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Abstract: A dynamic downscaling tool has been implemented that uses global 
climate data with 1° spatial resolution to provide information of pollutant 
concentrations with a resolution of 50 metres, taking into account 3D obstacles. 
The tool has been used to understand the climate impact on air quality in the 
cities of Milan and London. Future years (2030, 2050 and 2100) have been 
compared to the present year (2011) for RCP 4.5 and RCP 8.5 scenarios.  The 
system has been previously evaluated by comparing its results driven by real 
global meteorological data with the data measured by air quality monitoring 
stations. The performance of the system has been considered acceptable. The 
spatial distributions of the differences between the future and present averages 
emphasise how climate change could affect areas of the cities differently. The 
forecast changes obtained show the relevance of this type of work with high 
spatial resolution. 
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1 Introduction 

Climate change and air quality are two very important environmental issues which have 
complex interactions between them. Climate change influences air pollution and 
concentrations of certain pollutants can change the climate. Climate and atmospheric 
composition are related through a series of physical and chemical mechanisms and 
atmospheric feedbacks (Fuzzi et al., 2015). Under future climate conditions it is expected 
that the cities will have changes in the pollutant concentrations, biogenic emissions, 
chemistry of the atmosphere and changes in the pollutant deposition process. Climate 
change will impact the values and spatial patterns of pollutants over urban areas. The 
main meteorological variables that will affect the urban air quality are: temperature, 
humidity, precipitation, solar radiation, wind speed and the planetary boundary layer 
height. Climate scenarios with high spatial and temporal resolution are required to know 
the impact of global climate on urban air quality (Mearns et al., 2003). Climate effects on 
urban air quality can only be investigated by downscaling of global climate scenarios 
with regional and urban air quality models. 

The first works on climate and atmospheric chemistry relations focused on the global 
scale with coarse resolutions by applying global chemical-transport models (GCMs) 
(Hauglustaine et al., 2005; Dentener et al., 2006; Szopa et al., 2006). The typical spatial 
scale of the GCMs models is a few hundred kilometres. At these coarse scales, the 
physical and chemical process parameterisation cannot resolve well the mesoscale 
features. So, the different features over regional or urban domains are not resolved at all 
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and the consequent local air quality is not properly captured unless we use high-spatial 
resolution regional or urban climate and air quality simulations (Valin et al., 2011). As a 
consequence of these deficiencies, the downscaling technique has been used extensively 
in regional climate studies (Xu and Yang, 2015). 

Popular downscaling methods include statistical downscaling and dynamic 
downscaling. The statistical procedure is based on statistical relationships between  
large- and fine-scale climate information to obtain regional or local atmospheric 
structures. The statistical downscaling needs to have enough observational data to 
establish a statistical model, and it is invalid in regions where large-scale climate 
elements are not correlated with regional/urban climate elements. The limitations of 
statistical downscaling are mainly due to the assumption that the statistical association 
between pollution levels and meteorological conditions will remain the same in the 
future, which may not be realistic given potential future variations in atmospheric 
chemistry and emissions (Mahmud et al., 2008). The statistical downscaling procedure 
also assumes inherent linearity between atmospheric processes which is not real in 
atmospheric turbulent processes. On the other hand, the dynamic downscaling process is 
forced by the large-scale fields, such as global climate model outputs. It uses regional 
climate models to add more detailed descriptions of physical processes, topography, and 
land coverage of a regional scale. However, the high computational demand (due to high-
resolution, full-chemistry simulations and numerical methods) limits the applications of 
these methods (Gao et al., 2013). 

In the past, dynamic downscaling methodologies have been used in regional studies 
to assess the impact of climate on regional air quality (Gao et al., 2013; Penrod et al., 
2014; Sun et al., 2015). The first regional scale climate impact work for Europe was 
presented in Zlatev (2007), this study analysed the impacts of climate change on air 
quality, while keeping the emissions rate constant for the base year, similar to our study. 
These models include more sophisticated chemistry at typical resolutions of tenths of 
kilometres and therefore provide a better understanding of the underlying mechanisms at 
the regional scale. 

The resolution of these global studies, typically a few hundreds of kilometres, 
remains too coarse to represent the high spatiotemporal variability of pollutants at the 
urban scale (Seinfeld and Pandis, 2006), as well as to the sharp horizontal gradients of 
anthropogenic emissions over urban areas (Markakis et al., 2014). Usually, these studies 
did not model the interactions between climate and atmospheric chemistry because they 
use offline models (chemistry and transport models driven by meteorological data 
produced by another model previously). Online-coupled regional climate-chemistry 
models have developed rapidly in recent years (Baklanov et al., 2014). Recently, the 
online-coupled Weather Research and Forecasting (WRF) model with Chemistry  
(WRF-Chem) was evaluated for decadal application over the continental US under 
RCP4.5 and RCP8.5 global climate scenarios (Yahya et al., 2016) – as described in the 
following paragraphs. However, new applications of dynamic downscaling have been 
done under the new climate scenarios to evaluate the future air quality. Our study works 
with an online model – chemical and meteorological models are coupled – applied to two 
new climate scenarios over Europe and two European cities. 

Grid resolution is another key issue for urban-scale modelling (Valari and Menut, 
2008). In our study, we use a computational fluid dynamics (CFD) model in the last step 
of the dynamic downscaling process. CFD simulations have the potential to yield more 
accurate solutions than other methodologies because it is a numerical solution of the 
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fundamental fluid equations (similar to global and local meteorological models) and 
includes the effects of detailed three-dimensional geometry (buildings) and local 
environmental conditions. CFD simulations are able to include specific details of building 
structures as well as a range of physical processes that affect atmospheric turbulent 
boundary layers. CFD use BCs and ICs from the regional/urban air quality models. 

The aim of this paper is to describe and apply a modelling system for assessment of 
the impacts of global climate scenarios on urban air quality which can be used to develop 
adaptation and mitigation emission strategies by policy makers. The goal of our study is 
to quantify the impact of projected changes in climate on future air quality scenarios 
under various climate scenarios in support of policy making for air quality attainment and 
adverse climate change mitigation. In addition to estimated air pollution levels at fine 
spatial scales, the impacts on future pollutions levels due to climate change and future 
emissions need to be evaluated separately for effective mitigation measures. 

2 Experiment 

Two types of simulations were designed. The first type of simulation is driven from 
NCEP/NCAP reanalysis products (NNRP) global meteorological data for 2011. This 
simulation is used for the evaluation (control base scenario) of the performance of the 
system using monitoring surface data. The second type is simulations driven by global 
climate scenarios (RCP 4.5 and RCP 8.5) for the reference year (2011) and for the future 
years 2030, 2050 and 2100. The differences with the control base scenario provide the 
corresponding impacts. We will focus on the impacts of two European cities Milan (Italy) 
and London (UK). In London we focus only on the Kensington and Chelsea areas. In this 
work we have simulated only one year for the present time (2011) and three years for the 
future time (2030, 2050 and 2100). The selected years are not representative of several 
years but these years are only examples of the impact evolution for these two climate 
scenarios and for 21st century. In future works, several years will be simulated to take 
into account the yearly variability, but in this occasion only one year for period is 
simulate because the extraordinary required effort in computer power. On the other hand, 
the use of a single year of simulated meteorology and air quality may capture peak events 
that – in case of using several successive years – may have been moderated or lost when 
averaging over successive years. Outputs from global models are used as inputs to the 
regional air quality model as initial and boundary meteorological conditions in the 
successive nesting approach when increasing the high spatial resolution. 

The Intergovernmental Panel on Climate Change (IPCC) has defined four scenarios 
based on the Fifth Assessment Report (AR5) which are known as representative 
concentration pathways (RCPs) (IPCC, 2013). There are four RCP scenarios with 
underlying population growth, economic and emissions assumptions. RCP 2.6, 4.5 and 
6.0 all represent some forms of improvement upon our current trajectory of growth and 
environmental policy. RCP 8.5 however, represents a ‘business-as-usual’ scenario in 
which nations choose to retain current economic, environmental and social tracks. In this 
experiment, we have selected two IPCC climate scenarios RCP 4.5 and RCP 8.5 due to 
limited CPU availability. We have chosen RCP 8.5 scenario because it represents the 
worst case scenario and RCP 4.5 scenario the best (realistic) scenario, so that we can  
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calculate how the air quality of a city will respond to two completely different climate 
scenarios and obtain useful information to help cities develop their climate change 
mitigation and adapted emission strategies. RCP 4.5 represents a future scenario with 
medium to low greenhouse gas emissions, medium-level air pollution, less crop land, and 
low population growth. The RCP 4.5 climate scenario is similar to the old scenario B1 
defined in the previous IPCC AR4 report. It also corresponded to a low emission 
scenario. In the RCP 4.5 scenario, the use of new technologies is expected to reduce 
greenhouse gas emissions, allowing total radiative forcing to stabilise around 2050. It is a 
climate change mitigation scenario (Smith et al., 2010). RCP8.5, on the other hand, is 
characterised by high population growth, low to medium crop land use, increasing trends 
for methane and nitrous oxide, and higher concentrations of almost all air pollutants  
(van Vuuren et al., 2011). RCP-8.5 (Riahi et al., 2011) is a reference-type scenario with 
no mitigation for greenhouse gases leading to a global radiative forcing of 8.5 Wm–2 by 
the end of the century. 

The meteorological boundary conditions downloaded from RCP’s scenarios include 
global emission estimations on what would be the projection of the city emissions for 
future years until 2100 at global scale, but in our case, we are only interested on having 
the ‘impact’ produced by the future boundary conditions on 2011 year. In order to assess 
the influence of the global climate scenarios on air quality, the anthropogenic emissions 
of cities were not modified for future years, particularly the emissions calculated for the 
2011 base year were used for all scenarios and future years. In other words, they were not 
scaled according to the global IPCC RCP scenarios. Air quality simulations did not 
assume changes in regional/urban anthropogenic emissions of chemical species, urban 
land use or population. All these changes have already been considered by the global 
RCP scenarios to obtain the corresponding global climate for each scenario. We are only 
interested in the present work on the impact of future climate scenarios on actual cities. 
The WRF-Chem default chemical boundary conditions were used for the mother domain 
or first simulation domain. These were calculated from an idealised profile based on 
Northern Hemisphere conditions, mean latitude and clean environment of a  
NOAA-Aeronomy Laboratory Regional Oxidation Model (Liu et al., 1996). This 
idealised profile can be used globally so that conditions can be derived from the lateral 
boundaries. The initial chemical conditions are also derived from the profile. This can be 
implemented because a first European domain has been defined and the spin-up 
technique is used for the initialisation of pollutant concentrations (Peckham et al., 2010). 

These types of regional/urban ‘ideal’ simulations provide information on the impact 
of possible future climate scenarios on the three-dimensional distribution and 
concentrations of pollutants. Following this methodology, it is possible to analyse the 
changes (impacts) only caused by climate change on actual cities since the only 
difference between the simulations of the future and the present is the global climate. 

3 System description 

Figure 1 shows a conceptual outline of sub-models and datasets in the modelling system 
for assessment of the impacts of global climate scenarios on urban air quality. 
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Figure 1 Diagram of the modelling system for urban climate and air pollution under different 
future/present climate conditions (see online version for colours) 

 

The modelling system can predict future impacts on air pollution under different global 
climate scenarios, with very high spatial resolution (street level, 50 metres). 

We employ a dynamical downscaling approach. The CESM global circulation  
model outputs (The Community Earth System Model version 1.0 (CESM 1.0)) is a  
state-of-the-art global climate model developed by the National Center for Atmospheric 
Research (NCAR) (Gent et al., 2011). The CESM model is used as ‘mother model’ for 
the Weather Research and Forecasting (WRF/Chem) mesoscale climate-chemical model 
(Grell et al., 2005). 

The CESM dataset (Vertenstein et al., 2011) includes climate model output data from 
NCAR’s Community Earth System Model (CESM) configured as CCSM4 (CAM4). 
CESM is a group member of Coupled Model Intercomparison Project Phase 5 (CMIP5) 
(Taylor et al., 2012). CMIP5 assembling is the most advanced work projecting the future 
global climate for the fifth Assessment Report (AR5) by IPCC. The CESM model was 
run with a spatial resolution of 0.9 (latitude) by 1.25 (longitude) degrees and 26 vertical 
layers with the model top at 3 hPa (Neale et al., 2010). An addition to historical 
simulations (1850–2005), a total of four RCP scenarios (2005–2100), including RCP 2.6, 
RCP 4.5, RCP 6.0 and RCP 8.5, have been designed for the CMIP5 (Collins et al., 2013). 
Due to limited computational resources, RCP 4.5 and RCP 8.5 were selected for this 
study. We chose the ensemble member of ‘Mother of All Runs’ (MOAR). MOAR, 
represent the 12th member for the twentieth century, the 6th member for RCP 4.5, and 
the seventh member for RCP8.5. MOAR is the only ensemble member that is with a  
6-hourly output frequency, which is essential in building WRF boundary conditions. 

The CESM datasets have been downloaded from the Research Data Archive (RDA), 
managed by the Data Support Section (DSS) of the Computational and Information 
Systems Laboratory (CISL) at NCAR (https://rda.ucar.edu/datasets/ds316.0/ for more 
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information). We have used the (without bias correction) output fields for the 3-D global 
atmosphere at six hourly intervals. Data are available in yearly time-series parameter 
archive files, and monthly synoptic time archive files. 

The WRF/Chem model is setup to run the RADM2 gas phase mechanism, the MADE 
inorganic aerosol scheme and the SORGAM aerosol module for secondary organic 
aerosols (SOA). WRF/Chem model has been configured with the following physical 
parameterisations: Noah Land Surface Model (Solomon et al., 2007); Morrison  
double-moment microphysics scheme (Morrison et al., 2009); RRTMG long-wave and 
shortwave radiation schemes (Rapid Radiative Transfer Model for Global); Grell 3D 
ensemble cumulus parameterisation (Grell et al., 2005); Yonsei University Planetary 
Boundary Layer (YSU) (Hong and Pan, 1996) and Monin-Obukov surface layer. In this 
study, we have applied the WRF/Chem v3.6.1 

The WRF model (meteorological module of the WRF/Chem model) requires initial 
and meteorological boundary conditions every 6 or 12 hours for a set of basic variables 
such as: geopotential height, humidity, wind, pressure, air and surface temperature. The 
integration between the CESM outputs and the WRF model was done through a program 
in the NCL language that basically interpolates the CESM data horizontally and vertically 
to adapt them to the horizontal (Arakawa-C) and vertical (sigma levels) coordinate 
system used by WRF. 

The model was adjusted to have three nesting grids, with horizontal homogeneous 
spacing grid of 25, 5 and 1 km. The first nesting level with 25 km of spatial resolution 
covers all of Europe. The domains with horizontal spacing of 5 and 1 km, are centred in 
the city of interest. The 1 km spatial resolution domain covers both cities (Milan and 
London) and the CFD model domain covers a part of the city: Milan 10 by 10 km and 
London 6.0 by 5.3 km (including Kensington and Chelsea areas) with spatial resolutions 
of 50 by 50 metres. A spatial resolution of 50 metres could be coarse for a CFD model. 
The buildings with 50 m spatial resolution are considered to be coarse in CFD field but 
vdry precise in the mesoscale domain. In this work, due to the high number of 
simulations to perform and the large dimensions of the computational domains, we have 
considered to use this resolution at urban level because a higher spatial resolution would 
not have allowed to run the simulations with the available computational resources. The 
computer simulations of this work required more than 900,000 CPU hours. In future 
studies, we will focus on concrete areas of cities (much smaller computational domains, 
reducing the number of grid cells) where we will be able to apply a spatial resolution of  
5 or 10 metres. 

In this type of studies where climate and concentration of pollutants are related, it is 
very important to have the effects of gases and aerosols on radiation (direct effects) and 
cloud formation (indirect effects), which at the same time influence the other 
meteorological variables (temperature, humidity, …) and these meteorological changes 
will again influence the horizontal and vertical distribution of the pollutants. These 
climate-pollutant interactions have been modelled by the WRF/Chem model which is an 
online model (solving the meteorological and chemical equations at the same time) that 
can simulate feedback effects. WRF/Chem can simulate complex feedbacks between air 
pollutants and climate, thus can more realistically represent the atmosphere. 

An urban canopy model (UCM) (Masson, 2000) is used in the WRF/Chem 
simulations at its last nesting level (1 km). The UCM sub-model is based on the 
theoretical town energy budget concept and it is capable of calculating the turbulent flux 
resistance inside the streets (canyon) taking into account the recirculation and ventilation 
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that affects the turbulent heat flux. The shadows of the buildings are modelled through 
the sky view parameter representing the visible sky area of each street cell. The UCM 
model is fully integrated into the WRF model and runs every time step. The values 
calculated by UCM (exchange radiation, sensible heat, latent heat and momentum flows) 
are transferred to the WRF for use in the parameterisation of the turbulence boundary 
layer of the WRF model. 

Scalar dispersion in built-up areas has been simulated using the MICROSYS CFD 
model with time-dependent boundary conditions provided by the WRF/Chem model. 
One-way coupling is employed. The vertical profiles of wind components, air 
temperature, and turbulent kinetic energy and pollutants concentrations are obtained from 
the last nesting level of the WRF/Chem simulation (1 km). 1 km outputs from the 
WRF/Chem simulation are used as inputs to the CDF simulation these datasets are the 
initial and/or boundary conditions for the 50 metres simulation. 

The MICROSYS-CFD model (San José et al., 2008) is based on the MIMO CFD 
model (developed at the University of Karlsruhe), which takes into account the obstacles 
of three-dimensional buildings. The model solves the Reynolds equations in stationary 
mode using the k-ε turbulence model. It also includes an ‘advection-diffusion’ equation 
to model the transport of pollutants. A simple chemistry mechanism has been coupled to 
the model to take into account the O3-NOx exchanges. The surface energy flows have 
been implemented in the MICROSYS code based on the procedures applied in the UCM 
and NOAA Land-surface models included in the WRF modelling system. MICROSYS 
also includes a SHAMO micro shadow model (developed by UPM) to calculate areas of 
shadow (including reflections on vertical building walls) and short-wave radiation in high 
spatial resolution domains (San José et al., 2012) such as the one discussed in this paper. 

Another key issue is the emission inputs for each nesting level. We have used the 
EMIMO emission model developed by the UPM (San José et al., 2008). The starting 
point is the annual totals for ten categories of pollutants emissions with a  
spatial distribution of 7 km by 7 km for the base year 2011. The EMIMO model use the  
7 km European emissions inventory as described by TNO (The Netherlands) in  
Denier van der Gon et al. (2010). These datasets are temporally and spatially downscaled 
based on surrogates such as land-use and population data, activity-dependent time 
profiles and chemical speciation to provide gridded hourly emission fields suitable for 
modelling with specific chemical mechanism selected in the WRF/Chem model. Time 
splitting was developed by using monthly, weekly and hourly profiles for the city specific 
profiles. Emissions for road transport are based on measured traffic flows and COPERT 
emission factors, following a ‘bottom-up approach’. 

4 Results 

Before assessing the global climate impacts on future pollutants distribution and 
concentrations, we have evaluated the modelling system capability to simulate air 
pollution concentrations of the cities with the present climate, represented by the NNRP 
global data. To evaluate the model, statistical indexes were calculated using hourly data 
from observational surface stations. In order to assess the uncertainty of the modelling 
system with respect to observations, the following statistical parameters have been 
evaluated: normalised mean bias (NMB), root mean square error (RMSE) and Pearson’s 
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correlation coefficient (R2). The NMB, RMSE and R2 are defined by equations (1)–(3) 
listed below: 
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where Cm,i is the hour i model concentration at grid cell where station is located, Co,i is 
the observed concentration at hour i and N equals the number of prediction-observation 
pairs. 

Table 1 Performance results of the evaluation of the modelling system over Kensington and 
Chelsea (K&C) and Milan (M) 

STATION_ID POLLUTANT NMB (%) RMSE (μg/m3) R2 

0 (K&C) NO2 33.58 48.26 0.35 

1 (K&C) NO2 –31.67 35.57 0.38 

2 (K&C) NO2 22.02 48.87 0.24 

3 (K&C) NO2 50.52 57.67 0.31 

4 (K&C) NO2 44.21 62.17 0.25 

5 (K&C) NO2 50.42 68.78 0.34 

1 (K&C) O3 –58.2 33.26 0.61 

0 (K&C) PM10 34.87 18.39 0.46 

1 (K&C) PM10 16.09 17.39 0.41 

2 (K&C) PM10 36.36 18.05 0.42 

5 (K&C) PM10 46.38 22.71 0.44 

0 (M) NO2 –0.01 38.07 0.51 

1 (M) NO2 4.77 46.3 0.38 

2 (M) NO2 22.15 46.6 0.45 

3 (M) NO2 –34.29 46.33 0.41 

4 (M) NO2 –8 44.62 0.38 

5 (M) NO2 –23.95 45.74 0.45 

6 (M) NO2 –7.94 45.3 0.41 

7 (M) NO2 3.62 46.72 0.35 

8 (M) NO2 15.35 49.18 0.47 

0 (M) O3 –1.87 21.09 0.84 
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Table 1 Performance results of the evaluation of the modelling system over Kensington and 
Chelsea (K&C) and Milan (M) (continued) 

STATION_ID POLLUTANT NMB (%) RMSE (μg/m3) R2 

4 (M) O3 –5.39 22.49 0.81 

5 (M) O3 –2.96 24.2 0.82 

6 (M) O3 2.07 20.71 0.84 

0 (M) PM10 –0.24 30.95 0.58 

5 (M) PM10 –4.88 31.37 0.56 

6 (M) PM10 3.88 32.49 0.55 

7 (M) PM10 –0.37 32.91 0.58 

0 (M) WS 20.12 1.19 0.45 

2 (M) WS 47.7 1.72 0.4 

3 (M) WS 31.6 1.95 0.4 

4 (M) WS 54.53 2.12 0.48 

0 (M) T –1.96 1.82 0.97 

1 (M) T –7.74 2.32 0.97 

2 (M) T –2.35 1.81 0.97 

3 (M) T –3.21 2.04 0.97 

4 (M) T –4.77 1.99 0.97 

5 (M) T 9.65 2.28 0.96 

The summary of the performance metrics for the eight monitoring stations of Milan and 
five stations from Kensington and Chelsea (not all stations measure all pollutants) area 
are showed in Table 1. In case of the Milan, some observational stations have 
meteorological measurements of temperature (T) and wind speed (WS): 

Milan simulation performs very well for NO2, O3 and particles (PM), with the 
majority of the NMBs less than 25%. Wind speed in Milan is overestimated. Performance 
and skill measures are best for temperature. The overestimation of wind speed is coming 
from the WRF simulations. This overestimation of wind speed is in agreement with the 
results reported by other studies (Jiménez and Dudhia, 2012) which suggest that the 
overestimation of simulated wind speed is driven by unresolved topography in the model. 
The overestimation is reduced by the CFD simulation, but it is not enough. 

In case of London, the NMB are around 40% or 50%. Modelled ozone is in very good 
agreement with measurements with R2 values more than 0.8 in case of Milan and 0.61 for 
the unique station of the Kensington and Chelsea. The modelling tool is able to represent 
the main features of the ozone photochemical cycle (ozone formation and titration) over 
the Milan (M) and Kensington and Chelsea (K&C) region but fails to reproduce high 
ozone values for the K&C station with a NMB of the –58.2%. 

The good results for Milan show that the emission inventory is more realistic for 
Milan than in case of Kensington and Chelsea areas, this is because we have more 
information for the Milan area to calculate the emissions using a bottom-up approach. 
The main factors in the errors are wind velocity, wind direction bias (not showed) and the  
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differences between the real position and height between the model and observations. 
The subsequent emissions are also affected by the quality and specific data we have. The 
more specific data for the city characteristics, the better the quality of the emissions. 

The evaluation suggests that additional efforts should be made to better calculate the 
traffic emissions. The model produces an estimation of the concentration for a zone in a 
grid of 50 m by 50 m, and the observations are given data for a specific point. The 
evaluation process includes not just model uncertainties but also monitoring, 
representativeness and stochastic uncertainties. In general, the comparison between the 
high resolution results of the model and the measured data by the air quality monitoring 
stations shows that the simulated values are within the ranges of the measured data. 
Statistical evaluation provides significant evidence that the high resolution downscaling 
procedure as applied in this work may be suitable for these type of high spatial and 
temporal resolution studies. The results presented here give some confidence to perform 
future simulations with this modelling system. This study is a first step in order to 
investigate the effects of climate change on urban air pollution. We use actual emissions, 
population and cities description to quantify the role of the global climate change on the 
urban air pollution concentrations. It is a sensitivity experiment, in which simulations are 
run with all parameters kept equal except one of the driving factors: the meteorological 
boundary global climate conditions. This modelling exercise offers the opportunity to 
isolate the contribution of the global climate driving factor. In this case we are focusing 
on the climate penalty/benefits and the effects of climate on air quality. This effect is 
typically isolated by maintaining anthropogenic emissions in the simulations fixed at 
present-day levels. Air pollution changes between future and present are due to urban 
simulations which are driven by different meteorological boundary conditions. The 
meteorological boundary conditions are defined by the global climate simulations under 
different IPCC RCP scenarios (in this experiment RCP 4.5 and RCP 8.5). Finally, it is 
important to remember that our objective is not to predict the air pollution concentrations 
in a city in the future, but rather to predict how the climate might affect an actual city. 
Climate impacts on health are obtained by subtracting two simulations that have the same 
emissions, which we have identified as one of the main sources of uncertainty in the 
results. The uncertainty of the impacts (final results) is smoothed out when we are 
subtracting two simulations with the same uncertainty in the input data. 

The climate-induced changes to air quality were explored by comparing the future 
and present. The monthly and yearly averages were calculated for each grid point using 
the hourly values in the analysis domain. The spatial distributions of the differences 
between the future and present averages emphasise how climate change could affect areas 
of the cities differently. Now, some representative results of the climate change impacts 
on NO2, O3 and PM10 concentrations for Milan and London are presented. The impacts 
are presented as differences between the future (2030, 2050 and 2100) scenarios and the 
actual scenario (2011). It is important to remember that anthropogenic emissions have not 
been modified in the future simulations, so the presented impacts in NO2, O3 and PM10 
surface concentrations are only caused by climate change (global climate boundary 
conditions). 

 

 



   

 

   

   
 

   

   

 

   

   154 R. San José et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Figure 2 WRF/Chem-MICROSYS (50 m) simulated differences (%) in the monthly average 
PM10 concentrations between 2050 and 2011 for January (top) and July (bottom) over 
Milan; changes from global climate under RCP 4.5 (left) and RCP 8.5 (right) scenarios 
(see online version for colours) 

 

Figure 3 WRF/Chem-MICROSYS (50 m) simulated differences (%) in the monthly average NO2 
concentrations between 2050 and 2011 for January (top) and July (bottom) over Milan 
(Italy); changes from global climate under RCP 4.5 (left) and RCP 8.5 (right) scenarios 
(see online version for colours) 
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Figure 4 WRF/Chem-MICROSYS (50 m) simulated differences (%) in the monthly average O3 
concentrations between 2050 and 2011 for January (top) and July (bottom) over Milan; 
changes from global climate under RCP 4.5 (left) and RCP 8.5 (right) scenarios  
(see online version for colours) 

 

 

Figure 5 WRF/Chem-MICROSYS (50 m) simulated differences (%) in the monthly average 
PM10 concentrations between 2100 and 2011 for January (top) and July (bottom) over 
Kensington and Chelsea (London) areas; changes from global climate under RCP 4.5 
(left) and RCP 8.5 (right) scenarios (see online version for colours) 
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Figure 6 WRF/Chem-MICROSYS (50 m) simulated differences (%) in the monthly average NO2 
concentrations between 2100 and 2011 for January (top) and July (bottom) over 
Kensington and Chelsea (London); changes from global climate under RCP 4.5 (left) 
and RCP 8.5 (right) scenarios (see online version for colours) 

 

Figure 7 WRF/Chem-MICROSYS (50 m) simulated differences (%) in the monthly average O3 
concentrations between 2100 and 2011 for January (top) and July (bottom) over 
Kensington and Chelsea (London); changes from global climate under RCP 4.5 (left) 
and RCP 8.5 (right) scenarios (see online version for colours) 
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Figures 2–7 show the WRF/Chem-MICROSYS 50 metres spatial resolution results of the 
monthly mean surface PM10 (Figures 2 and 5), NO2 (Figures 3 and 6) and O3  
(Figures 4 and 7) concentration changes between the future and reference (control base 
scenario) (2011) climates. It was selected January (winter season) and July (summer 
season) months as examples to show the potential uses of the modelling tool. Figures 2–4 
correspond to the Milan area showing the expected changes for the 2050 climate and 
Figures 5–7 correspond to the Kensington and Chelsea area (London) for the 2100 
respect to 2011. 

In the case of Milan, we can observe how the climate of 2050 under the climate 
scenario RCP 4.5 will impact in the actual (2011) climate and pollution conditions. We 
observe a decrease in the PM10 (Figure 2) and NO2 (Figure 3) concentrations in both 
months (January for the winter period and July for the summer period). The decreases in 
concentrations would be more important in winter than in summer (in January PM10 
decreases by 16% and in July decreases by 8%; in January NO2 decreases by 14% and in 
July decreases by 10%). The decreases would be generalised throughout the domain, 
although in the most polluted areas that currently match the main roads, the decreases are 
more moderate. However, if the climate were the same as in 2050 but following the RCP 
8.5 scenario, in January (winter) we would have slight increases of PM10 (Figure 2) (6%) 
and NO2 (Figure 3) (2%). In the summer month we found that in the south-west area of 
the domain of the city of Milan there would be decreases and in the north-east we are 
finding increases. Therefore, the importance of having results with high spatial resolution 
is clearly shown. The impacts are shown to be very different within a small area of the 
city. In particular, the concentrations of PM10 in July can increase by up to 10% in some 
parts of the city and in other parts decrease by 12% under the 2050 climatic conditions in 
Milan area and under the scenario RCP 8.5 (Figure 2). The registered increases for PM10 
and NO2 during January with RCP 8.5 are related with more stagnant conditions and 
important temperature increases (up to 3°) and also we observe decreases in the planet 
boundary layer height (not showed). The concentrations decreases are due to high wind 
speeds that can increase ventilation of the city, especially during January with the RCP 
4.5 climate scenario. Analysing the results for ozone (Figure 4), we observe that, for the 
RCP 4.5 climate scenario, the O3 concentrations are increased around 10% in January and 
only 1.6% in July. These changes are due to the strong reduction in NO2 concentrations 
as shown in Figure 3. In the case of the RCP 8.5 scenario, there will be decreases in O3 
concentrations due to moderate increases in NO2 concentrations. It should be taken into 
account that if the temperature and water vapour increase due to the future climate 
scenario, surface O3 concentrations will tend to decrease in less polluted areas (less NOx 
and VOCs) but increase in areas with higher concentrations of primary pollutants 
(Dentener et al., 2006). 

In the climate scenario RCP 8.5 the climate in 2100 would cause increases in O3 
concentrations (around 8%) in January (Figure 7), associated with a strong increase in 
temperature (+2.85°C). If we look at the month of July, where the temperature increase is 
very moderate (+0.2°C), in the north zone of the domain, increases of NO2 are expected 
around 10% and decreases in the south of the domain are expected around –8%  
(Figure 6), while the O3 (Figure 7) behaves in the opposite way, decreases in the north 
and increases in the south, which clearly demonstrates the anti-correlation of both 
pollutants. These changes also show how different areas of a city may respond differently 
to certain climate conditions. 
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5 Conclusions 

This paper presents a tool for researching the impact of climate change on air quality in 
cities with high spatial and temporal resolution and has been applied to Milan (Italy) and 
Kensington and Chelsea areas (London, UK) under the IPCC RCP 4.5 and RCP 8,5 
climate scenarios. Numerical simulations performed with the WRF/Chem (regional/urban 
level) and MICROSYS CFD model (street level, 50 metres of spatial resolution) over 
Europe and the cities indicated considerable changes in the atmospheric PM10, NO2 and 
O3 concentrations. The modelling tool was applied to simulate climate and air quality 
concentrations for 2011 (considered as actual or control base year in this experiment) and 
future years (2030, 2050 and 2100) with high spatial resolution. By keeping the 2011 
emissions inventory in all simulations and all the remained parameters except the climate 
boundary conditions, we have obtained the impact of future climate scenarios on current 
cities. The simulations only consider the impact of climate change since the 
anthropogenic emissions are kept constant (and equal to actual emissions in 2011) for all 
simulations. The air quality levels could be strong impacted, depending on the area of the 
city and the analysed month. MICROSYS-CFD analysis provides the best outcome when 
their outputs are compared with observations. Improving correlation coefficients and 
reducing BIAS are found. In particular, in the simulations of the city of Milan because we 
use better quality data to estimate specific traffic emissions. After the evaluation process 
we concluded that the simulations show reliable performance when comparing the 
modelled concentrations with the measurements. The results of MICROSYS-CFD model 
show that it is important to take into account the 3D elements of buildings when 
modelling air quality in very urbanised environments in order to detect hot spots or areas 
very sensitive to climate change. Complex urban flows are manifest in the presence of the 
buildings The impacts of the future climate presented for Milan and Kensington and 
Chelsea areas with 50 metres of spatial resolution show the importance of this type of 
studies with a high spatial (50 metres) and temporal (hourly data) resolution. The impacts 
obtained with a fine grid (metres) are different from the results with a coarser grid 
(kilometres). It is also observed in the results how the impacts can be different in 
neighbouring areas. All the results demonstrate the need of these type of simulations 
based on dynamical downscaling procedures. Due to the uncertainty in this type of 
studies, it is important not to consider the values of the impacts presented as an absolute 
truth, only as additional information about the trends in the concentrations of pollutants in 
a city as a function of the climate scenario in the future. It has been demonstrated with 
this study that the changes in the meteorological variables such as temperature, humidity, 
wind and precipitation are responsible for the changes in the concentrations of pollutants 
because they are variables that are involved in the processes of advection, diffusion and 
chemistry of pollutants. 
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