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Abstract 

An integrated monitoring platform (IMP) was developed for real-time monitoring of traffic flows and related air pollution in 
urban areas. The IMP includes: (i) an air quality monitoring unit, integrating the “Arduino” open-source technology with low-
cost and high-resolution sensors, to measure air pollutant concentrations; (ii) a traffic monitoring device, equipped with a camera 
sensor and a video analysis software, to detect vehicles’ counts, speed and category; (iii) a spatial data infrastructure, composed 
of a central GeoDatabase, a GIS engine, and a web interface, for data storage and management. The IMP was tested in Florence 
(Italy) by installing sensor devices at a road site where a 1-year measuring campaign was carried out. A reference meteorological 
station in the city centre was used to provide observations of wind speed and direction, air temperature, and relative humidity.  
In this work, a statistical analysis was performed to investigate the influence of local road traffic and meteorological conditions 
on CO, NO2 and CO2 concentrations. Two different methods were applied: a linear regression model and an artificial neural 
network. To investigate the role played by emissions from road traffic, the influence of all drivers by period of the year (cold vs. 
warm months) and day of the week (weekdays vs. weekends) was analysed. As a result, the contribution of local road traffic on 
pollutant concentrations proved to be lower than meteorological parameters. 
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1. Introduction 

Environmental impacts are particularly severe in urban areas due to high population, traffic levels, intense vehicle 
use, driving patterns, vehicle characteristics and complex urban geometry (Mishra et al., 2016). In the past decades, 
regulations worldwide have progressively imposed more and more restrictive thresholds for air pollutant 
concentrations. This has led to improvements in road transport sector, e.g. promotion of public vs. private transport, 
vehicle fleet turnover, fuel improvement, or increase in electric/hybrid vehicles share (Gualtieri et al., 2014), 
resulting in considerably reduced air pollutant emissions. In Europe, road transportation sector accounts for total 
annual emissions by 40% for NOx, 23% for CO, 13% for primary PM2.5, 9% for primary PM10, and 11% for VOCs. 
Shares rise to 23% for total PM10 and 28% for O3 precursors if emissions from precursors of secondary aerosol and 
O3 are also considered (EEA, 2017). Today, mobility managers and city administrators are strongly committed in 
analyzing and taking actions to tackle air quality limit exceedances. To this goal, a clear support might arise from 
availability of monitoring devices – at the same urban site – of air pollutant concentrations and traffic flows. With 
this in mind, within a previous study (Zaldei et al., 2017) an integrated monitoring platform (IMP) was developed for 
real-time monitoring of traffic flows and related air pollution. The IMP was tested in Florence (Italy) by installing 
sensor devices at a road site where a 1-month measuring campaign was carried out.  

The goal of the current work is twofold: (i) to analyze the results of a 1-year campaign carried out by the IMP 
installed at the same road site in Florence; (ii) to investigate the influence played by local road traffic and 
meteorological conditions on CO, NO2 and CO2 concentrations. As for (ii), two different statistical methods were 
applied: a linear regression model and an artificial neural network (ANN). The analysis has been performed by 
period of the year (cold vs. warm months) and day of the week (weekdays vs. weekends). 

2. Material and methods 

2.1. Description of the integrated monitoring platform 

The developed IMP includes: (i) an air quality monitoring unit, integrating the “Arduino” open-source technology 
with low-cost and high-resolution sensors, to measure CO, NO2 and CO2 concentrations; (ii) a traffic monitoring 
device, equipped with a camera sensor and a video analysis software, to detect vehicles’ counts, speed and category; 
(iii) a spatial data infrastructure, composed of a central GeoDatabase, a GIS engine, and a web interface, for data 
storage and management. Full description of all IMP specifications may be found in Zaldei et al. (2017). 

2.2. Road site and experimental data 

The IMP was installed at Via della Villa Demidoff, a road located within a densely inhabited area of the city of 
Florence (Italy). All details upon this study area have been provided in Zaldei et al. (2017). Herein a 1-year 
monitoring campaign (01/02/2016 to 31/01/2017) has been carried out to measure 1-h concentrations of CO, NO2 
and CO2, as well as traffic flows (F) and vehicle speed (V). The Ximeniano reference meteorological station, located 
in the city centre, was used to provide 1-h observations of wind speed (WS) and direction (WD), air temperature (T), 
and relative humidity (RH). The cold vs. warm months disaggregation was based on actual heating regulations in 
Florence: (i) 1 Nov. to 15 Apr. (cold months); (ii) 16 Apr. to 31 Oct. (warm months). 

2.3. Statistical analysis 

All procedures were carried out in “R-stat” environment (R Core Team, 2017).  
The pattern of NO2 and CO2 concentrations has been analyzed by using the “PolarPlot” function implemented in 

the “Openair” R package (Carslaw, 2015). This function draws bivariate plots of concentrations, shown in polar 
coordinates, varying by wind speed and direction. It provides a very useful graphical technique for identifying and 
characterising different pollution sources, and assessing the joint wind speed-direction concentrations dependence. 

A linear regression model and an ANN have been applied to investigate the influence of local road traffic and 
meteorological parameters on NO2 and CO2 concentrations. Both statistical methods were only trained, using the 
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full dataset for training. For each concentration, a multi-regressive analysis was performed vs. the following selected 
regressors: WS, T, and RH (meteorology); F, and V (road traffic). Only the most significant variables (p<0.05) were 
considered in the linear regression analysis. To implement the ANN model, the “Neuralnet” R package (Guenther, 
2016) was employed, using 6 hidden neurons in each layer and a threshold of 0.01 for the partial derivatives of the 
error function as stopping criteria. For both statistical models, a relative importance analysis was performed to assess 
the contribution in explaining total variance by each individual regressor: for the linear model, the “Relaimpo” R 
package (Grömping, 2006), using the “lmg” metric (Lindeman et al., 1980) was applied; for the ANN model, the 
Garson’s algorithm (Garson, 1991), implemented in the “NeuralNetTools” R package (Beck, 2016), was used. 

CO concentrations were not considered in the statistical analysis since very low at the road site (see Table 1). 
These low CO values are in line with those reported in Florence by the 2016 annual report by ARPAT (2017). 

3. Results and discussion 

3.1. Observed data 

Table 1 reports the statistics of all parameters measured by the IMP and the Ximeniano meteorological station.  

Table 1. Statistics of 1-h data observed in Florence (01/02/2016–31/01/2017). 

 Station (location) Variable Valid data (%) Mean Standard deviation Range 

Air quality 
 IMP  

(Via della Villa Demidoff) 
CO conc. (mg/m3) 96.94 0.07 0.09 0.00 – 0.58 
NO2 conc. (µg/m3) 96.94 40.0 13.2 10.4 – 66.9 
CO2 conc. (ppm) 96.94 435.9 31.7 384.4 – 699.4 

Road traffic 
 IMP  

(Via della Villa Demidoff) 
Traffic flow (v/h) 95.75 283 178 2 – 1682 
Vehicle speed (km/h) 95.75 36.4 5.8 0.6 – 67.9 

Meteorology 
 Ximeniano observatory 

(city centre) 
Wind speed (m/s) 97.47 2.0 1.4 0.0 – 9.4 
Temperature (°C) 99.98 16.0 7.7 -3.6 – 35.6 
Relative humidity (%) 99.98 57.3 19.2 12.5 – 98.5 

 
Wind roses clearly indicate SE as the predominant wind sector both during the cold and the warm months, with 

respective occurrences of 25.4 and 26.9% (Fig. 1). Secondary prevailing directions are NE in the cold months 
(12.8%), and W during the warm months (11%): in both cases this direction encompasses the highest winds. The 
Florence urban area is affected by rather poor advection conditions, as shown by the very low average WS (2.0 m/s), 
being relatively constant across the whole period. During the cold months, wind calms (WS≤0.3 m/s) occur by 9% 
and WS≥4 m/s by 13.1%; during the warm months, both wind calms (2.7%) and winds above 4 m/s (8.6%) are rarer. 

 

 

Fig. 1. Wind roses observed at the Ximeniano station (01/02/2016–31/01/2017) during the cold (a) and warm (b) months. 
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3.2. Correlation analysis 

An analysis has been performed to investigate the association degree between all measured parameters (Table 2). 
Consistently with findings in the literature (e.g. Gualtieri et al., 2014), likely due to the very low CO levels observed 
at the site (Table 1), local road traffic poorly affects CO concentrations (r not higher than 0.16). Meteorological 
parameters play the major role on NO2 concentrations, particularly as concerns WS during the colder months (r 
anticorrelated by 0.55–0.61), and RH during the weekends (r=0.59). For CO2 concentrations, the highest correlation 
is vs. WS (r=0.48–0.50) in the colder months, and vs. RH and T during the weekends of the warmer months 
(r=0.55–0.56). 

Table 2. Correlation coefficients (r) by subperiod of 1-h data observed in Florence (01/02/2016–31/01/2017). 

Period Variable NO2 conc. (µg/m3) CO2 conc. (ppm) F (v/h) V (km/h) WS (m/s) T (°C) RH (%) 

Cold months, working days 

 CO conc. (mg/m3) 0.58 0.54 0.16 0.06 –0.48 0.15 0.58 
NO2 conc. (µg/m3)  0.65 –0.10 0.08 –0.64 –0.23 0.59 
CO2 conc. (ppm)   –0.02 0.01 –0.48 –0.15 0.43 
F (v/h)    –0.31 0.09 0.44 –0.30 
V (km/h)     –0.20 0.17 0.31 
WS (m/s)      –0.01 –0.48 
T (°C)       –0.23 

Cold months, weekends 

 CO conc. (mg/m3) 0.45 0.47 0.12 –0.01 –0.33 0.16 0.46 
NO2 conc. (µg/m3)  0.71 –0.28 –0.13 –0.55 –0.46 0.42 
CO2 conc. (ppm)   –0.22 –0.14 –0.50 –0.34 0.33 
F (v/h)    –0.24 0.21 0.47 –0.33 
V (km/h)     –0.12 0.33 0.28 
WS (m/s)      0.20 –0.33 
T (°C)       –0.10 

Warm months, working days 

 CO conc. (mg/m3) 0.54 0.38 0.02 0.10 –0.32 –0.29 0.53 
NO2 conc. (µg/m3)  0.58 –0.23 0.28 –0.43 –0.37 0.59 
CO2 conc. (ppm)   –0.19 0.16 –0.31 –0.15 0.35 
F (v/h)    –0.58 0.24 0.14 –0.35 
V (km/h)     –0.13 –0.21 0.32 
WS (m/s)      0.26 –0.45 
T (°C)       –0.67 

Warm months, weekends 

 CO conc. (mg/m3) 0.33 0.33 0.12 –0.01 –0.27 –0.44 0.50 
NO2 conc. (µg/m3)  0.81 –0.34 0.14 –0.35 –0.51 0.47 
CO2 conc. (ppm)   –0.44 0.17 –0.40 –0.55 0.56 
F (v/h)    –0.55 0.16 0.13 –0.32 
V (km/h)     –0.06 –0.13 0.23 
WS (m/s)      0.42 –0.45 
T (°C)       –0.80 
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3.3. Polar plots 

Figs. 2 and 3 present the polar plots of NO2 and CO2 concentrations, respectively, sorted by subperiod. 
NO2 concentrations (Fig. 2) are higher during the cold months, i.e. when residential heating is an additional NO2 

emission source to road traffic. The highest NO2 concentrations come from the SE wind sector. During the cold 
months, NO2 peak concentrations are both associated to lower winds (WS ≤2 m/s), thus to close-by sources such as 
local road traffic, and to higher winds (WS >2 m/s), i.e. to far away sources such as area-scale contributions. During 
the working days (Fig. 2a), a secondary peak of NO2 concentrations is associated to local and far away contributions 
from SW, while during the weekends (Fig. 2b) to local contributions from NE. During the warm months, 
contributions to the highest NO2 concentrations come only from SE: as expected, the weight of local road traffic is 
higher during the working days (Fig. 2c) than in the weekends (Fig. 2d). 

More strictly than in the case of NO2 concentrations, CO2 concentrations (Fig. 3) are higher in the cold months. 
During the working days of the cold months (Fig. 3a), CO2 peak concentrations are associated to both local road 
traffic and far away sources from SE possibly including background contributions. By contrast, in the weekends of 
the cold months (Fig. 3b) local road traffic mostly affects CO2 peak concentrations. During the warm months, i.e. 
when road traffic is the major CO2 emission source, contributions to CO2 peak concentrations mostly come from SE: 
again, the weight of local road traffic is higher during the working days (Fig. 3c) than in the weekends (Fig. 3d). 

 

 

Fig. 2. Polar plots of NO2 mean concentrations (µg/m3) observed by the IMP at Via della Villa Demidoff (01/02/2016–31/01/2017) during the 
subperiods: (a) cold months, working days; (b) cold months, weekends; (c) warm months, working days; (d) warm months, weekends.
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is vs. WS (r=0.48–0.50) in the colder months, and vs. RH and T during the weekends of the warmer months 
(r=0.55–0.56). 

Table 2. Correlation coefficients (r) by subperiod of 1-h data observed in Florence (01/02/2016–31/01/2017). 

Period Variable NO2 conc. (µg/m3) CO2 conc. (ppm) F (v/h) V (km/h) WS (m/s) T (°C) RH (%) 

Cold months, working days 

 CO conc. (mg/m3) 0.58 0.54 0.16 0.06 –0.48 0.15 0.58 
NO2 conc. (µg/m3)  0.65 –0.10 0.08 –0.64 –0.23 0.59 
CO2 conc. (ppm)   –0.02 0.01 –0.48 –0.15 0.43 
F (v/h)    –0.31 0.09 0.44 –0.30 
V (km/h)     –0.20 0.17 0.31 
WS (m/s)      –0.01 –0.48 
T (°C)       –0.23 

Cold months, weekends 

 CO conc. (mg/m3) 0.45 0.47 0.12 –0.01 –0.33 0.16 0.46 
NO2 conc. (µg/m3)  0.71 –0.28 –0.13 –0.55 –0.46 0.42 
CO2 conc. (ppm)   –0.22 –0.14 –0.50 –0.34 0.33 
F (v/h)    –0.24 0.21 0.47 –0.33 
V (km/h)     –0.12 0.33 0.28 
WS (m/s)      0.20 –0.33 
T (°C)       –0.10 

Warm months, working days 

 CO conc. (mg/m3) 0.54 0.38 0.02 0.10 –0.32 –0.29 0.53 
NO2 conc. (µg/m3)  0.58 –0.23 0.28 –0.43 –0.37 0.59 
CO2 conc. (ppm)   –0.19 0.16 –0.31 –0.15 0.35 
F (v/h)    –0.58 0.24 0.14 –0.35 
V (km/h)     –0.13 –0.21 0.32 
WS (m/s)      0.26 –0.45 
T (°C)       –0.67 

Warm months, weekends 

 CO conc. (mg/m3) 0.33 0.33 0.12 –0.01 –0.27 –0.44 0.50 
NO2 conc. (µg/m3)  0.81 –0.34 0.14 –0.35 –0.51 0.47 
CO2 conc. (ppm)   –0.44 0.17 –0.40 –0.55 0.56 
F (v/h)    –0.55 0.16 0.13 –0.32 
V (km/h)     –0.06 –0.13 0.23 
WS (m/s)      0.42 –0.45 
T (°C)       –0.80 
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3.3. Polar plots 

Figs. 2 and 3 present the polar plots of NO2 and CO2 concentrations, respectively, sorted by subperiod. 
NO2 concentrations (Fig. 2) are higher during the cold months, i.e. when residential heating is an additional NO2 

emission source to road traffic. The highest NO2 concentrations come from the SE wind sector. During the cold 
months, NO2 peak concentrations are both associated to lower winds (WS ≤2 m/s), thus to close-by sources such as 
local road traffic, and to higher winds (WS >2 m/s), i.e. to far away sources such as area-scale contributions. During 
the working days (Fig. 2a), a secondary peak of NO2 concentrations is associated to local and far away contributions 
from SW, while during the weekends (Fig. 2b) to local contributions from NE. During the warm months, 
contributions to the highest NO2 concentrations come only from SE: as expected, the weight of local road traffic is 
higher during the working days (Fig. 2c) than in the weekends (Fig. 2d). 

More strictly than in the case of NO2 concentrations, CO2 concentrations (Fig. 3) are higher in the cold months. 
During the working days of the cold months (Fig. 3a), CO2 peak concentrations are associated to both local road 
traffic and far away sources from SE possibly including background contributions. By contrast, in the weekends of 
the cold months (Fig. 3b) local road traffic mostly affects CO2 peak concentrations. During the warm months, i.e. 
when road traffic is the major CO2 emission source, contributions to CO2 peak concentrations mostly come from SE: 
again, the weight of local road traffic is higher during the working days (Fig. 3c) than in the weekends (Fig. 3d). 

 

 

Fig. 2. Polar plots of NO2 mean concentrations (µg/m3) observed by the IMP at Via della Villa Demidoff (01/02/2016–31/01/2017) during the 
subperiods: (a) cold months, working days; (b) cold months, weekends; (c) warm months, working days; (d) warm months, weekends.
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Fig. 3. Polar plots of CO2 mean concentrations (ppm) observed by the IMP at Via della Villa Demidoff (01/02/2016–31/01/2017) during the 
subperiods: (a) cold months, working days; (b) cold months, weekends; (c) warm months, working days; (d) warm months, weekends. 

3.4. Multi-regressive framework and relative importance analysis 

Figs. 4 and 5 report the results of the statistical methods applied to NO2 and CO2 concentrations, respectively. 
With an overall r2 ranging 0.49–0.73, application of the ANN (Fig. 4b) proved to improve the score from the 

linear model (Fig. 4a, r2=0.37–0.57). Values of r2 are appreciably higher during the cold than the warm months. The 
linear regression model (Fig. 4a) clearly indicates meteorological parameters to explain most of total r2 of NO2 
concentrations, particularly during the cold months (89–97%). The relative importance of road traffic parameters, 
higher during the warm months, does not exceed 19%. The ANN (Fig. 4b) more uniformly distributes the relative 
importance from all parameters. However, the weight of meteorological parameters (70–80%) is again higher than 
the one from road traffic parameters. 

Overall scores related to the CO2 concentrations are lower than the NO2 concentrations, with r2 ranging 0.17–
0.47 (linear model, Fig. 5a), and 0.33–0.67 (ANN, Fig. 5b). Based on the linear model (Fig. 5a), meteorological 
parameters (particularly WS during the cold months) play the major role in explaining total r2 of CO2 concentrations 
(73–96%), while again the relative importance of road traffic parameters is higher during the warm months (at 
maximum 27%). The ANN (Fig. 5b), again more uniformly distributing all relative contributions, confirms that 
meteorological parameters are more affecting (65–81%) than road traffic parameters. 
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Fig. 4. Regressors’ relative importance by subperiod for NO2 mean concentrations (µg/m3) observed by the IMP at Via della Villa Demidoff 
(01/02/2016–31/01/2017) using: (a) linear regression model; (b) ANN. 

 

 

Fig. 5. Regressors’ relative importance by subperiod for CO2 mean concentrations (ppm) observed by the IMP at Via della Villa Demidoff 
(01/02/2016–31/01/2017) using: (a) linear regression model; (b) ANN.   
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4. Conclusions 

Previously tested at a road site in the city of Florence (Italy), the developed IMP has been operated therein across 
a 1-year measuring campaign (01/02/2016 to 31/01/2017) to provide 1-h concentrations of CO, NO2 and CO2, and 
1-h values of traffic flows and vehicle speed. In this study, the results from the monitoring campaign, along with 
observations of main meteorological parameters from a reference station in the city centre, have been analysed. To 
provide deeper insight into the role played by emissions from road traffic, the analysis has been sorted by period of 
the year (cold vs. warm months) and day of the week (weekdays vs. weekends). A correlation analysis has been 
performed among all measured parameters. Following the wind roses over the whole urban area, the polar plots of 
pollutant concentrations have been constructed. A linear regression model and an ANN have been applied to 
investigate the influence of local road traffic and meteorological parameters on NO2 and CO2 concentrations. 
Observed CO concentrations are very low (at maximum 0.58 mg/m3), and thus were withdrawn from the analysis. 

As expected, both NO2 and CO2 concentrations are higher during the cold months, i.e. when heating is an 
additional emission source to road traffic. Following the predominant SE wind sector (occurring 25.4–26.9%), the 
highest NO2 concentrations result from SE contributions, encompassing both local (road traffic) and far away 
(background) emission sources. In the cold months, secondary peaks of NO2 concentrations are associated to local 
and far away contributions from SW (working days) and NE (weekends). In the warm months, the weight of local 
road traffic is higher during the working days than in the weekends. In the cold months, CO2 peak concentrations are 
associated to both local road traffic and background emissions from SE during the working days, while they are only 
linked to local road traffic in the weekends. In the warm months, contributions to CO2 peak concentrations, mostly 
coming from SE, are likely due to local road traffic, being higher during the working days than in the weekends. 

Application of the multi-regressive framework to the NO2 concentrations showed that the ANN improves the score 
vs. the linear model, with the overall r2 ranging 0.49–0.73 vs. 0.37–0.57. Scores related to the CO2 concentrations 
were lower, with r2 ranging 0.17–0.47 (linear model), and 0.33–0.67 (ANN). Meteorological parameters explain 
most of the total r2 of NO2 concentrations, particularly during the cold months (89–97%), with the contribution of 
road traffic parameters not exceeding 19%. Basically, the same scenario applies to CO2 concentrations, with 
meteorological parameters explaining 73–96% of the total r2, and road traffic parameters not more than 27%. 

In the near future, further air pollutant sensors (e.g. O3, VOCs, PM2.5, PM10) will be integrated into the IMP so as 
to allow a more thorough air pollution analysis, possibly involving additional meteorological parameters (e.g. 
rainfall, solar radiation, atmospheric stability) and data/estimates of emission sources other than road traffic. A 
possible work’s improvement might involve the implemented statistical models, which, after properly trained as in 
the current work, could be tested in their air pollution concentration predicting capability. 
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