 484 
conditions rather than at Verziere site where, moreover, the wider open area favors the dispersion of 485 
local emissions. Neither stand-alone CAMx nor the HMS were able to capture this feature. Indeed 486 
all the model configurations showed increasing concentrations from stand-alone CAMx to 487 
HMS_3m, but without relevant differences between the two sites. This suggests that both the 488 
difference in urban morphology and in the emission load were not well captured by the HMS. 489 
At both sites the statistical indexes showed a general underestimation for CAMx stand-alone 490 
(negative bias: -20.8 at Senato, -6.5 at Verziere), but improved with HMS application. Bias 491 
decreased of almost 8 ppbV at Senato site using HMS with AUSTAL2000 vertical average and of 492 
more than 16 ppbV with AUSTAL2000 at 3m, anyway still remaining negative (-4.4 ppbV); at 493 
Verziere site bias was still negative, reaching a value of -0.1 ppbV with HMS_mean24m, but 494 
became positive with HMS_3m (6.7 ppbV). Correlation index showed a slight worsening for both 495 
HMS options with respect to CAMx: from 0.84 for CAMx down to 0.78-0.81 for HMS at Senato 496 
site, from 0.73 down to 0.71-0.72 at Verziere site. The opposite trend of bias and correlation index, 497 
as well as of index of agreement, points out that: i) the higher concentrations produced by HMS 498 
with respect to stand-alone CAMx reduced, on the average, the model underestimation; ii) the 499 
presence of several peaks produced by AUSTAL2000 during nighttime stable conditions worsened 500 
the reproduction of the temporal evolution of NOX concentrations. 501 
The combined effect of both these aspects on model performance is supported by joint evaluation of 502 
the Index of agreement (IOA) and Root Mean Square Error (RMSE). Actually, with respect to 503 
stand-alone CAMx, the IOA computed for HMS options remained substantially unchanged at 504 
Senato site, where the worsening in correlation was compensated by the clear improvement in bias 505 
and a slight one in RMSE, especially for HMS_mean24m approach; differently at Verziere site IOA 506 
and RMSE showed a degraded performance, especially for HMS_3m. 507 
In contrast with the improvements obtained for the BIAS, HMS_3m approach produced worst 508 
performance at both sites when IOA and CORR are considered. Conversely, HMS_mean24m shows 509 
less relevant improvements but extended to all the statistical performance indicators. 510 
This aspect can be explained by the significant backlog capability of LSM at ground-level during 511 
stable conditions (night-time), confirming the HMS_mean24m as best solution between the two 512 
approaches. 513 
 514 
 515 
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Table 2. Comparison among the modelled contributions to the yearly mean concentration and corresponding 516 
standard deviations. 517 

Statistical 
Parameters Milano Senato Milano Verziere 

[ppbV] CAMx 
Background 

AUSTAL2000 
24m 

AUSTAL2000 
3m 

CAMx
local 

CAMx 
Background 

AUSTAL2000 
24m 

AUSTAL2000 
3m 

CAMx 
local 

Mean  36.7 13.4 21.4 4.2 36,3 11.3 18.1 4.9 
St. Dev 21.2 14.9 20.6 3.5 20.8 13.4 18 4 

 518 
 519 
Table 3. Statistical parameters of HMS and CAMx model performance at Senato and Verziere site. 520 

Milano Senato Milano Verziere Statistical 
Parameters Observ. HMS_mean24m HMS_3m CAMx  

stand-alone Observ. HMS_mean24m HMS_3m CAMx 
stand-alone 

Mean [ppb] 58.1 50.1 58.1 40.9 47.9 47.6 54.4 41.2 
St. Dev. [ppb] 37.1 27.3 29.5 23.3 31.5 27.6 30.2 23.3 
BIAS [ppb]  -12.2 -4.4 -20.8  -0.1 6.7 -6.5 
MAE [ppb]  26.5 27.2 28.1  24.9 27.1 23.9 
IOA [-]  0.92 0.92 0.93  0.84 0.81 0.86 
RMSE [ppb]  40.9 41.6 42.2  38.1 40.8 36.1 
CORR [-]  0.81 0.78 0.84  0.72 0.71 0.73 

 521 
The analysis of the whole distribution of measured and modelled NOX time series showed that all 522 
CAMx stand-alone distributions systematically underpredicted the measurements at both sites, 523 
especially at Senato site. (Figure 10 and Figure S 1 in S.M.) This behavior improved with the 524 
introduction of the HMS, but there were still relevant discrepancies, particularly for the highest 525 
percentiles. A better agreement with modelled data was observed at Verziere site, particularly for 526 
HMS_mean24m data. This confirms that HMS was able to add properly the local scale magnitude 527 
of NOX concentrations to background contribution at this site, but not always to reproduce their 528 
temporal variability as confirmed by statistical indexes shown previously. At this site we could also 529 
observe a very good agreement for stand-alone CAMx output up to the 50th percentile while a 530 
systematic underestimation for Senato site, even though HMS_mean24m application, confirms that 531 
some specific local scale features were not captured by our modeling approach. Indeed, we already 532 
pointed out that highest observed concentrations took place during very stable conditions when 533 
local scale accumulation processes, that cannot be captured by CAMx, were prevailing. 534 
 535 
 536 

 537 
Figure 10. Quantile-Quantile plot of the observed and modelled NOX daily concentrations at Senato (left) and 538 
Verziere (right) site, starting from 5th percentile up to 95th percentile with a step of 0.05. 539 
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 540 
Although the highest percentiles underestimation persists after HMS introduction, the overall 541 
improvements will allow to capture a better level of exposure to pollutants of people living in high-542 
density urban areas, particularly at hot spot sites, generally missed by larger scale model. 543 
A further analysis of model performance was carried out considering the average weekly pattern 544 
and the mean day of modelled and observed NOX concentrations (Figure 11). The “day of the 545 
week” analysis shows that both HMS and stand-alone CAMx were able to capture the decreasing 546 
trend between workdays and weekends, especially in January, while failing in reproducing the day-547 
by-day variability observed also during workdays. The origin of such variability, especially 548 
observed at Senato site, was not clearly identified and could not be properly reproduced with the 549 
current approach for emission processing, that used the same time pattern for all weekdays from 550 
Monday to Friday. The day-by-day variability as well as the absolute values of concentrations were 551 
quite well reconstructed during the summer month (June), especially at Verziere site that was not 552 
affected by morning rush hour peaks as at Senato site. 553 
Figure 11 shows a negative bias at Senato site for January, across all weekdays. The discrepancy 554 
was mainly related to the strong underestimation of the morning peak and, as a consequence, of the 555 
ensuing daytime concentrations, as clearly pointed out by the mean day analysis in Figure 12. Other 556 
than to the emission pattern, the systematic under prediction of NOX at Senato site, clear also during 557 
June, can be partly associated with an incorrect definition of the site’s features as discussed before 558 
(e.g. street canyon character), that could not be captured by our modeling approach. 559 
 560 
 561 

562 

 563 
Figure 11. Day of the week for January (top) and June (bottom) NOX concentrations at Senato (left) and 564 
Verziere (right) measurement site. Black line represents measure, red line indicates stand-alone CAMx 565 
concentrations, while green and blue line show HMS results. Day of the week ranges from Monday (1) to Sunday 566 
(7). 567 
 568 
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569 

 570 
Figure 12. Mean day for January (top) and June (bottom) NOX concentrations at Senato (left) and Verziere 571 
(right) measurement site. Black line represents measure, red line indicates stand-alone CAMx concentrations, 572 
while green and blue line show HMS results. Day of the week ranges from Monday (1) to Sunday (7). 573 
 574 
Notwithstanding the day-by-day temporal variability not exactly reconstructed, the HMS (mean24m 575 
and 3m approach) results showed in Figure 12 confirmed that the average day-time variability 576 
modeled was not much different from observed concentrations, especially during the summer 577 
period when thermal and mechanical turbulence phenomena were more pronounced than in winter 578 
time. In particular, the magnitude of NOx concentrations observed in the winter (from 60 ppbV to 579 
100 ppbV) and summer period (from 15 ppbV to 40 ppbV) was correctly reproduced. 580 
However, the daily pattern was better reconstructed in the summer period than in the cold season.  581 
Indeed, traffic modulation and atmospheric conditions could influence significantly NOx 582 
concentrations during the hours of the day but CAMx stand-alone and especially HMS reproduce 583 
satisfactorily the morning and evening peak, moreover during summer months. Mechanical and 584 
relevant thermal turbulence during the warm season caused a lower evening peak, even though 585 
traffic modulation was similar to the cold season. This aspect was considered by both models 586 
(CAMx stand-alone and HMS). 587 
In particular, at Verziere site model outputs showed the smallest bias (Table 2), with the observed 588 
concentrations rather well captured, by HMS_mean24m on both summer and winter months. 589 
Actually, the main discrepancy was related to the overestimation of the evening peak in January, 590 
and to a lesser extent in June, on both workdays and weekends, even up to about 30 ppbV. 591 
The consistent over prediction suggests either a not good agreement between modelled and real 592 
modulation of traffic emissions or a too strong decrease of vertical turbulence and mixing in the late 593 
afternoon. This latter phenomenon has been already highlighted by previous studies (Kim et al., 594 
2015) and is related to the difficulty of meteorological model in taking into account the contribution 595 
of anthropogenic heating to energy balance within urban areas. 596 
CAMx stand-alone and HMS approaches resulted in solutions regarding concentration levels 597 
somewhat different but temporal variability as shown in Figure 11 and Figure 12 was not affect by 598 
the two methods. This aspect suggests that horizontal resolution as well as modelling method could 599 
either increase or decrease the backlog capability of the models, but they are less influent on 600 
temporal evolution. Consequently, NOx temporal variability depends on emission temporal 601 
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modulation and overall meteorological parameters, which remains unchanged between the two 602 
approaches. 603 
Finally, as for as the “double counting” is concerned, results reported in Table 2 for the annual 604 
mean concentration and the inspection of the daily pattern of the contributions computed by CAMx 605 
and AUSTAL2000 at the two monitoring sites (Figure 13) showed that the local sources’ 606 
contributions could not be considered negligible. In particular, the CAMx local contribution (i.e. the 607 
potential “double counting”) was in the 5%-15% range of the daily mean concentration considering 608 
both sites and months. Thus, correctly the CAMx local contribution must be excluded from HMS 609 
outcome to have a more accurate model estimate. AUSTAL contribution was in the 15%-25% range 610 
for January while during June the range increased up to 30% as daily average. 611 
 612 
 613 

614 

 615 
Figure 13. Daily pattern of the percentage ratio between estimated local contributions and HMS_24m daily mean 616 
concentration, computed for CAMx local (blue) and AUSTAL2000 (red) at Senato (left) and Verziere (right) site 617 
for January (top) and June (bottom). 618 
 619 
 620 

4. Conclusions	621 
 622 
A hybrid modeling system (HMS) was developed to provide hourly concentrations at the urban 623 
local scale. In this work the HMS was applied over a set of nested domains, the innermost covering 624 
a 1.6x1.6 km2 area in Milan city center with 20 m grid step size. HMS is based on the combination 625 
of a meteorological model (WRF), a CTM eulerian model (CAMx), which computes concentration 626 
levels over the regional domains, and a lagrangian dispersion model (AUSTAL2000), which 627 
computes dispersion phenomena and relative concentrations, due to road traffic and domestic 628 
heating within the urban area. A source apportionment algorithm PSAT (Yarwood et al., 2008), is 629 
also included in the HMS in order to avoid the double counting of local emissions. PSAT is able to 630 
track contribution of different emission areas or source categories. In this application we split the 631 
NOx concentration level in two Milan emission areas’ contribution: innermost domain contribution 632 
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(“local”) and external domain contribution (“background”). These two terms refer respectively to 633 
emission sources located within the innermost domain and to all remaining sources outside. 634 
Limitedly to this application “local” and “background” does not refer to the usual definition of the 635 
urban areas, while to the computational domains of the two modeling layers. The performance of 636 
the model components of the HMS was thoroughly evaluated for both meteorology and air quality 637 
reconstruction at the basin and local scale. 638 
WRF captured the overall evolution of the main meteorological features, but failing in reproducing 639 
some very stagnant situations, thus influencing the subsequent performance of regional scale model 640 
CAMx. Indeed, CAMx was able to reproduce the spatial and temporal evolution of NOX 641 
concentration over the whole regional and Milan area domain, with the exception of two severe 642 
episodes, characterized by observed concentrations higher than 100 ppb. 643 
The local scale model AUSTAL2000 provided high-resolution concentration fields that sensibly 644 
mirrored the road and traffic pattern in the innermost urban domain. In spite of the different 645 
modeling approach, the local contributions estimated by CAMx and AUSTAL2000 were in good 646 
agreement, especially during daytime in the summer period when stronger dispersion conditions, 647 
due to increasing of height mixing layer, generate more homogenous concentrations over the first 648 
vertical layers. Conversely, AUSTAL2000 resulted in higher concentration levels on night hours 649 
due to pronounced backlog situations corresponding to atmospheric stratification phenomena. 650 
According to the HMS the background contribution accounted on the average for about 70-75% of 651 
the computed concentration levels in the local domain, with the contribution of the local emission 652 
sources higher than the background only on particular events, mostly during atmospheric stability 653 
episodes (low wind speed and positive Monin-Obukhov length). This result, stating that NOX 654 
concentration levels within the inner part of the urban area could be mostly influenced by the 655 
contribution of sources outside the local domain, confirmed that in Milan the whole urban area as 656 
well as the outside background areas play a key role on air quality and that strictly local policies on 657 
urban emission sources could have a limited and indecisive effect. However, this finding could be 658 
partially biased by model underestimation of the observed concentration. 659 
 660 
In spite of the interesting additional pieces of information provided by HMS output about local 661 
scale modelling, namely concerning the detailed reconstruction of the spatial variability of NOX 662 
concentration, the overall performance of the HMS did not provide remarkable improvements with 663 
respect to stand-alone CAMx. Model validation relied on hourly NOX data collected for 2010 at the 664 
two only monitoring sites in the innermost simulation domain. Actually, with respect to stand-alone 665 
CAMx the HMS results were characterized by a smaller average bias as well as by a lower 666 
correlation, due to the concentration peaks produced by AUSTAL2000 during nighttime stable 667 
conditions that worsened the reproduction of the temporal evolution of NOX concentrations. 668 
Vertical averaging of HMS output data provided a slightly more robust performance, as averaging 669 
along the first atmospheric layers reduced the effect of the overestimated influence of stable and 670 
stagnant atmospheric conditions. 671 
The HMS provided rather similar results at both measuring sites, while observed values were 672 
clearly different, suggesting that some local scale features (e.g. the canyon effect at one site) still 673 
remain not correctly taken into account by the model or that the emission spatialization criteria, 674 
especially those from road traffic, need further improvement. Additionally, the analysis of the mean 675 
day concentrations highlighted that the HMS provided higher concentrations during evening hours. 676 
Such systematic over prediction suggests either a not good agreement between the time modulation 677 
of modelled and real world emission or a too strong decrease of vertical turbulence in the late 678 
afternoon related to the difficulty of the meteorological model in taking into account the 679 
contribution of anthropogenic heating to energy balance within the urban area. However, a first 680 
important outcome of the work is that some of the most relevant discrepancies between modeled 681 
and observed concentrations were not related to the horizontal resolution of the dispersion models, 682 
but to larger scale meteorological features not captured by the meteorological model. Secondly, 683 
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HMS output reduces the bias with observed NOx concentrations still keeping unaltered the time 684 
patterns (daily, weekly, monthly) of the CAMx model. 685 
We have demonstrated that this hybrid approach for the prediction of pollutant concentrations in 686 
urban areas is promising, even though the performance of the HMS showed some limitations, 687 
partially due to some approximations in the local scale input data. Such limitations concerns, among 688 
others: the fixed height of the buildings, the width of the streets in relation to the grid step size, the 689 
domestic heating emissions partitioning, the split of traffic emission among the arches of the road 690 
network and to the value of the urban mixing layer height constrained by inherent model 691 
assumptions (Federal Ministry for Environment, 2002). In conclusion, the highly-resolved spatial 692 
and temporal scale of the HMS output can be used for refining human exposure and health impact 693 
assessment as well as for the assessment of the impact of energy and traffic policies on air quality at 694 
the regional and local scale.  695 
Future work will also consider other pollutants, like particulate matter, a wider local domain in 696 
order to extent it to the entire urban area, and facing the abovementioned issues related to the input 697 
data for the local scale model. 698 
 699 
 700 
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 823 
Where: 824 
Cmod(x,t) = modelled concentration for specific site x at time t (upper line indicates mean variable 825 

for all period) 826 
Cobs(x,t) = observed concentration for specific site x at time t (upper line indicates mean variable for 827 

all period) 828 
N = number of cases. 829 
 830 
Table S 1. Lambert Conformal coordinates for nested domains in WRF and CAMx model 831 

  
 

WRF 
(Europe) 

WRF  CAMx 
(Italy) 

WRF CAMx  
(Po Valley) 

WRF CAMx 
(Milan area) 

SW X corner [km] -2164.7 -634.5 -604.5 -439.5 -429.5 -249.7 -246.2 
SW Y corner [km] -2358.2 -1053.5 -1023.5 -108.5 -98.5 66.8 69.8 
NE X corner [km] 1705.3 715.5 685.5 160.5 150.5 -164.7 -167.8 
NE Y corner [km] 1781.8 476.5 446.5 311.5 301.5 151.8 148.2 
DX-DY [km] 45 15 15 5 5 1.7 1.7 
N cells X [n] 86 90 86 120 116 51 47 
N cells Y [n] 92 102 98 84 80 51 47 

 832 
Table S 2. List of statistics data for Q, T and WS for WRF validation analyzing ARPA stations. 833 

 Mixing ratio Temperature Wind speed 
 Po Valley Milan area Po Valley Milan area Po Valley Milan area 

Num. Obs  669929 94022 1388928 97864 664066 24427 
Mean OBS  7.4 7.0 285.2 285.4 1.9 1.3 
Mean MODEL  7.5 7.2 284.6 286.1 2.2 1.7 
CORR 0.95 0.94 0.96 0.98 0.52 0.51 
Mean BIAS 0.11 0.22 -0.59 0.67 0.3 0.47 
MAE 0.86 0.84 1.97 1.57 1.1 0.82 
IOA 0.95 0.94 0.96 0.98 0.34 0.2 
RMSE 1.2 1.23 2.68 2.01 1.48 1.1 

 834 
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Table S 3. List of statistics data for Q, T and WS for WRF validation analyzing WMO stations. 835 
 Mixing ratio Temperature Wind speed 
 Po Valley Milan area Po Valley Milan area Po Valley Milan area 

Num. Obs  227684 24495 228958 24688 168539 12747 
Mean OBS  7.6 7.3 285.2 285.7 3.1 2.8 
Mean MODEL  7.6 7.5 284.7 286.5 2.6 1.6 
CORR 0.94 0.97 0.95 0.98 0.53 0.5 
Mean BIAS -0.09 0.19 -0.45 0.71 -0.28 -0.9 
MAE 1.02 0.71 2.12 1.41 1.47 1.19 
IOA 0.94 0.96 0.95 0.98 0.45 0.28 
RMSE 1.46 0.97 3.05 1.86 2 1.52 

 836 

 837 
Figure S 1. Box plot comparison of measured and modeled NOX hourly concentrations for Senato (left) and 838 
Verziere (right) site. Horizontal black line represents median value of the distributions. The box limits indicate 839 
25th and 75th percentile. Vertical lines link 5th and 95th percentiles. 840 
 841 
 842 

 843 
Figure S 2. Plant view of the two monitoring stations, circled in yellow. Senato site (left) and Verziere site (right). 844 
 845 
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 846 
Figure S 3. Wind roses for January obtained by TALdia for two monitoring sites: Senato (left) and Verziere 847 
(right). 848 
 849 

 850 
Figure S 4. Building pattern (brown box) and linear sources (black line) localization near two monitoring sites 851 
(blue square). Senato site (left) and Verziere site (right) 852 
 853 
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 854 
Figure S 5. Evaluation of wind direction performance over Milan area in 2010. The scatter plot (top-left) 855 
presents the distribution of the wind direction error. The x-axis represents the wind speed and on the round axis 856 
there is the wind direction error. The table (top-right) lists the principal statistical parameters. The graph 857 
“Statistical Metrics versus Observation Ranges” (bottom-left) illustrates the BIAS, MAE and StDev trend for 858 
different wind speed. The histogram (bottom-right) shows the distribution of the wind direction error 859 
probability (x-axis: positive and negative wind direction error). 860 
 861 

 862 
Figure S 6. Time series of the box and whisker plots for the daily distribution of the observed (black/grey) and 863 
computed values of NOX concentration (ppb) at Rural monitoring sites of the Milan area domain for 2010. 864 
CAMx results at 5 km and 1.7 km resolution are displayed in red/orange and in green, respectively. Bars show 865 
the interquartile range, lines the median values. Values for the 25th, 50th, 75th, and 95th quantiles of the whole 866 
monthly time series are reported too. 867 
 868 
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Table S 4. Comparison of stand-alone CAMx model performance for NOX hourly concentrations computed for 869 
2010 at rural AQ stations of Po Valley and Milan area domain. 870 

 Po Valley Milan area 
 Observations Model Observations Model 
Mean  [ppbV] 16.5 10.3 26.1 14.1 
Standard Deviation  [ppbV] 19.6 10.9 28.8 15.7 
Number Observations [-] 310495 32262 
Correlation [-] 0.5 0.4 
Mean Bias [ppbV] -6.2 -6.8 
Mean Error [ppbV] 10.2 9.2 
Index_of_Agreement [-] 0.6 0.6 
RMSE [ppbV] 18.4 29 

 871 
 872 

 873 
 874 

Figure S 7. Scatter plot (left) between local daily contribution estimated by CAMx and AUSTAL outcomes for 875 
2010. The solid black line indicates 1:1 ratio between the two models, the dashed lines represent 1:2 and 2:1 876 
ratio. The table (right) shows the mean, the standard deviations and the 3 quartiles for the local daily 877 
contributions. 878 
 879 

 880 
Figure S 8. Statistical distribution of the AUSTAL2000 hourly concentration, computed at two observation sites. 881 
Bars shows the number of total and critical meteorological conditions for January 2010. The “critical 882 
conditions” are defined as: wind speed < 1.5 m/s and 0.1 m < L < 50 m. The figure shows 4 categories, starting 883 
from 50 ppbV, with a 50 ppbV step size. 884 

 Statistical parameters AUSTAL2000 CAMx local 
Mean [ppbV] 8.55 5.61 
St. Dev [ppbV] 7.55 3.03 
25th percentile [ppbV] 4.54 3.40 
50th percentile [ppbV] 5.96 4.87 
75th percentile [ppbV] 9.27 7.21 


