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Abstract 
In this contribution we have used global climate RCP IPCC scenarios to produce climate and air 
pollution maps at regional (25 km resolution) and urban scale with 200 m spatial resolution over Europe 
and five European cities in order to investigate the impact on meteorological variables and pollutant 
concentrations . We have used the very well known mesoscale meeorological model WRF-Chem 
(NOAA, US). We have used 2011 as control past year and two RCP scenarios from CCSM global 
climate model with 4.5 W/m2 and 8.5 W/m2 for 2030, 2050 and 2100 years. After running WRF-Chem 
model, using the boundary conditions provided by RCP scenarios with the emissions of 2011, we have 
performed a detailed downscaling process using CALMET diagnostic model to obtain a full 200 m 
spatial resolution map of five European cities (London, Antwerp, Madrid, Milan, and Helsinki). We will 
show the results and the health impacts for future RCP IPCC climate scenarios in comparison with the 
2011 control year information for climate and health indicators. 
Finnally, we have also investigated the impact of the aerosol effects in the short wave radiation mean 
value. Two simulations with the WRF-Chem model have been performed over Europe in 2010. A 
baseline simulation without any feedback effects and a second simulation including the direct effects 
affecting the solar radiation reaching the surface as well as the indirect aerosol effect with potential 
impacts on increasing or decreasing the precipitation rates.  Aerosol effects produce an increase 
of  incoming radiation over Atlantic Ocean (up to 70%) because the prescribed aerosol concentrations in 
the WRF-Chem without feedbacks is substantially higher than the aerosol concentrations produced when 
we activate the feedback effects. The decrease in solar radiation in the Sahara area (10%) is found to be 
produced because the prescribed aerosol concentration in the "no feedback" simulation is lower than 
when we activate the feedback effects. 
Key words: Climate, Downscaling, Health, Indicators, Aerosols, WRF-Chem 
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Escenarios climáticos globales de alta resolucion para entornos regionales y 
urbanos con estudios de impacto en la salud 

Resumen                                          
En esta contribución se han considerado dos escenarios climáticos globales RCP IPCC para producir 
información de clima y calidad del aire a escala regional (25 km de resolución) y escala urbana (200 
metros) sobre Europa y cinco ciudades europeas utilizando el modelo WRF-Chem (NOAA,US), con el 
objetivo de investigar el impacto en las variables meteorológicas y las concentraciones de contaminantes. 
El año 2011 se ha establecido como el año de control, los dos escenarios RCP del modelo climático 
global CCSM elegidos son 4.5 W/m2 y 8.5 W/m2 y los resultados mostrados son para los años 2030, 
2050 y 2100.  Tras ejecutar el modelo WRF-Chem con condiciones de contorno suministradas por los 
escenarios RCP con emisiones del año de control, se ha realizado un refinamiento de escala con el 
modelo de diagnóstico CALMET para obtener mapas de 200 metros de las cinco ciudades europeas. En 
este trabajo se muestran los resultados y los impactos de los futuros escenarios comparados con el año de 
control considerando indicadores climáticos y de salud. 
Adicionalmente, hemos investigado el impacto de los efectos de los aerosoles en el valor medio de la 
radiación de onda corta. Se han llevado a cabo dos simulaciones con el modelo WRF-Chem sobre 
Europa para el año 2010. En la simulación de control no se han tenido en cuenta los efectos de 
retroalimentación (feedback). En la segunda simulación se han incluido los efectos directos en la 
radiación solar, con potenciales reducciones de la misma en la superficie, y los efectos indirectos, 
principalmente relacionados con los potenciales impactos en la precipitación. Los efectos de los 
aerosoles producen un incremento en la radiación solar en el área del Atlántico Norte (hasta un 70 %) 
porque las concentraciones de aerosoles prescritas en el modelo WRF-Chem sin "feedbacks" son 
sustancialmente superiores a aquellas concentraciones producidas cuando activamos los "feedbacks". El 
descenso observado en la radiación solar en el área del Sahara (10 %) se produce porque las 
concentraciones de aerosoles prescritas en el modelo sin "feedbacks" son inferiores a aquellas 
encontradas cuando activamos los efectos de "feedback". 
Palabras clave: Clima, Refinamiento, Salud, Indicadores, Aerosoles, WRF-Chem 
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1. Introduction 
Under future climate conditions it is expected that the pollutant concentrations will 
change. These relations are documented in several studies (Mickley et al., 2004; 
Stevenson et al., 2006; Liao et al; 2007; Weaver et al., 2009). These changes may 
pose health risks to the population, so it is a challenge the ability of cities to adapt to 
and mitigate the climate change. A current research challenge is to implement tools 
that allow us to calculate the impact of climate change on air quality and health of 
citizens at the urban level The aim of this paper is to describe the application of a 
system for assessment the impact of the global climate on urban climate, air quality 
and health. The future of air quality, however, is not just a matter of emissions. We 
also need to consider global climate change with the aim to integrally assess impacts 
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on air quality (ozone and particles) and local climate (heat waves, apparent 
temperature), as well as the effects on population health. In addition, due to the 
interdisciplinary nature of the subject, this task requires the collaboration of 
professionals from various areas such as climate science, air quality and public 
health. 

In the cities, climate change affects the levels of air pollution because production, 
dispersion and deposition of pollutants, such as ozone and particulate matter depends 
in part on the local values of temperature, wind, solar radiation and precipitation. 
Then, knowing the present and future impacts of climate change on air quality as well 
as on mortality and morbidity of citizens should be a priority for researchers. Keep in 
mind that to be studying urban areas need information from very high resolution to 
capture the high spatial variability of air pollution within a city. 

Global climate model (GCMs) cannot provide information at scales finer than       
100 km and the processes at the unresolved scales are important (Cooney, 2012). 
Providing information at finer scales can be achieved using dynamical downscaling. 
The starting point of the dynamical downscaling is a set of global coarse-resolution 
meteorological fields (from a GCM model), which are used to provide the initial and 
boundary conditions to a regional climate model (RCM). A key issue, which is 
solved in this paper, is how to calculate the impact of the global climate at fine 
resolution over urban areas. The major problem of simulating high resolution urban 
scales is the big computational demand of the dynamical downscaling tools and this 
is very relevant to climate studies where you the simulated periods and scenarios are 
multiple.  

Our goal is to quantitatively estimate the local impact on health due to global 
climate on the cities to enable the authorities to implement the most appropriate 
policies and strategies to minimize the effects of climate on citizens. Rapid advances 
in computing and atmospheric physics, especially in using downscaling techniques 
offer new opportunities to investigate health problems related to urban climate. 

Computational simulations with climate forced over five European cities: Madrid, 
Antwerp, Helsinki, Milan and London (Kensington-Chelsea area) have been 
developed with 200 meters of spatial resolution during the last level of the nesting 
approach. Between the global and urban level, we have an intermediated level 
(regional) with    25 km of spatial resolution covering all Europe. We have used 2011 
year as reference run (present) and 2030, 2050 and 2100 as future years.  We have 
downscaled two of the Representative Concentrations Pathways (RCPs) (Moss et al., 
2010), RCP4.5 and RCP8.5 defined by the Intergovernmental Panel on Climate 
Change (IPCC) in the Fifth Assessment Report (AR5). 

This work is part of FP-7 EU DECUMANUS project. The aim of this project is 
the development and consolidation of a set of sustainable decision support services 
that allow city managers to deploy geo-spatial products in the development and 
implementation of their energy efficiency and climate change strategies, in meeting 
the diverse challenges of sustainable urban planning and development. The 
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DECUMANUS services will offer information to the end users (city managers). The 
information will be produced by the scientific team operating the proposed tools as 
the dynamical technique described in this research work for urban and health 
information.  

Aerosols are known to affect weather and climate via several ways but the 
feedback effects are one of the most uncertain research areas in air quality and 
climate modelling (Jacob and Winner, 2009). These uncertainties diminish our 
capability to generate reliable climate projections and to provide accurate weather 
and air quality predictions so, research tasks should be addressed to reduce these 
uncertainties. Aerosols and their precursors have both natural sources resulting from 
desert dust lifting, sea spray, volcanic eruptions, biogenic organic emissions and 
anthropogenic sources such as fossil fuel and biomass burning. The aerosols may 
produce a reduction of downward solar radiation (direct effect), a change in near 
surface temperature and thermal stability due to absorption of solar radiation which 
leads subsequently to a change in cloudiness (semi-direct effect) a decrease in cloud 
drop size but an increase in cloud droplet number concentrations through their role as 
cloud condensation nuclei (indirect effect).  These effects have been observed in the 
past (Kaufman and Fraser, 1997). New studies have been developed to study the 
multiple interactions between meteorology and chemistry in the atmosphere, for 
example aerosol-cloud-radiation feedback effects (Zhang, 2008; Zhang et al., 2010; 
Forkel et al., 2012) and interactions between temperature, gas-phase chemistry and 
aerosols (Baklanov et al., 2014) We can also find opposite effects of the aerosols on 
the meteorological variables, for example the precipitation. Aerosols can decrease 
solar radiation on surface, so less heat is available for water evaporation and a 
reduction of precipitation is observed. On the other hand, depending of the absorbing 
characteristics of the aerosols (mineral dust, black carbon, etc) they could energize 
convective clouds and thus increasing precipitation (Levin and Brenguier, 2009). 
Feedback effects can be particularly important during strong particles episodes 
(Konovalov et al., 2011; Wong et al., 2012; Chen et al., 2014). 

Realistic simulation of the feedback effects requires the use of integrated 
meteorology-chemistry on-line models that include detailed treatment of aerosol life 
cycle and aerosol impacts on radiation (direct effects) and clouds (indirect effects) 
(Yang et al., 2011; Bangert et al.,2012; Baklanov et al., 2014).  Historically, the study 
of these effects has been done separately in modelling approaches. Chemistry and 
weather forecasts have been developed as separate disciplines, leading to the creation 
of separate modeling systems that are only loosely coupled (offline)                    
(Grell and Baklanov, 2011). Fully coupled on-line models, where meteorological and 
chemical processes are solved together on the same grid and with the same physical 
parameterizations are able to simulate the complex aerosol-cloud-radiation feedback 
effects (Zhang et al. 2008). Recent case studies have shown that the inclusion of 
feedback effects can improve the model performance for specific cases and 
conditions (Yang et al., 2011; Bangert et al., 2012; Forkel et al., 2012). More 
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research and studies are needed to investigate how the inclusion of feedback effects 
within on-line air quality models affects the simulation results over Europe for a 
longer simulation episode.  
2. Methodology 
We propose to use a chain of computational models to go from the global scale to the 
urban scale. Figure 1 shows the conceptual outline of the system for assessment of 
the impacts of the global climate at urban level. Data from the GCM Community 
Earth System Model (CESM) is the first link in the chain. The dynamical climate-air 
pollution dynamical downscaling to regional level is based on the WRF-Chem model 
(Grell et al., 2005). WRF-Chem model (version 3.4.1, September 2011) has been 
used to develop the first level of the downscaling. It includes the RADM2 gas phase 
mechanics, the MADE inorganic aerosol scheme, and the SORGAM aerosol module 
for secondary organic aerosols (SOA). For the final step in the downscaling proccess 
we have selected a very well-known meteorological diagnostic model, CALMET 
(Scire et al., 2000) from California Air Resources Board (CARB) -V5.8.4 July, 31, 
2013. CALMET is applied to process the downscaling from 25 km. spatial resolution 
to 0.2 km spatial resolution domain centered over the five European cities. CALMET 
model can avoid the high computational cost of the three dynamical downscaling 
levels that we will need to go from 25 km to 0.2 km. CALMET- as a diagnostic 
model, does not produce “dynamics” as WRF-Chem model. At urban level, the air 
pollution modelling part of the system includes the air quality model CMAQ. 
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Figure 1. Conceptual overview of the model chain (from global to urban) used in the 
present study. 

 
The Air Quality (AQ) downscaling over the cities is performed by running the 

CMAQ model over the specific cities with a spatial resolution of 1 km, using the    
WRF-Chem Europe scale model results for forcing and boundary conditions – a 
procedure also known as off-line nesting. The city air quality downscaling is 
performed by operating the air quality model with interpolated meteorology (from 
200 meters to 1 km of spatial resolution from the diagnostic meteorological model 
CALMET. The urban air quality simulations take boundary concentrations—
including top boundary—every hour from the European WRF-Chem simulation. We 
have used an adapted version of CMAQ for this task using “linear chemistry” which 
reduces on about 50% the total computational time. We will call CMAQL to the 
CMAQ version with linear chemistry. The calculated near-surface concentrations 
with 1 km of spatial resolution from the urban scale air quality simulations are finally 
refined to gridded data with 200 meters of spatial resolution through Cressman 
analysis (Cressman, 1959). This solution allows interpolating concentrations from 1 
km grid cells to a regular grid with 200 meters of spatial resolution. The Cressman 
objective analysis method was applied for such interpolation, considering 
concentration records taken with hourly frequency. Furthermore, it needs less 



San José et al.                                   Regional and urban downscaling of global climate scenarios… 

Física de la Tierra 
Vol. 27 (2015) 223-247 

229

computational resources than other spatial interpolation methods. It is suitable in 
operative contexts or rough interpolations. 

The air quality downscaling requires gridded emissions in the form of annual 
averages for six pollutants: NOx, NH3, PM, SO2, VOC and CO which are calculated 
with the emission model EMIMO (San Jose et al., 2008) The last step is to quantify 
the future short-term health effect of the global climate focus on the direct effects of 
global climate in the city level in relation to temperature and air pollution 
concentrations.  

The estimated percentage of mortality/morbidity attributable to exposure 
variables: temperature, heat waves, ozone concentrations or particles concentrations 
are calculated by day to day and them average to month and year periods. Several 
health effects or outcomes are calculated for mortality and morbidity: All causes 
mortality, cardiovascular mortality, respiratory mortality, respiratory hospital 
admissions and cardiovascular hospital admissions. These outcomes are for all ages, 
except in case of the heat waves where mortality + 65 years old are calculated. The 
short-term health effects of the heat are analysed based on two exposure variables: 
Apparent Temperature (AT) and Heat waves (HW). Only summer months (June-
August) are considered to study the health effects of the heat waves days. Exposure 
to heat waves takes into account the extreme day values using the maximum apparent 
temperature (ATMAX) and high night temperatures by the minimum temperature of 
the day (TMIN).  Heat waves days were defined as days with ATMAX exceeding a 
threshold value or days in which TMIN exceeds other threshold value. For air quality 
indicators we have used PM10 and O3 pollutants. For PM10 the exposure indicator is 
the daily mean and for ozone we used the daily maximum 8-hour average. The health 
outcomes have been chosen based on data availability in agreement with the data 
uses in the epidemiological studies providing RRs. The relationship between the 
exposure variable and its effect on health is defined with a log-linear regression 
(Poisson) and is called exposure-response function (ER). If we derive this function 
we obtain the Equation 1 which calculates the change in mortality or morbidity by a 
change in the exposure variable, 

0 ( 1)Cy y e   (1) 

 
where y0 is the baseline incidence rate of the studied health effect, β  is a parameter 
which define the mortality effect estimation from epidemiological studies, ΔC is the 
change of the exposure variable (future minus present).  

Our system calculate percentage (%) of change of the health effect, so it is 
independent from the population and the incidence rate. The epidemiological studies 
do not report the β parameter of the C-R function, they publish the relative risk (RR) 
associated with a given change in the exposure variable, but β and RR are related 
following the Equation 2, 



San José et al.                                   Regional and urban downscaling of global climate scenarios…  

Física de la Tierra 
Vol. 27 (2015) 223-247 

230

( )Ln RR

c
 


            

(2) 

  
For this analysis, we selected the two RCPs most used by the climate modeling 

community, RCP4.5 and RCP8.5, which represent relatively low and high 
greenhouse gas projections/radiative forcing, respectively. RCP4.5 is a scenario 
where greenhouse gas concentrations are stabilized after 2100, due to emissions 
reduction prior to 2100. RCP8.5 is a scenario with increasing emissions over the 
century. 

In order to investigate the impact of aerosol feedback effects, two WRF-Chem 
simulations are compared for 2010. The two simulations differ by the                    
aerosol‐meteorology interactions that were considered. The first simulation (baseline, 
NONFBIT1) is not taking into account any interactions between simulated aerosol 
concentrations and meteorology, i.e. solar radiation is not affected by the simulated 
aerosol concentrations and also simulated cloud droplet numbers and radiative 
properties do not depend on the simulated aerosol numbers. The second simulation 
(FBES3) differs from the baseline simulation by the inclusion of these effects (direct 
and indirect aerosol effect). This simulation also includes some aqueous phase 
chemical reactions within the cloud droplets.  

 
 

3. Results 
 
3.1 Urban scale 
For validation we have compared the hourly model outputs for present conditions 
(2011) following reanalysis scenario (NNRP) to hourly observations. The 
NCEP/NCAR Reanalysis data set (1948-2014) was a continually updating gridded 
data set that represented the state of the Earth's atmosphere, incorporating 
observations and numerical weather prediction (NWP) model output from 1948 to 
September 2014. It was a joint product from the National Centers for Environmental 
Prediction (NCEP) and the National Center for Atmospheric Research (NCAR). The 
NCEP/NCAR Reanalysis Products (NNRP) have a global resolution of T62 (209 km) 
with 28 vertical sigma levels. 

All the observations are from the urban background monitoring stations networks 
of Madrid, Antwerp, Milan and Helsinki (London has only air pollution observations) 
included in the simulation domain. All measurements and model results are average 
to obtain a representative value of the domain. A statistical evaluation of the pairing 
of the gas species outputs (SO2, NO2, CO, O3 and PM10) and meteorological 
parameters (temperature, wind and precipitation) in time (hourly) between 
WRF/Chem-CALMET-CMAQL outputs and  monitoring stations datasets are shown 
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in Table1 and Table 2. There are three metrics, Normalized Mean Bias (NMB), Root 
Mean Standard Error (RMSE), and the correlation coefficient (R2). 
 
 
Table 1. Statistical evaluations of WRF/Chem-CALMET-CMAQL outputs in comparison to 
observations from air quality urban networks. 
 

Air quality Monitoring Station 
(Avg stations) 

NMB 
(%) 

RMSE 
(µg/m3) 

R2 

Madrid 

SO2 1.07 4.68 0.54 
NO2 1.21 31.23 0.43 
CO -1.12 186.48 0.57 
O3 1.89 18.80 0.78 

PM10 -1.03 16.17 0.24 

Antwerp 

SO2 2.52 3.46 0.22 
NO2 1.66 23.69 0.52 
CO -1.67 137.10 0.57 
O3 -1.55 19.44 0.69 

PM10 -1.80 16.08 0.48 

Milan 

SO2 -1.29 2.98 0.31 
NO2 1.34 36.05 0.51 
CO -1.21 513.85 0.69 
O3 -1.14 20.38 0.85 

PM10 -1.00 25.77 0.65 

Helsinki 

SO2 -1.29 2.70 0.38 
NO2 1.36 16.51 0.39 
CO 1.83 106.49 0.49 
O3 1.58 18.48 0.57 

PM10 1.08 15.24 0.27 

London 

SO2 1.09 2.32 0.17 
NO2 1.27 44.02 0.33 
CO -1.76 124.57 0.40 
O3 1.71 20.46 0.66 

PM10 1.46 13.52 0.48 
 
Table 2. Statistical evaluations of WRF/Chem-CALMET-CMAQL outputs in comparison to 
observations from meteorological stations. 

 
Meteorological Monitoring Station 

(Avg stations) 
NMB 
(%) 

RMSE R2 

Madrid 

Wind Speed 129.78 1.83 0.65 

Temperature -1.02 1.36 0.98 

Precipitation -10.82 0.13 0.52 

Antwerp 
Wind Speed 20.49 1.39 0.80 

Temperature -7.72 1.99 0.94 
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Precipitation -24.14 0.18 0.37 

Milan 

Wind Speed 53.21 1.35 0.50 

Temperature -9.87 2.60 0.96 

Precipitation -27.88 0.17 0.68 

Helsinki 

Wind Speed 25.53 1.97 0.74 

Temperature -8.74 2.31 0.94 

Precipitation 4.11 0.17 0.58 

 
The comparison shows that the simulated average concentrations for the present 

and real situation are within the variability of the measured levels.  The simulated O3 
concentrations are lower than observed concentrations for Antwerp and Milan 
indicating that the climate and air quality simulations representing present conditions, 
underestimate the O3 concentrations. The tendency, for comparison of simulated and 
measured concentrations, is to a slight overestimation. The underestimation of ozone 
can be attributed to overestimated surface wind speeds and/or underestimations of 
emissions. Wind speed is over-predicted for all cities. The high wind speed bias is 
mainly attributed to a poor representation of surface drag exerted by the unresolved 
topography in the 25 km European domain of the WRF-Chem.  The average 
simulated levels are within the inter-annual variability of the measured concentrations 
with the majority of the R2 values over 0.5. The statistical evaluation shows strong 
evidence that high resolution downscaling procedure could achieve reasonably good 
performance, particularly for bias (NMB) and R2 statistics.  

In this part, we show examples of the spatial distribution of the forecasted health 
impact for the 2100 year under the two IPCC climate scenarios (4.5 and 8.5) over the 
five European cities: Madrid (Figure 2), Helsinki (Figure 3), Milan (Figure 4), 
Antwerp (Figure 5) and London (Figure 6) for different health outcomes.  

Figure 2a shows increases of cardiovascular mortality up to 0.37% by PM10 
under RCP4.5 scenario and spatially the highest values of the health impact appear to 
be concentrated into the city centre (high population density area) but opposite effect 
is expected under RCP8.5 scenario, Figure 2b, with slightly reductions in the city 
centre.  
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Figure 2. Year 2100, differences (%)  of annual mean changes short-term cardiovascular 
mortality due to PM10 daily average concentrations over Madrid (200 m resolution) under 
RCP4.5, a) top, and RCP8.5, b) bottom, climate scenarios respect to 2011. 
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Figure 3a shows an estimated increase in annual average of the hospital 
admissions due to O3 concentration between 0.05% and 0.08 % for 2100 respect to 
2011 under the RCP4.5, but an decrease is expected under the RCP8.5, Figure 3b.  
The major impacts are located in the North of the Helsinki area. 

 

 
Figure 3. Year 2100, differences (%)  of annual mean changes short-term respiratory hospital 
admissions due to O3 8 hours average maximum concentrations over Helsinki (200 m) under 
RCP4.5, a) top, and RCP8.5, b) bottom, climate scenarios respect to 2011. 
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Figure 4b shows than the year 2100 can be increases up to 64% in the mortality 
with respiratory causes due to heat waves for people with more than 65 years old 
under RCP8.5 and opposite effect are showed in the RCP4.5, Figure 4a.  So the 
efforts to reduce emissions following the RCP4.5 scenario will produce improve the 
people health because the temperature of the Milan will be reduced.  

 
Figure 4. Year 2100, differences (%)  of annual mean changes short-term respiratory mortality 
due to heat waves days over Milan (200 m) under RCP4.5, a) top, and RCP8.5, b) bottom, 
climate scenarios respect to 2011.  
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Figure 5a and Figure 5b show that in case of Antwerp the mortality with 
respiratory problems due to O3 concentrations will be reduced for year 2100 under 
the two studied climate scenarios, so global climate in this case it is not a big problem 
for the health of the cities. The major reductions are expected in the South of the city 
under the RCP4.5 scenario.   

 
Figure 5. Year 2100, differences (%)  of annual mean changes short-term respiratory mortality 
due to O3 8 hours average maximum concentrations over Antwerp (200 m) under RCP4.5, a) 
top, and RCP8.5, b) bottom, climate scenarios respect to 2011. 
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Figure 6a and Figure 6b show that in case of the Kensington and Chelsea area 
(London) the mortality with respiratory problems due to increments of the apparent 
temperature (AT) will be increased for year 2100 under the two studied climate 
scenarios, so global climate in this case it is a big problem for the health of the 
citizens, specially under the RCP8.5 scenario with increases up to 5.3 %.  

 
Figure 6. Year 2100, differences (%) of annual mean changes short-term respiratory mortality 
due to maximum daily apparent temperature (AT) over Kensington and Chelsea (London).  
(200 m) under RCP4.5, a) top, and RCP8.5, b) bottom, climate scenarios respect to 2011. 
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3.2 Regional scale 
The domain is defined in a Lambert Conformal Conic projection that includes 270 x 
225 grid points with 25 km of horizontal resolution. The vertical grid extends over 33 
stretched layers from the surface to a fixed pressure of 50 hPa (about 20 km), with 
the lowest level thickness of 24 m close to the ground model. The runs have been 
integrated over individual 2-day periods. Each run also included a meteorological 
spin up time of one day prepared using the meteorological WRF model with identical 
physical options. Chemical fields at the end of a 2-day simulation have been passed 
on as initial fields for the following simulation. In this scheme global meteorological 
data are used as input to WRF every two days.  

Figure 7 shows the projections for changes in annual mean surface temperature 
(Fig. 7a) and precipitation (Fig. 7b). RCP4.5 future climate projection produces 
decreases of air temperature (except in 2050 Madrid) and a tendency to increases the 
precipitation while RCP8.5 tends to reduce the precipitation and to increase the 
temperature.  

The spatial distributions of the changes in mean O3 between the periods 2030, 
2050 and 2100 compared to 2011 year for the simulations are shown in Figure 8. 
With the RCP8.5 climate change scenario, O3 mean values increase in southern 
Europe and for 2100 the increases are located around Greece. The increase is 
generally in the range 4–5 µg/m3 on average. Decrease of mean O3 concentrations is 
shown in the northern part of the model domain, expect with RCP4.5 for year 2100 
where the increases are located over Mediterranean area. About ozone is important to 
remind that we kept the O3 precursor emissions and boundary concentrations 
constant over time at their year 2011 values to isolate the effect of meteorological 
changes.  Earlier studies have shown that the two main drivers for the increasing 
surface O3 in southern Europe are: a) the decrease in dry deposition of O3 
concentrations due to reduced soil water and thereby reduced vegetation uptake, and 
b) the increase in biogenic isoprene emissions with the decrease in dry deposition 
being the dominant effect in the southernmost parts of Europe and both, being 
equally important in central Europe. The reasons for the reduced concentrations in 
northern Europe have not been addressed in detail here but both cloudiness and 
precipitation increase in northern Europe in the climate projections which should lead 
to increased scavenging of ozone precursors and less solar radiation for driving the 
photochemistry. Also it is important that since temperatures are low during the winter 
and spring, warming during these seasons may not lead to increased concentrations of 
secondary pollutants such as O3 as expected with the RCP8.5 

. 
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Figure 7a. Spatial distribution of the differences in annual mean air temperature in K for 2030 
(upper), 2050 (middle), 2100 (bottom)  respect to 2011  following RCP4.5 (left) and RCP8.5 
(right) scenarios with WRF-Chem model over Europe with 25 km resolution 
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Figure 7b. Spatial distribution of the differences precipitation in mm, for 2030 (upper), 2050 
(middle), 2100 (bottom)  respect to 2011  following RCP4.5 (left) and RCP8.5 (right) 
scenarios with WRF-Chem model over Europe with 25 km resolution. 
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Figure 8.  Spatial distribution of the differences in annual mean ozone for 2030 (upper), 2050 
(middle), 2100 (bottom) respect to 2011 following RCP4.5 (left) and RCP8.5 (right) scenarios 
with WRF-Chem over Europe with 25 km resolution. 
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Now we investigate the sensitivity of the aerosol effects (direct plus indirect 
feedback effects) in the radiation over Europe in 2010. Two yearly simulations have 
been performed. Figure 9 shows the yearly mean shortwave radiation for base case 
(NONFBIT1) and absolute differences (FBES3-NONFBIT1) between the feedback 
effects simulation FBES3 and the base case.  

 

 
Figure 9.  2010 mean incoming short wave radiation at the surface for the base case 
(NONFBIT1, left) without feedback and simulated changes (FBES3-NONFBIT1, right) due 
to effects of aerosols. 

 
The simulation FBES3 which in includes the direct aerosol effect and the impact 

of simulated aerosol concentrations on cloud droplet formation (and thus the indirect 
aerosol effect) shows higher values of solar radiation over Atlantic Ocean and North 
Sea. The yearly mean short wave radiation is up to 70% (40 W/m2) higher for FBES3 
than for the non-feedback effects simulation.  This strong impact is found for the 
areas of the domain with lowest solar radiation where cloud cover is an important 
factor. Absorption of solar radiation by black carbon (BC) and other aerosols can 
reduce cloud formation (“semi-direct effect”). However, due to very low aerosol 
concentrations over the North Atlantic this effect cannot be responsible for the 
simulated lower cloud water content and higher solar radiation in the feedback case. 
Low aerosol concentrations with approximately 300 particles cm-3 (yearly average) 
are found for this region.  When aerosol cloud interactions depend on simulated 
aerosol concentrations, as in simulation FBES3, these small particle number 
concentrations result in cloud droplet numbers around 30 cm-3 for the North Atlantic 
area. This droplet number concentration is much lower than the droplet number 
concentrations that are assumed for the baseline case NONFBIT1. There, a value of 
250 cloud droplets cm-3 is used throughout the modelling domain, which is the 
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assumed default value when no feedback effects of simulated aerosol concentrations 
on cloud condensation is considered.  

The very low cloud droplet numbers for FBES3 result in an earlier onset of 
precipitation than for the baseline case. We have observed a significant reduction 
(close to 70%) of the cloud liquid water path over the North Atlantic area when 
feedback effects are activated, values of 196 g/m2 are observed on NONFBIT1 (base) 
and only 60 g/m2 on FBES3 (feedback effects case). Also we found similar values of 
cloud fraction, 93% in case of NONFBIT1 and 90% for FBES3. This strong decrease 
of the cloud liquid water content and the associated increase in global radiation can 
be observed for WRF-Chem not only for the MOSAIC aerosol module but also when 
the MADE/SORGAM aerosol module (Forkel et al., 2014; Kong et al., 2014) as it 
results mainly from the definition of the baseline conditions.  

Reduction of incoming solar radiation via backscattering occurs over the southern 
part of the domain where shortwave radiation is reduced up to 30 W/m2 (10%). This 
reduction is due to the direct aerosol effect by Saharan dust. This effect may probably 
be under-estimated due to the lack of the coarse dust fraction in the FBES3 
simulation.  The base simulation NONFBIT1 considers also the coarse dust fraction 
because a new dust fluxes constant and a desert dust improvement for spurious fluxes 
was introduced in the baseline simulation. However, since the simulated aerosol 
concentrations are not considered for the calculation of radiative transfer and cloud 
condensation of the baseline simulation, this addition of coarse dust in NOFBIT1 has 
no impact on the further discussion. When aerosol cloud interactions are explicitly 
considered, high aerosol particle numbers can result in high cloud numbers and an 
increased cloud optical depth. Over the Saharan increase of cloud optical depth due to 
high aerosol particle numbers plays only a minor role in this area due to the absence 
of clouds. 

 
 

4. Conclusions 
This research has shown an example of the assessment of the impact of global 
climate change on urban climate, air quality and health. The information provided by 
the presented tool can be used for integrated assessment of air pollution and climate 
change adaptation and therefore develop more appropriate mitigation strategies. We 
have studied the impact of climate change over five European cities, Madrid, 
Antwerp, Milan, Helsinki and London (Kensington and Chelsea area) with 200 m 
spatial resolution, using two different future projections of global climate: RCP4.5 
and RCP8.5 scenarios. The modelling system was used to simulate climate and air 
quality for present (2011) times and future (2030, 2050 and 2100) times, using 2011 
emissions inventory, because of we were interested on knowing the impact of future 
climate projections in urban domains with very high spatial resolution. So that, only 
one input data, -boundary conditions from climate model projections-, is changed in 
each simulation. We compare the future years 2030, 2050 and 2100 with control year 
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2011 from a health impact point of view. Comparison of simulations for present 
situation (2011, with reanalysis data as boundary and initial conditions) shows 
acceptable agreement with measurements in the urban background for climate 
realizations. 

The biggest impacts of health effects by the pollutants are Respiratory mortality 
due to O3 (Antwerp, Milan and London), Hospital admissions due to O3 (Helsinki) 
and Cardiovascular mortality by PM10 (Madrid). In the RCP4.5 scenario reductions 
occur in all variables related to temperature values, except in 2050 Madrid which 
increases are founded. The RCP8.5 scenario is characterized by temperature increases 
from 2050, reaching the maximum impact in 2100, especially in Madrid and Milan 
with large increases. Due to RCP4.5 scenario is characterized by decreases in 
temperature, this situation produces improvements in mortality by climate, especially 
during 2100 over Milan. RCP8.5 scenario is the opposite and results show increases 
in the human health problems by temperature. The worst impacts are expected over 
Milan and Madrid, 2100. The impact on Milan is double than of Madrid and Madrid 
impacts are three times more than over Helsinki, Antwerp and London. 

To investigate the sensitivity of the aerosol effects (direct plus indirect feedback 
effects) on meteorological variables and pollutant concentrations WRF-Chem model 
is applied over Europe in 2010. Two yearly simulations have been performed. The 
two case studies consist of one simulation without feedback effects (base) and the 
second one with direct aerosol effect, aerosol cloud interactions and indirect effects 
turned on. Simulated feedback effects between aerosol concentrations and 
meteorological variables and on pollutant distributions strongly depend on the aerosol 
concentrations and the clouds. As expected, the feedback effects are sometimes only 
minor effects, but a first analysis confirms that the sensitivity of the meteorology and 
air pollution to the aerosol concentrations can also be very important under certain 
circumstances. Although too low aerosol particle concentrations were simulated the 
results demonstrate the relevance of aerosol effects. 
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