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Abstract. Multiple CMIP5 (Coupled Model Intercompari-
son Project phase 5) future scenarios run with the CHIMERE
chemistry transport model (CTM) are compared to historic
simulations in order to study some of the drivers govern-
ing air pollution. Here, the focus is on regional climate, an-
thropogenic emissions and long-range transport. Two ma-
jor subdomains are explored — the European region and the
Mediterranean Basin — with both areas showing high sensi-
tivity to climate change. The Mediterranean area is explored
in the context of the ChArMEx (the Chemistry Aerosol
Mediterranean Experiment) project, which examines the cur-
rent and future meteorological and chemical conditions of
the Mediterranean area. This climate impact study covers the
period from 2031 to 2100 and considers possible future sce-
narios in comparison with 1976 to 2005 historic simulations
using three Representative Concentration Pathways (RCPs;
RCP2.6, RCP4.5 and RCP8.5). A detailed analysis of total
PMj¢ (particulate matter with a diameter smaller that 10 pm)
concentrations is carried out, including the evolution of PM g
and changes to its composition. The individual effects of me-
teorological conditions on PMy components are explored in
these scenarios in an effort to pinpoint the meteorological
parameter(s) governing each component. The anthropogenic
emission impact study covers the period from 2046 to 2055
using current legislation (CLE) and maximum feasible re-
duction (MFR) anthropogenic emissions for the year 2050
compared with historic simulations covering the period from
1996 to 2005 and utilizing CLE2010 emissions data. Long-
range transport is explored by changing the boundary con-

ditions in the chemistry transport model over the same pe-
riod as the emission impact studies. Finally, a cumulative ef-
fect analysis of these drivers is performed, and the impact
of each driver on PMjg and its components is estimated.
The results show that regional climate change causes a de-
crease in the PM o concentrations in our scenarios (in both
the European and Mediterranean subdomains), as a result
of a decrease in nitrate, sulfate, ammonium and dust atmo-
spheric concentrations in most scenarios. On the contrary,
BSOA (biogenic secondary organic aerosol) displays an im-
portant increase in all scenarios, showing more pronounced
concentrations for the European subdomain compared with
the Mediterranean region. Regarding the relationship of dif-
ferent meteorological parameters to concentrations of dif-
ferent species, nitrate and BSOA show a strong tempera-
ture dependence, whereas sulfate is most strongly correlated
with relative humidity. The temperature-dependent behavior
of BSOA changes when looking at the Mediterranean sub-
domain, where it displays more dependence on wind speed,
due to the transported nature of BSOA existing in this sub-
domain. A cumulative look at all drivers shows that anthro-
pogenic emission changes overshadow changes caused by
climate and long-range transport for both of the subdomains
explored, with the exception of dust particles for which long-
range transport changes are more influential, especially in
the Mediterranean Basin. For certain species (such as sul-
fates and BSOA), in most of the subdomains explored, the
changes caused by anthropogenic emissions are (to a certain
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extent) reduced by the boundary conditions and regional cli-
mate changes.

1 Introduction

Particulate matter (PM) is one of the most important con-
stituents of air pollution. It can have a variety of adverse ef-
fects on air quality (Seinfeld and Pandis, 2016) and, subse-
quently, on human health (Pope and Dockery, 2006; Kampa
and Castanas, 2008; Anderson et al., 2012; Im et al., 2018)
and ecosystems (Grantz et al., 2003). Studies have shown
that the life expectancy of the population can change drasti-
cally in areas densely polluted by atmospheric aerosols (Pope
et al., 2009). PM is comprised of a large number of com-
ponents, with different origins and diverse behaviors with
respect to meteorological parameters. Therefore, there are
many different ways in which the particles can affect air qual-
ity, making their investigation both important and complex.

The intricacy of studying PM increases when coupling
its effects with climate change, as air quality and climate
change have intertwined interactions (e.g., Kinney, 2008;
Wild, 2009; Seinfeld and Pandis, 2016). In other words,
changes in meteorological conditions have varied effects on
air quality, but at the same time climate change may be af-
fected by the radiative forcing of air pollutants. These effects
can, in some cases, be similar in direction, or they may cause
inverse outcomes. Thus, when exploring future air quality,
it is important to take into account that different drivers can
have different impacts while also undergoing nonlinear in-
teractions among themselves. Therefore it is necessary to ex-
plore the effects of each driver separately.

Air pollution is mainly governed by four factors: anthro-
pogenic and/or biogenic emissions of primary pollutants and
precursors of secondary pollutants, atmospheric chemistry,
long-range transport and, of course, meteorology (Jacob and
Winner, 2009). While these factors are listed separately, they
also undergo interactions among themselves. For example,
atmospheric chemistry is directly affected by temperature
and radiative forcing. Similarly, parameters such as precipi-
tation, wind speed and wind direction can enhance or reduce
dispersion and deposition. Furthermore, meteorological con-
ditions such as temperature and wind speed can indirectly
impact the emission of primary pollutants, which may also
be precursors of secondary pollutants (EEA, 2004). As a re-
sult, the sensitivity of air quality to climate change seems to
be crucial, but complex to investigate.

The sensitivity of different areas in the world to climate
change depends on the existing local meteorological condi-
tions. Giorgi (2006) calculated a factor to determine climate
change hotspots in future scenarios and to establish the sen-
sitivity of different regions when faced with climate change.
Using the differences between historic and future precipi-
tation and temperature for different regions and seasons in
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an ensemble of scenarios and models, he showed that the
Mediterranean and northeastern European regions are more
sensitive to climate change than other areas of the world, fol-
lowed by the western Europe. According to his calculations,
the European region (both the eastern and western regions
on average) and the Mediterranean as a whole, are among
the most important hotspots for climate change. This high-
lights the importance of understanding changes that might
affect these regions. Therefore, the focus of this study is on
the European area with special attention paid to the Mediter-
ranean Basin, which is why the current work is related to
the ChArMEx (the Chemistry Aerosol Mediterranean Ex-
periment; http://charmex.Isce.ipsl.fr, last access: 7 Septem-
ber 2018) project. The goals of ChArMEXx are to better assess
the sources, formation, transformation and mechanisms of
transportation of gases and aerosols in the western Mediter-
ranean Basin and also to better estimate the future composi-
tion of the atmosphere over the Mediterranean Sea. The mea-
surement portion of this campaign took place in the western
Mediterranean Basin during the period from 2012 to 2014;
however, the analysis of the data obtained during the cam-
paign and the assessment of future atmospheric changes for
the basin are still ongoing.

A regional chemistry transport model (CTM) was used
to explore possible future changes in these regions. Run-
ning such regional simulations requires inputs from a global
CTM, a global circulation model (GCM) and a regional cli-
mate model (RCM), as well as anthropogenic/biogenic emis-
sion inputs. Changes made to these inputs make it possible to
distinguish the effects of different drivers on air pollution one
by one. Modifying RCM inputs allows for the estimation of
the effects of meteorology alone, whereas a combined modi-
fication of RCM and global CTM inputs allows for the simul-
taneous assessment of the impacts of meteorology and long-
range transport. Conversely, apart from RCM inputs, changes
in anthropogenic emissions allow for the exploration of the
effects of meteorology and emissions on air pollution.

These kinds of studies naturally already exist for different
parts of the world, for one or multiple drivers and for dif-
ferent components. For example, Liao et al. (2006) used a
global model to explore the atmospheric changes expected
in the year 2100; this was undertaken by comparing a year
of historic simulations with a yearlong simulation in 2100,
where all factors were changed. The first study that investi-
gated the future atmospheric conditions of a European area
only focused on ozone changes and used the two 30-year-
long future scenarios compared with a 30-year-long historic
period (Meleux et al., 2007). Other studies have used an en-
semble of future simulations, each with a different model, in
order to compare the results given by each of these models
(e.g., Langner et al., 2012). Based on the IMPACT2C project
(Jacob, 2017), Lacressonniere et al. (2016, 2017) focused
on European regional simulations, exploring the effects of a
2 °C climate change combined with anthropogenic emission
changes in an ensemble of four models. Similarly, Fortems-
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Cheiney et al. (2017) explored the same scenarios for a 3 °C
climate change, with a focus on gaseous species, and Car-
valho et al. (2010) conducted a SRES (Special Report on
Emission Scenarios) A2 climate change scenario over the
end of the 21st century for Europe, zooming on Portugal.
The common point of all these studies is that all of the im-
pacting factors were changed simultaneously in a future sce-
nario. A review of existing scenarios is presented in Colette
et al. (2015).

Unlike these studies, other papers have investigated the
impact of emissions and meteorology on the atmospheric
composition in future scenarios separately. Dawson et
al. (2007) focused on determining the atmospheric sensitiv-
ity to changes in meteorological conditions in the eastern US,
over a simulation period of 2 months. Megaritis et al. (2014)
used a similar approach to Dawson et al. (2007), exploring
the sensitivity of the atmospheric composition to changes in
meteorological conditions for Europe over a 3-month-long
simulation period. These two studies both conducted sensi-
tivity tests over short (month-long) periods of time. Lemaire
et al. (2016) explored climate change effects using the same
data set as that used in our work, and developed a statisti-
cal method to ascertain the meteorological parameters that
affect atmospheric pollutants in future scenarios. Hedegaard
et al. (2013) also looked at the relative importance of emis-
sions and meteorological drivers in a hemispheric model. Fi-
nally, Colette et al. (2013) explored the same scenarios that
we worked on with the aim of analyzing the global effects
of the three drivers (meteorology, emissions and boundary
conditions) on atmospheric composition, although they only
focused on Europe as a whole and did not investigate the in-
dividual effects of the drivers on PM composition. Our aim is
to complement these previous studies by providing a deeper
insight into the respective impacts of climate, atmospheric
composition and emission-related forcing. This is why the
work described here focuses on simulating a set of future
and climatic scenarios over long periods of time, and observ-
ing the differences between the drivers discussed above. The
chosen approach is to change the drivers one by one and as-
sess the differences induced in PM components in order to
investigate the individual effects of the parameters in the sim-
ulation. Finally, the simulations are compared with a series
of simulations for which all of the aforementioned drivers
change at the same time; this can show us the overall impact
of all of the drivers, which may be different to the sum of the
impacts of individual drivers due to nonlinear effects.

It should be noted that other studies have also explored
the dependence of PM components on meteorological con-
ditions (Dawson et al., 2007; Carvalho et al., 2010; Fiore et
al., 2012; Jiménez-Guerrero et al., 2012; Juda-Rezler et al.,
2012; Hedegaard et al., 2013; Megaritis et al., 2014). How-
ever, most of these studies were performed over short time
periods, such as 1-year-long simulations (shorter in most
cases), and several used sensitivity tests and not actual future
scenarios to assess the changes in different meteorological
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parameters. Conversely, Lemaire et al. (2016) explored the
sensitivity of ozone and PM» 5 to different meteorological
parameters, using 30 years of RCP8.5 scenario simulations;
however, they did not consider the relationship between the
speciation of PM components and these parameters in detail.
To the best of our knowledge, the sensitivity of PM compo-
nents to meteorological parameters for a data set this exten-
sive containing multiple scenarios and the calculation of the
effects of different drivers on same data pool has not been
investigated to date.

In this paper, after a brief introduction to the simula-
tions and the modeling framework, the impacts of differ-
ent drivers are explored. The analysis first deals with cli-
mate impacts, before the effects of long-range transport and
emission changes are discussed. Finally, the impact of each
of these three drivers on the concentration of PM;q and its
components is calculated. The discussion of the results is di-
vided into two parts corresponding to the geographic area:
the European and the Mediterranean subdomains. Finally, a
prospective view of what the PM component concentrations
in the Mediterranean Basin may be like at the end of the 21st
century is given.

2 Method

In this section, we introduce the architecture of the modeling
framework, with a focus on the most sensitive component —
the chemistry transport model. We also provide references
to the input data used by the CHIMERE model in terms of
future scenarios and for the various combinations of input
parameters.

2.1 Modeling framework

The assessment of the long-term evolution of air quality
in the context of a changing climate is performed using a
suite of deterministic models following the framework intro-
duced by Jacob and Winner (2009). Global climate projec-
tions are obtained from a global circulation model (GCM)
that feeds a global chemistry transport model and a regional
climate model. Finally, the latter two drive a regional chem-
istry transport model. The setup used in this study is pre-
sented in detail in Colette et al. (2013, 2015).

The global circulation model is the IPSL-CMS5A-MR
large-scale atmosphere—ocean model (Dufresne et al., 2013).
It provides input to the regional climate model and the global
chemistry transport model with global meteorological fields.
It uses LMDZ (Hourdin et al., 2006) as its meteorological
model, ORCHIDEE (Krinner et al., 2005) as its land sur-
face model, and NEMO (Madec and Delecluse, 1998) and
LIM (Fichefet and Maqueda, 1999) as the respective oceanic
and sea-ice models. The horizontal resolution of this global
model is 2.5° x 1.25° with 39 vertical levels. For each sce-
nario, the corresponding RCP is used for the anthropogenic
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radiative forcing. The Weather Research and Forecasting
model (WRF, Wang et al., 2015) is used as the regional cli-
mate model (RCM). The regional climate simulations were
part of EURO-CORDEX (Jacob et al., 2014) with a spatial
resolution of 0.44°. The historic simulations were evaluated
by comparison with experimental data (Menut et al., 2012;
Kotlarski et al., 2014; Katragkou et al., 2015). The LMDZ-
INCA (Hauglustaine et al., 2014) global CTM is used for
the production of chemical initial/boundary conditions for
the regional CTM. The LMDZ-INCA runs used in this study
have been analyzed in Szopa et al. (2013) and Markakis et
al. (2014), and intercomparisons of the same runs with other
global chemistry transport models have been analyzed in
Shindell et al. (2013) and Young et al. (2013) in the frame-
work of the ACCMIP (Atmospheric Chemistry and Climate
Model Intercomparison) experiment. Monthly climatologi-
cal fields are used as the boundary condition inputs, as the
background changes over long periods of time and it was not
possible to store hourly global model output to create hourly
varying boundary conditions. This induces an unavoidable
inconsistency between meteorology and dust fields.

2.2 CHIMERE CTM

The CHIMERE offline regional CTM has been widely used
for both future scenarios (Colette et al., 2015; Lacressonniere
et al., 2016) and for research activities in France (Zhang et
al., 2013; Petetin et al., 2014; Menut et al., 2015; Rea et
al., 2015; Cholakian et al., 2018) and abroad (Hodzic and
Jimenez, 2011). In this work, the 2013b version of the model
was used for all simulations (Menut et al., 2013). The sim-
ulations were conducted using the EURO-CORDEX domain
with a horizontal resolution of 0.44° and nine vertical levels
ranging from the surface to 500 mb. The aerosol module was
run with a simple two-product scheme for the simulation of
secondary organic aerosols (SOA, Bessagnet et al., 2008) and
with the ISORROPIA module for the simulation of inorganic
aerosols (Fountoukis and Nenes, 2007). It provides simulated
aerosol fields including EC (elemental carbon), sulfate, ni-
trate, ammonium, SOA, dust, salt and PPM (primary partic-
ulate matter other than those mentioned above) considering
coagulation, nucleation and condensation processes, as well
as wet and dry deposition. The same unchanged land use data
from GlobCover (Arino et al., 2008) with a base resolution of
300 m x 300 m have been used in different series of simula-
tions. Dust emissions are taken into account inside the simu-
lation domain based on the method proposed by Marticorena
and Bergametti (1995).

The simulation domain has a 0.44° resolution (Fig. 1). The
analysis was performed using the subdomains presented in
Fig. 1. The EUR subdomain only concerns the European con-
tinent (including the British Isles), and a land—sea mask was
used to remove other parts of the domain. The MED sub-
domain was also produced using a land—sea mask, but this
time it only contained the Mediterranean Sea. The MEDW
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Figure 1. Extension of the main domain and subdomains. Four sub-
domains are used in this study: EUR — containing only continental
Europe (blue cells), MED — containing only the Mediterranean Sea
(red cells), MEDW — western Mediterranean region (green rectan-
gle), and MEDE - eastern Mediterranean region (yellow rectangle).

and MEDE are the last two subdomains. They refer to the
western and eastern Mediterranean areas, respectively. It is
important to bear in mind that these two subdomains, con-
trary to the previous subdomains, contain both land and sea
for the purpose of observing the effects of enclosing land on
the Mediterranean area. Due to this setup, the sum of MEDW
and MEDE is different to that of MED.

2.3 Climate scenarios

Representative concentrations pathway scenarios (RCPs) de-
signed for the fifth IPCC report (Meinshausen et al., 2011;
van Vuuren et al., 2011b) are used in this study. Simulations
using three of these CMIP5 RCPs (Taylor et al., 2012; Young
et al.,, 2013) are selected: RCP2.6, RCP4.5 and RCP8.5,
which consider 2.6, 4.5 and 8.5 Wm™2 of radiative forcing
at the end of the 21st century, respectively. It is worth noting
that RCP8.5 includes the least mitigation policies by far com-
pared with the other two scenarios; therefore, RCP8.5 results
in a high radiative forcing at the end of the century, with a
temperature increase of between 2.6 and 4.8 °C for Europe
according to the EEA (European Environmental Agency!).
On the contrary, the RCP2.6 scenario considers a radiative
forcing value that leads to a low-range temperature increase
by 2100 (between 0.3 and 1.7 °C). This means that this sce-
nario has to consider ambitious greenhouse gas emission re-
ductions as well as carbon capture and storage. The RCP4.5
is an intermediate scenario with less stringent climate mitiga-

1 https://www.eea.europa.eu/data-and-maps/indicators/
global-and-european-temperature-8/assessment,  last
21 July 2018.

access:
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tion policies, which results in a temperature increase some-
where between the two previously mentioned extreme sce-
narios.

2.4 Air pollutant emissions

The biogenic emissions input is obtained from the Model
of Emissions of Gases and Aerosols from Nature (MEGAN
v2.04; Guenther et al., 2006). It is worth mentioning that the
emission factors and the leaf area index (LAI) values pro-
vided by this model are the same for all simulations; how-
ever, as many of the biogenic gases have a temperature-
dependent nature, their emissions increase with higher tem-
peratures. The MEGAN version used in CHIMERE takes six
biogenic volatile organic compound (BVOC) emissions into
account (isoprene, a-pinene, S-pinene, humulene, limonene
and ocimene) and their dependence on temperature, solar ra-
diation and the LAIL

Anthropogenic emissions are taken from the ECLIPSE-
V4a global emissions projections (Amann et al., 2013;
Klimont et al., 2013, 2017). This database covers the 2005—
2050 time period with two main prospective pathways: the
current legislation emissions (CLE) and the maximum feasi-
ble reduction (MFR) scenarios. These two scenarios show the
effects of minimum and maximum mitigation efforts that can
be expected by 2050, which gives us a spectrum of possible
influences of anthropogenic emissions in future scenarios.
For both scenarios, the atmospheric emissions of the main
anthropogenic pollutants are available as global maps at a
resolution of 0.5 °.

The simulations used in this study are summarized in Ta-
ble 1. As the goal of this study is to separately investigate
the regional CTM drivers that can affect the results of future
simulations, different series of simulations were performed,
with each one allowing for the evaluation of climate, anthro-
pogenic emission and boundary condition impacts on PM
concentrations.

As for the climate impact study, RCP2.6, RCP4.5 and
RCP8.5 scenarios are used in combination with constant an-
thropogenic emissions and identical boundary conditions.
These scenarios are compared with the historic simulations.

In order to explore the changes induced by boundary con-
ditions on the CTM outputs, RCP4.5 scenarios were con-
ducted using two different sets of boundary conditions from
the same global CTM and compared with historic simula-
tions. The difference between these two sets of conditions is
the fact that anthropogenic pollutants from the RCP emis-
sions (emissions produced for RCP scenarios exclusively)
are used as anthropogenic inputs for one of them (Szopa et
al., 2006, 2013), whereas the other one relies on ECLIPSE-
V4a emissions as inputs (Markakis et al., 2014).

The emission impact study uses the RCP4.5 climate forc-
ing with CLE 2010, CLE 2050 and MFR 2050 anthropogenic
emissions, with each one again being compared with historic
simulations.

www.atmos-chem-phys.net/19/4459/2019/

As seen in Table 1, we simulated different prospective pe-
riods in the different series of simulations. In the case of the
climate impact studies, a 30-year-long historical simulation
and 70-year-long future simulation were used for each future
scenario. As for the other simulations, 10 years of historical
simulations (1996 to 2005) were compared with 10 years of
future scenarios, representing the 2050s (2045 to 2054). This
latter period was chosen because it is centered on year 2050,
for which CLE/MFR 2050 emissions are available. In the
end, a 10-year-long simulation was performed during which
all of these factors were simultaneously changed. We have to
mention that it would have been numerically too strenuous
to perform 70 years of simulations for emission/boundary
condition drivers, bearing in mind that the climatic impact
simulations already amount to 240 years of simulations.

A validation of our historic simulations is presented in
Menut et al. (2012) and Kotlarski et al. (2014) for the mete-
orological parameters, whereas a validation of some chem-
ical species is presented in the Supplement to this article
(Sect. S1). This validation uses an annual profile of 10 years
of historic simulations from 1996 to 2005 (with 2010 con-
stant anthropogenic emissions) compared with an annual
profile of all available measurements from EEA and air base
stations between 2005 and 2015 (EEA, 2016).

3 Climate impacts

This section discusses the comparisons between the simula-
tions using RCP2.6, RCP4.5 and RCP8.5 with historic simu-
lations (simulations 1 to 4 in Table 1). As all of the inputs ex-
cept the meteorological fields remain identical in these four
series of simulations, it is possible to disentangle the effects
of climate alone on the PM concentration in different RCPs.
While the specific goal of the paper is to focus on the PM
changes in the Mediterranean area alone, a general overview
of the European domain is also provided. Before exploring
PM changes, temperature changes are analyzed as they im-
ply important effects on biogenic volatile organic compound
(BVOC) emissions; these emissions are precursors for the
production of SOAs and affect gas—particle phase partition-
ing in simulations. The dependency of total PMj¢ and its
components on other meteorological parameters is also dis-
cussed in detail in this section.

3.1 Meteorological parameters

The RCP2.6 reaches its maximum radiative forcing
(2.6 Wm~2) in the 2040s (van Vuuren et al., 201 1a), meaning
that an increase in radiative forcing is seen in this scenario
until this decade, whereas afterwards we observe a contin-
uous decrease. Therefore, in the bulk of the RCP2.6 sim-
ulations over Europe, a temperature decrease appears from
about 2050 onwards, followed by a new increase in temper-
ature over the last 10 years simulated (Fig. 2). As for the
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Table 1. The different scenarios used in this work.

A. Cholakian et al.: Future climatic driver effects on PM1y components

No. Simulation name Simulation Global chemistry model Regional Anthropogenic
period climate model emissions
Climate 1 Hist 19762005 LMDZ-INCA-RCP2.6 WRF ECLIPSE-V4a
ECLIPSE emissions Historic CLE2010
2 RCP2.6 2031-2100 WRF
RCP2.6
3 RCP4.5 2031-2100 WRF
RCP4.5
4 RCP8.5 2031-2100 WRF
RCPS8.5
Boundary 5 RCP4.5-BC 2046-2055 LMDZ-INCA-RCP4.5 WRF ECLIPSE-V4a
conditions RCP emissions RCP4.5 CLE2010
Emissions 6 RCP4.5-CLE2050 2046-2055 LMDZ-INCA-RCP2.6 WRF ECLIPSE-V4a
ECLIPSE emissions RCP4.5 CLE2050
7 RCP4.5-MFR2050 2046-2055 ECLIPSE-V4a
MFR2050
All 8 RCP4.5-BC- 2046-2055 LMDZ-INCA-RCP4.5 WRF ECLIPSE-V4a
CLE2050 RCP emissions RCP4.5 CLE2050

RCP4.5 scenario, this maximum radiative forcing is reached
in the 2070s (Thomson et al., 2011), whereas such a max-
imum is not reached for RCP8.5 until the end of the cen-
tury. As a consequence, the temperature increase levels out
after about 2070 in RCP4.5, while the temperature keeps
increasing over the whole period in RCP8.5. These ele-
ments explain the larger similarities between RCP4.5 and
RCP8.5 as well as their structural differences with RCP2.6.
The time evolutions are similar for the European (EUR) and
Mediterranean (MED) domains, albeit absolute temperatures
are nearly 10 °C warmer over the Mediterranean on average
(Fig. S2 for 2-D temperature fields).

In the following comparisons, annual average values over
each subdomain and for each parameter and time series cor-
responding to 30 years of historic simulations and 70 years of
future scenarios are presented. The uncertainties associated
with each value account for the spatial variability of each pa-
rameter.

The 2 m temperatures are generally higher for the Mediter-
ranean area than for the European continent; however, the
increase in temperature is more pronounced for EUR than
for MED (+1.69, +2.63 and 43.62 °C for EUR and +1.06,
+1.72 and +2.91°C for MED for RCP2.6, RCP4.5 and
RCP8.5, respectively). In the other two Mediterranean sub-
domains temperature changes are higher for MEDE than
for MEDW (+1.25, +2.05 and +3.38°C for MEDE and
+0.73, +1.77 and +2.88 °C for MEDW for RCP2.6, RCP4.5
and RCP8.5, respectively). While the European subdomain
shows a more important temperature increase in winter
(+1.86, +3.44 and +4.42°C for RCP2.6, RCP4.5 and
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RCP8.5, respectively), the Mediterranean subdomains show
a larger increase in summer (for MED +1.40, +2.06 and
+3.22°C for RCP2.6, RCP4.5 and RCP8.5, respectively).
Maps of differences in temperature for the different scenar-
ios and seasons are presented in the Supplement (Fig. S2).
It should be noted that the average temperature changes dis-
cussed here agree with the literature (Knutti and Sedlacek,
2012; Vautard et al., 2014).

As seen in Fig. 2, some of the parameters behave differ-
ently in the two subdomains. For example, for the amount of
precipitation, an increase is simulated in EUR for RCPS.5,
whereas a slight decrease is simulated for RCP2.6 after the
2050s, which makes precipitation stronger in RCP8.5 than
in RCP2.6 on average for the future period. In the MED
area, the opposite behavior is generally noted: precipitation
is stronger in RCP2.6 than in RCP8.5. On the contrary, there
is a steady decrease in the total duration of rain hours (sum of
hours rained each year in each scenario — a threshold that is
fixed for each subdomain using the average of 25th percentile
for the whole duration of simulations). Therefore, rain events
are expected to become more intense (Vautard et al., 2014).
Regarding the total duration of rain hours in the Mediter-
ranean region, the same result is obtained as for the EUR
region, except for the RCP2.6 scenario where an increase in
the number of rainy hours is simulated. This increase corre-
sponds to the western basin of the Mediterranean Sea. For the
eastern basin, all scenarios show a decrease in this parameter
(Fig. S3 for MEDW and MEDE).

The same type of comparison is performed for wind speed
(WS; 10m wind), relative humidity (RH) and planetary
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Figure 2. Time series of temperature (K; a,

b), precipitation (mm; ¢, d) and number of rainy hours (e, f) for EUR (a, ¢, e) and MED (b, d,

f) subdomains for all climate change scenarios as well as historic simulations. The average for each scenario is shown by the corresponding
point on right side of the plot. The solid lines show the rolling average of 30 years for future scenarios and 20 years for historic scenarios.
Numbers in the legend show the p value of the linear regression for each scenario.

boundary layer height (PBLH) in Fig. 3 for the EUR and
MED areas. RH remains rather constant without a significant
trend over EUR and MED, with the exception of the RCP2.6
scenario for MED which shows a significant decrease. WS
mostly shows nonsignificant trends, with the exception of the
RCP2.6 scenario over the MED domain. Similar results for
WS changes have also been seen in other studies (Dobrynin
et al., 2012; de Winter et al., 2013). Finally, PBLH increases
are significant for RCP8.5 over EUR and for RCP2.6 over
MED.

These meteorological parameters undergo interactions be-
tween themselves and show correlations with each other, as
they are driven by circulation patterns. The values of correla-
tions between different meteorological parameters examined
in this work are shown in Supplement (Sect. S4). The main
points that should be taken into account regarding cross-
correlations between meteorological parameters are the posi-
tive correlations between wind speed and the PBLH, between
wind speed and precipitation and also the anti-correlation be-

www.atmos-chem-phys.net/19/4459/2019/

tween wind speed and RH. All of these correlations are above
0.6 as an absolute value.

Also it should be noted that if the GCM used to provide
the boundary conditions to the regional climate model was
changed, the results seen here might be different (Olesen
et al., 2007; Teichmann et al., 2013; Kerkhoff et al., 2015;
Lacressonniere et al., 2016).

3.2 PM;( concentrations

The simulated PMjo concentrations are shown in Fig. 4
for the EUR and MED subdomains. The differences be-
tween future (2031-2100) and historical (1976-2005) sim-
ulations are presented, with historical simulations being used
as a reference. Compared with historical simulations, we ob-
serve a decrease in PMjq for all scenarios, for both EUR
(040.95 %, —2.57£0.90 % and —4.40+0.87 % for RCP2.6,
RCP4.5 and RCP8.5, respectively) and MED (0.9 £ 0.09 %,
—5.654+0.11 % and —8.104+0.12 % for RCP2.6, RCP4.5 and
RCP8.5, respectively). The uncertainties shown here and in
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Figure 3. Time series of wind speed (WS; msfl; a, b), relative humidity (RH; c,

2095 -

2100 -

1975
1980
1985
1990
1995 -
2000
2005
2035
2040
2045
2050
2055
2060
2065
2070
2075
2080
2085
2090
2095
2100

d) and planetary boundary layer height (PBLH; in meters;

e, f) for EUR (a, ¢, d) and MED (b, d, f) subdomains for all climate change scenarios as well as historic simulations. The average for each
scenario is shown by the corresponding point on right side of the plot. The solid lines show the rolling average of 30 years for future scenarios
and 20 years for historic scenarios. Numbers in the legend show the p value of the linear regression for each scenario.

the rest of the document refer to spatial 1-sigma intervals.
The reasons for these changes in PMq are discussed in the
next subsection by analyzing individual PM components.

Alternatively, we also calculate linear trends for the future
periods. A statistically significant positive trend is observed
for RCP2.6 in the future, whereas it is significantly nega-
tive for RCP8.5, and nonsignificant for RCP4.5 (p values are
given in Fig. 4 for linear trend lines).

Evidently, PM¢ has a seasonal variation which is shown
in Fig. 5; box plots of PMj for all four seasons and all four
subdomains are shown in Fig. 6 (Fig. S5 for PM» s). Interest-
ingly, for EUR, the general PM;( decrease noted above for
the Hist, RCP2.6, RCP4.5 and RCPS.5 scenarios is reversed
in the summer period. We see that elevated concentrations
of PMj¢ are simulated over the Mediterranean area for all
seasons, reaching their maximum in spring (Fig. 6). Another
interesting result in Fig. 5 is the increasing concentrations of
PM; over eastern Europe in summer, and over the Scandina-
vian and eastern European regions both in summer and win-
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ter, in RCP4.5 and RCP8.5. This increase for the summer pe-
riod is due to BVOC emission increases, which are discussed
in Sect. 3.4.2. However, the same effect is not seen in RCP2.6
in either of these seasons, highlighting a structural difference
between RCP2.6 and the other two scenarios. These results
are discussed in the light of PMjg components and meteo-
rological parameter covariance in Sect. 3.4. A more general
explanation for these structural differences can be found in
the nature of the three scenarios, caused by the previously
mentioned discriminated changes in meteorological parame-
ters (Sect. 3.1).

3.3 Distribution of chemical PM;(, components

Figure 7 shows the PMy concentrations and concentration
changes for 