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Abstract: Urban air quality is one of the major environmental issues for cities and traffic emissions are 
one of the major sources of air pollution in urban areas; in the case of Madrid, 90 % of emissions are 
produced by vehicles. Urban air quality presents a very important challenge due to spatial variability with 
high concentration gradients. In these cases, it is recommended to use computational fluid dynamics (CFD) 
models that explicitly resolve buildings and streets at high resolution. The aim of this work is to perform a 
simulation of  a NO2 episode  during December, 2016 in Madrid (Spain) city. The episode occurred from 
December 26 to 30, 2016, where NO2 hourly concentrations reached more than 250 μg/m3 at several 
monitoring stations.  In December 2016, the levels of NO2 in Madrid were so high that authorities restricted 
access to the city centre for half of the cars based on whether the number plate was even or odd. The 
objective is to show how a multi-scale modeling tool from a mesoscale level to a micro-scale level can 
simulate the NO2 peaks measured by stations.  

A multi-scale modelling system using the WRF/Chem (NCAR, US) mesoscale model and applying a 
downscaling approach from regional to city-scale (1 km spatial resolution) as well as a  CFD-RANS 
(MICROSYS) model (5 m spatial resolution) has been applied and evaluated.  In case of the MICROSYS, 
has no chemical reactions implemented so to convert NO into NO2 concentrations, a basic chemical scheme 
was developed in the CFD model. Traffic emissions are produced with the same horizontal resolution using 
the emission factors from EMEP-CORINAIR Tier 3 methodology (UNECE Air Convention). Traffic activity 
is one of the main input data for estimating road traffic emissions. The number of vehicle entries, vehicle 
mileage and speeds are needed for a detailed emission map. The traffic flows and vehicle speeds were 
simulated with the microscale SUMO model (DLR, Germany) using real traffic counters to calibrate the 
traffic demand. The simulations cover a period of 2 (spin up) + 7 days. The CFD simulation reproduces the 
interactions between air flow and buildings with a very detail emission sources (traffic). 

We show a substantial improvement in the model results when comparing with the CFD model results with 
the mesoscale model results. The results show also a much better simulations of the daily NO2 peaks. The 
CFD 5m simulation take into account the buildings and the complexity of urban environment to capture the 
complexity of local effects and reproduce the important local effects. The CFD model used has certain 
limitations such as using it in stationary mode and using a RANS approximation; the stationary state only 
provides an instantaneous distribution of pollutants. Of course with a higher computational capacity these 
limitations could be solved for example by using an LES (Large Eddy Simulation) approach. The coupled  
WRF/Chem-CFD modelling system is a reliable method to understand the complicated flow and pollutants 
dispersion within urban areas. The modelling system can be used as a tool to evaluate different emission 
reduction strategies at street level. 

The integrated modelling system is suitable for testing and evaluating traffic-related emission mitigation 
strategies on a scale of metres and obtaining information on their effectiveness without actually having to 
implement it. One of the uses of the proposed modelling system is the possibility of carrying out various 
simulations changing traffic conditions and even changing the urban morphology (for example putting 
natural or artificial barriers for pollution) to obtain the impacts on the concentrations of this type of measures.  
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1. INTRODUCTION 

Urban air quality is one of the major environmental issues in cities.  Traffic emissions are one of the major 
sources of air pollution in urban areas (Bernard et al., 2001), for example in the case of Madrid 90% of the 
emissions are coming from road transport. The high levels of pollutants such as NO2, O3 and particles found 
in cities can cause human health problems (mortality and morbidity), such as cardiovascular and respiratory 
problems (Kim et al., 2014). Local authorities need air quality simulation tools to reproduce the 
concentrations of pollutants in the most accurate way possible, to be able to evaluate interventions to reduce 
pollution before their application, which will allow to select the most effective measures (Halonen et al., 
2016). Urban air quality presents a very important challenge due to the spatial variability with high 
concentration gradients. The large spatial variability of air pollution in an urban area is associated with the 
distribution of traffic emissions, (Wu et al., 2015) but also urban built environment (complex obstructions as 
buildings, canyon streets, etc.). The presence of different types of buildings (heights, orientation, etc.) in a 
city generates complex flow patterns and, consequently, heterogeneous pollutants dispersion in the streets of 
the city (Ghassoun et al., 2015). Pollutants emitted by vehicles are released very close to the surface on city 
streets. Once emitted, a complex dispersion of these pollutants is produced, affected by perturbations that 
buildings induce in the general flow of atmospheric circulation (Choi et al., 2016).With mesoscale models 
(up to 1 km spatial resolution) it is likely that it will not be feasible to capture local phenomena due to the 
low resolution of the emissions model and the insufficient representation of the urban surface. Mesoscale 
chemical transport models consider the instantaneous mixing of emission sources within each of the grid 
cells which does not allow modelling the spatial variability of urban air quality (Liu et al., 2011). In these 
cases, it is recommended to use computational fluid dynamics (CFD) models that explicitly resolve buildings 
and streets at high spatial and temporal resolution. (Wang et al., 2013). High resolution CFD models allow a 
more detailed description of the local and short-term dynamics of the urban atmosphere (Kwak et al., 2015).  
CFD models can be coupled with mesoscale models to consider local and mesoscale effects appropriately in 
a single, integrated modeling framework (Beevers et al., 2012). 

Air quality models require accurate input emission data in order to make reliable predictions of ambient 
concentrations. CFD modeling requires a realistic emission rate of real-world street pollutants. Very detailed 
emission information is required if we want to identify "hot spots" of concentrated pollution in cities. Traffic 
emissions depend on the flow of vehicles, the speed of vehicles and the travel distance. All these data can be 
generated by a traffic model. An integrated model of micro-scale traffic and emissions is needed to study 
local air quality. In recent years, increased computing power has made it possible to make more practical use 
of microsimulation traffic models that predict the behaviour of each vehicle individually. The accuracy of the 
results will depend, at a large extent, on the reliability of traffic data (traffic volume and speed, its temporal 
and spatial variations, the composition of vehicle fleet, etc.) and the chosen emission factors for each type of 
vehicle. To try to reduce the results uncertainty obtained by the previous methods, a traffic model can be used 
to estimate, with higher accuracy, the detailed city traffic information (number and type of car in every time 
step and location). This is the solution adopted in the present research. The paper presents how a very high 
spatial-temporal resolution simulation with a nested mesoscale and a CFD model can reproduce a high peak 
of NO2 concentration. This study uses an integrated model system for local air quality by linking a CFD 
model with a mesoscale meteorological and chemical transport model. The air quality models are fed by a 
detailed emissions model that includes a microscale traffic model. This coupling makes it possible to 
calculate the concentration of pollutants with a resolution of 5 m.  

2. CASE STUDY 

The NO2 episode occurred from December 26 to 30, 2016, where NO2 hourly concentrations reached 200 
μg/m3 in several monitoring stations. The air quality monitoring stations, where the maximum hourly levels 
of NO2 were reached, were located at: E. Aguirre station, located to the east of the city; the C. Caminos 
station, located to the north of the city centre and  F. Ladreda station located outside the city centre and in the 
south of the city. Then the three stations (East, North and South) cover an area that corresponds to most of 
the city of Madrid, so we can assume that in the whole city high concentrations of NO2 pollutants for those 
days were found. The figure 1 shows the temporal evolution of the NO2 concentrations on the three 
mentioned monitoring stations. E. Aguirre station measured 286 μg/m3 on December, 27, 2016 20:00 hours. 
The NO2 measured concentrations show very weak morning peaks and highest concentrations recorded in the 
evening or at night. This behaviour is parallel to the city traffic flow. 

The objective is to show how a multi-scale modeling tool from a mesoscale level to a micro-scale level can 
simulate the NO2 peaks measured by stations, particularly which of December 27 at E. Aguirre station. The 
simulation is performed for the period from 23 December 2016 to 31 December 2016, leaving the first two 
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days as spin-up period.  Mesoscale simulation uses three nested domains with 25, 5, and 1 km horizontal grid 
cell sizes.  The mother domain covers the whole of Spain and the most inner and final one covers all of 
Madrid city area, with a 1 km x 1 km spatial resolution. There are 33 vertical levels from surface to 50 mb, 
with finer resolution near the surface in all domains. With this domain configuration, we take into account 
both the large-scale transport of pollution at national and regional level, as well as the dispersion of pollution 
at urban scale. CFD simulation is performed for the same period.  The domain size is 1000 m in the x- and y-
directions and 250 m in the z direction surrounding the E. Aguirre monitoring station (the station with the 
highest NO2 concentrations).The grid size is 5 m in all directions.   

3. AIR QUALITY MODELLING SYSTEM 

The mesoscale simulation is run with using the Weather Research and Forecasting and Chem model with 
version 3.8.1 (WRF-Chem) (Grell et al., 2005) to study the NO2 episode in Madrid. The WRF/Chem model 
was configured as in phase 2 of the International Air Quality Model Assessment Initiative (AQMEII) (San 
José et al., 2015). The CFD model used in this study is MICROSYS (José R.S et al. 2008). MICROSYS 
solves the Reynolds-averaged Navier–Stokes equations (RANS) using k-ε turbulence closure scheme (KIM, 
2004). CFD is couple with the WRF/Chem mesoscale model. This is a one-way coupling.  The components 
of wind, air temperature, turbulent kinetic energy and the concentration of various pollutants obtained from 
the WRF/Chem model are used as the initial and/or boundary conditions in the CFD every 15 min.   In case 
of the MICROSYS, with has no chemical reactions implementation. To convert NO concentrations into NO2 
concentrations, a basic chemical scheme was developed in the CFD model (Jensen et al., 2001). For cold 
seasons (winter), this approach can be enough because the impact of photochemistry is less important than in 
warm periods.  NO2 concentrations can be calculated using a steady state equation 1.  

2 3[ ] [ ][ ]JNO NO O
K

=                                                                                                             (1) 

K is the reaction rate and J is the photolysis rate coefficient coming from the WRF/Chem urban simulation 
1km.  K is temperature dependent (Pu and Yang, 2014) and it is calculated by the equation 2. 

1430
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−
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One of the key inputs for the air quality simulations is the emission data. In this case, Regional and urban 
non-transport-related anthropogenic emissions are taken from the TNO-MACC-II inventory (Kuenen et al., 
2014). This inventory provides annual emissions data for Europe with a spatial resolution of 7 km. These 
data have been processed by the EMIMO emission model (San José et al., 2008), to adapt them to the air 
quality model grids, according to the available data on population, road density and land use. The temporal 
disaggregation is based on monthly, daily and hourly profiles of Spain. Finally, the speciation of NMVOCs is 
carried out following the factors defined on Tuccella et al. 2012.   

Traffic activity is one of the main input data for estimating road traffic emissions. The number of vehicle 
entries, vehicle mileage and speeds are needed for a detailed emission map. In out modelling system the 
traffic flow data were obtained using the SUMO traffic model (Krajzewicz et al., 2012).  SUMO (Simulation 
of Urban Mobility) is an open source tool, space-continuous and time-discrete (1s.) traffic flow simulation 
platform. SUMO allows you to use traffic detector data to generate traffic demand. First, random traffic is 
generated for the Madrid network and then the road detectors have been used as calibrators, which have been 
used to adapt traffic demand to a certain set of strategies. Traffic conditions are extracted from the more than 
3000 road detectors located in Madrid's streets and highways and 2/3 of them have been used to calibrate 
traffic simulations. The composition of the vehicles fleet was collected from vehicle registration data sets in 
Madrid for December 2016. In addition to the vehicle and fuel type, classification also takes into account the 
vehicle's engine type, vehicle technology (age of vehicles). More than 600 vehicle categories have been 
considered in the emissions model. The emission factors for urban road traffic have been calculated using the 
emissions factor the Tier 3 methodology described in the EMEP/EEA 2016 Atmospheric Pollutant Emissions 
Inventory Guide by using the December 2016 update (Passenger cars, light commercial trucks, heavy duty 
vehicles including buses and motorcycles). Vehicles are classified into different categories according to fuel 
type, vehicle weight, and vehicle age and engine capacity. For each category, specific emission factors are 
defined, which are dependent on the speed of the vehicles. 
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4. RESULTS 

4.1. Traffic simulation 

The simulated results are compared with traffic flow data obtained at 1/3 of the traffic counters stations. 
Figure 1  shows hourly intensity (vehicles/hora) averaged over three traffic counters located around the E. 
Aguirre air quality station (the one that recorded the highest NO2 concentration value during the episode).   

 
Figure 1. Hourly traffic intensity (vehicles/hour) measured and simulated from 25 December to 30 

December, 2016 around E.Aguirre air quality station. 

It can be observed that it is an area of high traffic density, with peaks of 700 vehicles/hour. It repeats the 
structure of 2 peaks, one in the morning and one in the afternoon. It is important to note that the 24th, 25th 
and 26th were bank holidays  In these three traffic counters the SUMO model continues to perform very well, 
with a correlation coefficient R2 of 0.95.  Even in this area the maximum values of each day are clearly 
reached. The good quality of these data is key to generate emissions with a high spatial resolution (5 meters) 
of this area. The simulated traffic flow well reproduces the observations. The simulations show good 
agreement with the observed traffic flow. We can conclude that the SUMO traffic simulation represents the 
vehicles behaviour after being calibrated using 2/3 of the traffic counters measurements. 

4.2. Mesoscale simulation 

Madrid air quality stations were used to evaluate the modelling system outputs for near-surface NO2.  For 
evaluation purposes, we have compared the hourly model outputs for mesoscale simulation with the hourly 
observations.  Figure 2 shows the performance of the WRF/Chem model vs Station AVG. Station AVG 
means the average of the values where the 24 stations are located around the city.  The NO2 concentration 
ranges widely from 20 µg/m3 at a certain time, the daily maxima of the simulated and measured average NO2 
concentrations are 160 μg/m3, at 19:00. The peak NO2 concentration is underestimated for the WRF/Chem 
simulation because 1km is a coarse resolution for an urban simulation. In the hours of maximum measured 
concentrations, WRF/Chem 1km is not able to reach these peaks because NO2 has a very strong spatial 
gradient over urban environments and resolution of 1 km is not enough We can observe that there is an 
overestimation of the simulated NO2 concentrations in the hours when the stations register the minimum 
values (night time 23:00 – 05:00 approx.).  

Although the WRF/Chem model with 1 km resolution cannot detect NO2 peaks, in this period we found an 
overestimation of 19% of the model. Although the model does not optimally adjust to the maximum and 
minimum values, it does reproduce the hourly cycle of NO2 concentrations very well and a correlation 
coefficient is obtained between the measured and simulated data of 0.78. This is very important because the 
results of the WRF/Chem 1km model are used as initial and boundary values for the CFD 5m simulation. As 
it is an urban area of the 24 monitoring stations, 21 of them are classified as urban and/or traffic stations. In 
other words, the values they measure are highly affected by traffic emissions and obstacles such as buildings. 
This is the reason why the WRF/Chem 1km model cannot model the large gradients that occur in NO2 
concentrations and that it is necessary to take a further step in the simulation chain with a CFD model fed by 
maximum resolution traffic emissions. 
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Figure 2.  Time series of the simulated (red) and measured (blue) near-surface NO2 concentrations averaged 
over 24 air quality monitoring stations in the innermost WRF/Chem (1km) model domain on 25, 31 

December, 2016 

4.3. Microscale simulation 

Now, the simulated NO2 concentrations by the integrated urban air quality modeling system (WRF/Chem 
1km and CFD 5m) are evaluated against the measured values at E. Aguirre air quality monitoring station on 
December 2016 peak NO2 episode. Results of the evaluation are shown in the Figure 3.  

 

As shown in Figures 2 and 3 the highest levels of NO2 occurred during peak traffic hours close to the 8 PM.  
E. Aguirre is a traffic station and there is a main street very close to it (next figure shows the position of the 
station).  As expected, the NO2 concentration measured is better reproduced in the CFD 5m simulation than 
in the WRF/Chem 1km simulation. The CFD 5m simulation is capable of reproducing the 280 µg/m3 peak 
measured by the station on 27 December, 2016 19:00. But the CFD 5m simulation does not only improve the 
simulation of the daily maxima, but in general its performance is much better, for example the correlation 
coefficient of the WRF/Chem 1km simulation is 0.68 and that of the CFD 5m simulation has increased to 0.8.   
Although it should not be forgotten that the CFD simulation is not independent, but uses data from the 
WRF/Chem 1km, hence the importance that it is also a good simulation with its limitations by spatial 
resolution. 

 
Figure 3. Time series of the near-surface NO2 concentrations for the E. Aguirre monitoring station (blue), 

WRF/Chem 1km (red) and CFD 5m simulation (green) on 25,31 December, 2016. 
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When comparing the values of the stations with the results of a modeling using grid structures, it must be 
taken into account that the model is 
always calculating the average value 
of the whole cell, in this case the 
results of the WRF/Chem 1km 
simulation reflect the average 
concentration of an area of 1km per 
1km. When we look at an urban area 
in detail we can see a high variability 
of concentrations at different points, 
hence the need to increase the spatial 
resolution and incorporate a tool to 
model all the structures of the area of 
1km by 1km such as buildings and 
streets. The great variability of NO2 
concentrations within a 1km2 zone 
can be seen in Figure 4. High NO2 
(over 250 µg/m3) levels are observed 
at the main street (Alcala Street) of 
the area, significantly lower levels 
(30 µg/m3) are observed inside the 
purple area which is an important 
park and garden inside of the city. 
There are also high concentrations in 
other streets in the area of 1 km by 1 
km, where traffic levels are much 
lower than those supported by the 
main street.  In the study area, 
narrow streets with reduced 
ventilation can be found, where high 
values of pollution from traffic are reached from the emissions of the main streets. There are several highly 
polluted places where the limit values established by the European Directive (200 µg/m3) are exceeded. 

5. CONCLUSIONS 

The NO2 concentrations in the mesoscale simulation (WRF/Chem 1km) and microscale (CFD  5m) 
simulation were evaluated with measured data of the Madrid air quality monitoring station, showing the 
better agreements with CFD 5m model because the NO2 dispersion exhibits a high spatial variabilities 
associated with the local influences of traffic emission and buildings.  The evaluation of the performance of 
the WRF/Chem 1km was satisfactory, with good values in the correlation coefficients, although at some local 
points the system has not been able to reach the maximum (hourly average values) peaks of NO2 
concentrations measured by monitoring stations. Resolution of 1 km has not been enough to capture some 
very local concentration peaks. The CFD 5m simulation reproduces pollutant dispersion in the presence of 
proper inflow boundary conditions supplied by the WRF/Chem 1km simulation and real building 
morphology. The CFD 5m simulates strong spatial NO2 gradients. The results show good agreement, thus 
proving that the CFD method is highly competent in handling complex urban air pollution issues.  

The evaluation of the CFD simulation has only been performed for one area of 1km by 1km. Of course it will 
be necessary to extend the study to new areas of 1km by 1km where there are air quality stations to obtain 
more robust conclusions, which requires a very intensive computations exercise which will be developed in 
the next works. The results obtained allow us to confirm that the modeling tool presented is capable of 
satisfactorily reproducing the distribution of the concentration of pollutants along the streets of an area of the 
city with high traffic volumes. It becomes a key tool to analyze the measures to be taken to improve the air 
quality of an area or even the entire city.  
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Figure 4. High resolution map of NO hourly concentration at 

27/12/2017 19:00 produced by the CFD 5m simulation over 1km 
by 1km area of Madrid. 
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