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ABSTRACT

To investigate the impact of the aerosol effectsv@ieorological variables and pollutant
concentrations two simulations with the WRF-Chemdeiochave been performed over
Europe for year 2010. We have performed a basalimelation without any feedback
effects and a second simulation including the diescwell as the indirect aerosol effect.
The paper describes the full configuration of thedel, the simulation design, special
impacts and evaluation. Although low aerosol phaticoncentrations are detected, the
inclusion of the feedback effects results in anease of solar radiation at the surface over
cloudy areas (North-West, including the Atlantiodadecrease over more sunny locations
(South-East). Aerosol effects produce an incredsthe water vapor and decrease the
planet boundary layer height over the whole donexicept in the Sahara area, where the
maximum particle concentrations are detected. gmt ozone concentrations are found
over the Mediterranean area. Simulated feedbadctsffbetween aerosol concentrations
and meteorological variables and on pollutant #hstrons strongly depend on the aerosol
concentrations and the clouds. Further investigatiare necessary with higher aerosol
particle concentrations. WRF-Chem variables arelueted using available hourly
observations in terms of performance statistican&rdized observations from the
ENSEMBLE system web-interface were used. The rederaas developed under the
second phase of Air Quality Model Evaluation Intgronal Initiative (AQMEII). WRF-
Chem demonstrates its capability in capturing teralpand spatial variations of the major
meteorological variables and pollutants, exceptwira speed over complex terrain. The
wind speed bias may affect the accuracy in the awnpredictions (N@ SQ). The
analysis of the correlations between simulated dsts and observational data sets
indicates that the simulation with aerosol effegésforms slightly better. These results
indicate potential importance of the aerosol feellleffects and an urgent need to further
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improve the representations in current atmosph@odels to reduce uncertainties at all
scales.

INTRODUCTION

Aerosols are known to affect weather and climasesé@veral ways but the feedback effects
are one of the most uncertain research areas quality and climate modelling (Jacob and
Winner, 2009). These uncertainties diminish ouratéy to generate reliable climate
projections and to provide accurate weather andjatity predictions so, research tasks
should be addressed to reduce these uncertaiAgessols and their precursors have both
natural sources resulting from desert dust liftisga spray, volcanic eruptions, biogenic
organic emissions and anthropogenic sources sutdssis fuel and biomass burning. The
aerosols may produce a reduction of downward saldiation (direct effect), a change in
near surface temperature and thermal stability tdugbsorption of solar radiation which
leads subsequently to a change in cloudiness (deeut effect) a decrease in cloud drop
size but an increase in cloud droplet number canatons through their role as cloud
condensation nuclei (indirect effect). These dffebave been observed in the past
(Kaufman and Fraser, 1997; Rosenfeld and Woodl&@9)l New studies have been
developed to study the multiple interactions betwegeteorology and chemistry in the
atmosphere, for example aerosol-cloud-radiationldaek effects (Zhang, 2008; Zhang et
al., 2010; Forkel et al., 2012) and interactionsvMeen temperature, gas-phase chemistry
and aerosols (Baklanov et al., 2014) We can afsbdpposite effects of the aerosols on the
meteorological variables, for example the precifta Aerosols can decrease solar
radiation on surface, so less heat is availablewfater evaporation and a reduction of
precipitation is observed. On the other hand, deiognof the absorbing characteristics of
the aerosols (mineral dust, black carbon ...) thaydenergize convective clouds and thus
increasing precipitation (Levin and Brenguier, 200%edback effects can be particularly
important during strong particles episodes (Konovaét al., 2011; Chen et al., 2014;
Wong et al., 2012)

Realistic simulation of the feedback effects regsiithe use of integrated meteorology-
chemistry on-line models that include detailed tiresnt of aerosol life cycle and aerosol
impacts on radiation (direct effects) and cloudslifect effects) (Baklanov et al., 2014,
Grell and Baklanov, 2011, Bangert et al.,2012, Yahg@l., 2011). Historically, the study
of these effects has been done separately in nagl@pproaches. Chemistry and weather
forecasts have been developed as separate dissiplaading to the creation of separate
modeling systems that are only loosely coupledi(af (Grell and Baklanov, 2011). Fully
coupled on-line models, where meteorological anehdbal processes are solved together
on the same grid and with the same physical paeimations are able to simulate the
complex aerosol-cloud-radiation feedback effectsaffy et al. 2008). Recent case studies
have shown that the inclusion of feedback effeats improve the model performance for
specific cases and conditions (Grell et al., 2@dngert et al., 2012, Yang et al., 2011,
Forkel et al., 2012). More research and studiesaeeled to investigate how the inclusion
of feedback effects within on-line air quality méglaffects the simulation results over
Europe for a longer simulation episode.
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The Weather Research and Forecasting (WRF) modal msesoscale non-hydrostatic
meteorological model. WRF-Chem is a version of WdRkpled on-line with a chemistry
model where meteorological and chemical componeaditshe model are predicted
simultaneously (Grell et al., 2005). WRF-Chem igdigor the simulations because it
represents a state of the art in air quality oe-fimodelling.

The simulations have been run under the umbreltheotecond phase of the AQMEII (Air
Quality Model Evaluation International Initiativéittp://agmeii.jrc.ec.europa.eu/) model
inter-comparison exercise, led by the Joint Researche€Cehthe EU and the United States
Environmental Protection Agency (US EPA). The satioihs will contribute to the general
objectives: (1) to exchange expert knowledge inoreg air quality-climate modeling; (2)
to identify gaps in the knowledge of air qualityathte science; (3) to develop
methodologies to evaluate uncertainty in aerodotate interactions; (4) to establish
methodologies for model evaluation to enhance t@sedge on climate processes and;
(5) to support the use of models for inter-comparisxercises.

The evaluation of the model results through congearwith measurement and the analysis
of the variables related to the climate-chemisayeaol-cloud-radiation feedback effects
have been developed using the ENSEMBLE system ¢Biaret al., 2004, Galmarini et al.,
2012). It is a web-based platform for model intenparison and multi-model ensemble
analysis that has been in use since 2000 for emeygesponse application at the Joint
Research Center in Ispra (Italy). The ENSEMBLE eaystacts as the central hub for
modeling information and will provide on-line graphl representation tools to all data
providers and access to all of the available mashel monitoring data. The choice of a
common analysis platform in this context helps guotge the maximum level of
harmonization among the various datasets and trerebf inter-comparability and
evaluation.

EXPERIMENT SETUP

In order to investigate the impact of aerosol femttbeffects, two WRF-Chem simulations
are compared. The two simulations differ by theoaeFmeteorology interactions that were

considered. The first simulation (baseline, NONFBITs not taking into account any

interactions between simulated aerosol concentrateamd meteorology, i.e. solar radiation
is not affected by the simulated aerosol concantratand also simulated cloud droplet
numbers and radiative properties do not dependhensimulated aerosol numbers. The
second simulation (FBES3) differs from the baseBimaulation by the inclusion of these

effects (direct and indirect aerosol effect). Thismulation also includes some aqueous
phase chemical reactions within the cloud droplets.

With exception of the inclusion or omission of #erosol radiative effect and the effect of
simulated aerosol concentration on cloud propeWe&d--Chem version 3.4.1 is configured
identically for both simulations with the followingpmmon options: the Yonsei University
(YSU) PBL scheme (Hong et al., 2006), the NOAH landface model (Chen and Dudhia,
2001), the Morrison double-moment cloud microptyyscheme (Morrison et al. 2009)
and the Grell-3D cumulus parameterizatibat is an updated version of the Grell-Devenyi
scheme (Grell and Devenyi, 2002) with radiativedfesck and shallow convection. The
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Rapid Radiative Transfer Method for Global (RRTM®ng-wave and short-wave

radiation scheme (lacono et al. 2008) is appligdbfmth simulations. Simulation FBES3

accounts for the effect of simulated aerosol cotrtaéions on radiation. The direct effect of
aerosols on shortwave radiation in FBES3 is siredldtased on Mie theory following the
approach of Fast et al. (2006). However, no extinatlue to aerosol particles is taken into
account for simulation NONFBIT1, i.e. although amois also simulated for the case
NONFBIT1, no aerosol is assumed within the radratimdules.

The gas-phase chemistry is based on the Carbon-Btewhanism version Z (CBM-Z,
Zaveri and Peters, 1999) mechanism. It has 67 epeuid 164 reactions in a lumped
structure approach that classifies organic comps@aedording to their internal bond types.
Rates for photolytic reactions are derived usirgyFast-J photolysis rate scheme (Wild et
al., 2000). The aerosol module is the Model for Bating Aerosol Interactions and
Chemistry (MOSAIC) (Zaveri et al., 2008). MOSAICclodes sulfate, methanesulfonate,
nitrate, chloride, carbonate, ammonium, sodiumgigal, black carbon (BC), primary
organic mass (OC), liquid water, and other inorganass (OIN) with 4 Bin size ranges:
(1) 3 nm - 156 nm; (2) 156 nm - 625 nm; (3) 625 A5 um; (4) 2.5um - 10 pm.
Secondary organic aerosol formation is not consmleMOSAIC simulates major aerosol
processes (e.g., inorganic aerosol thermodynamiailile@um, binary nucleation,
coagulation, condensation. A new dust flux constamd a desert dust improvement for
spurious fluxes was introduced for the baselineutation.

As simulation FBES3 accounts explicitly for aerostdud interactions on the basis of
simulated aerosol concentrations and the indireobsal effect on radiation. In addition,
formation of sulfate due to agueous-phase chemistiycluded in the FBES3 simulation.
Condensation as well as aerosol scavenging by doyglet and wet deposition depend on
simulated aerosol concentrations. The indirectceftd aerosols on cloud formation is
accounted for the effects of clouds on shortwavdiaten, treatments of aerosol
activation/resuspension, and prognostic CDNC basedlctivated aerosols, as described by
Chapman et al. (2009). However, simulated aerosotentrations are only considered for
aerosol cloud interactions and the indirect effectthe grid scale clouds. Since subgrid
clouds contribute to considerable amount to totadcipitation the effect of explicit
consideration of aerosol cloud interactions fouedehmay be considered as a lower limit
for the effect.

Since the ‘no aerosol’ assumption which is appliedNONFBIT1 for the radiation
calculation is not possible with respect to aerasold interactions (this would mean the
unrealistic case of homogeneous nucleation) sormeng#ion must be made if aerosol
cloud interactions do not depend explicitly on diamed aerosol mass and numbers. The
baseline assumption for the WRF/WRF-Chem in thseda continental aerosol throughout
the entire domain.

The current simulations are part of the second @lodghe AQMEII (Air Quality Model
Evaluation International Initiative; http://agm@i.ec.europa.eu/) model inteomparison
exercise (Im et al., 2014a, 2014b) and complemetitdr five WRF-Chem simulations for
Europe within this exercise, where a modal aerdssktription was applied (Forkel et al,
2014, Bar¢ et al., 2014). According to the commiomu$ation strategy for AQMEII phase
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2, the whole year 2010 was simulated as a sequan2ealay time slices. The chemical
state of the model is restarted from previous minije meteorology is reinitialized each
time-slot. It is clear that the simulation reswitdl depend to some extent on the choice of
length of the time slices (Wolke et al., 2012). dldays were considered by the organizers
of AQMEIlI phase2 as a compromise between allowiog direct and indirect aerosol
effects on the one side and keeping the declinkeoforecast quality and the unconstrained
propagation of feedback effects, e.g. the disturbanf cloud cover due to changed energy
balance etc. within limits. The first five days simulation (26-31 December, 2009) are
used as chemistry spin-up period. Nudging techsidus/e not been applied because they
can suppress most feedback effects. The differencesdel predictions between the two
simulations for meteorological variables and aialqy concentrations provide an estimate
of the aerosol feedback effects.

The big modeling domain covers Europe and a poxios northern Africa and as well as
large areas affected by the Russian forest fir@di0, with 270 by 225 grid cells projected
at Lambert Conformal Conic (LCC) projection centkie latitude 50N, and longitude 12E.
For better comparability, the same grid spacing28f km was adopted. The vertical
resolution includes 33 layers from the surface fixed pressure of 50 hPa (about 20 km.)
with a finer resolution close to the surface anddsiwayer height ca. 24m. According to
the computational resources and CPU time limitatioall WRF-Chem groups of the
AQMEII phase2 agreed to run the simulation withi&aers although we are cognizant that
the vertical aerosol distribution can modify theasel radiative forcing because scattering
particles exhibit a greater forcing when they a@ated in the lowest levels (Haywood and
Ramaswamy, 1998). Shared common processing ddliaitid boundary conditions data, as
well as anthropogenic and fire emissions data baes used.

To obtain the meteorological initial- and boundeoyditions for the WRF-Chem runs data
from the ECMWF operational archive was used. 3-lyotdata (analysis at 00 and 12 UTC
and respective forecasts 3/6/9 hours) of diffefeitls (e.g. temperature, wind, humidity,
surface pressure, soil moisture, ground layer teatpee ...) were extracted from the
MARS archive. The spatial resolution of the usedvVB\ZF data is 0.25° and it is provided

on 91 model-levels. The data is further processgdtie WRF-Chem preprocessor
programs which interpolate the fields to the retipecgrid and provide files containing

initial and boundary conditions for the WRF-Chemgsu

The chemical boundary conditions were provided WVEVF IFS-MOZART model
within the MACC-II project (Monitoring AtmospheriComposition and Climate — Interim
Implementation; http://www.gmes-atmosphere.eu) ye@enours with 1.125 degrees of grid
resolution. VOC and aerosol mapping from MOZARTOBM-Z and MOSAIC was based
on Emmons et al. (2010). Mineral dust aerosol diszation into the MOSAIC four-bin
followed Johnson and Osborne (2011).

The anthropogenic emissions are taken from MACC-Tin@ntory (Kuenen et al., 2014).
MACC-TNO database is a gridded European high réisoluinventory ¢.125 x 0.0625)
that provides the total annual emissions of ;,CNO,, CO, SQ, NHz;, NMVOC,
unspeciated PM and PM,. The horizontal and vertical distribution of thmissions on the
model grids, their time variability (monthly, daignd hourly) and NMVOCs speciation is
done following Tuccella et al. (2012). The EC and @missions are calculated from M
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by using the method proposed by Builtjes (2003 Thnversion factor used to convert the
emissions of OC to OM is 1.6 (Bessagnet et al.8200

Biomass burning emission data have been calcufabed global fire emission data that
have been obtained by re-analysis of fire radiafpever data obtained by MODIS
instrument onboard of Aqua and Terra satellitesinguan integrated monitoring and
modelling system for wildland fires (IS4FIRES) oj (Sofiev et al. 2009). The emission
data are available for Europe (daily, 0.1 x 0.1rdegspatial resolution) in Netcdf format.
Day and night vertical injection profiles (monthl§.0 x 1.0 degree spatial resolution) is
also available with 20 layers from 250 m to 9750nhich have been transformed to WRF-
Chem vertical layers. The data has been regrideledVRF-Chem Lambert Conformal
Conic grid using next neighbor interpolation. Férission data is given as total particulate
matter (TPM). WRF-Chem emission species have baklated by speciation following
Andreae and Merlet, (2001) and Wiedinmyer eall().

Biogenic emissions are based on the Model of Eomissiof Gases and Aerosols from
Nature (MEGAN) model (Guenther et al. 2006). MEGAsNon-line couple with WRF-
Chem model and meteorology data from WRF-Chemdd os-line into MEGAN model.

Meteorology and concentrations are analysed usewrly mean spatial distributions.
Finally simulated concentrations and meteorologicatiables were compared against
available observations in the domain. Observatimetude hourly data collected from
AirBase and EMEP database. AirBase is the Europ@aguality database maintained by
the European Environmental Agency (EEA) through Eisropean topic center on Air
pollution and Climate Change mitigation. The EumpeMonitoring and Evaluation
Programme (EMEP) is a scientifically-based and qyetiriven program under the
Convention on Long-range Transboundary Air Pollut{€LRTAP) for international co-
operation to solve air pollution problems arisingnfi the transboundary chemical transport
of atmospheric contaminants. It comprises more thaM stations which include aerosol
information over Europe.

RESULTSAND DISCUSSION

The results from the simulations are presentedwas groups. First one is the spatial
distribution of the feedback effects impacts arel $econd one describes the evaluation of
the two simulations.

Figure 1 shows the yearly mean shortwave radiatosnbase case (NONFBTI1) and
absolute differences (FBES3-NONFBIT1) between dexlback effects simulation FBES3
and the base case. The simulation FBES3 whichcindes the direct aerosol effect and the
impact of simulated aerosol concentrations on clowdplet formation (and thus the
indirect aerosol effect) shows higher values ofasohdiation over Atlantic Ocean and
North Sea. The yearly mean short wave radiatiapit 70% (40 W/ higher for FBES3
than for the non-feedback effects simulation. Tireng impact is found for the areas of
the domain with lowest solar radiation where claoder is an important factor. Absorption
of solar radiation by black carbon (BC) and otheroaols can reduce cloud formation
(“semi-direct effect”). However, due to very lowrasol concentrations over the North
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Atlantic this effect cannot be responsible for ghaulated lower cloud water content and
higher solar radiation in the feedback case. Loms# concentrations with approximately
300 particles ci (yearly average) are found for this region. Wrerosol cloud
interactions depend on simulated aerosol concémgtas in simulation FBES3, these
small particle number concentrations result in dldwplet numbers around 30 érfor the
North Atlantic area. This droplet number concemratis much lower than the droplet
number concentrations that are assumed for thdihasmse NONFBITL. , There, a value
of 250 cloud droplets criis used throughout the modelling domain, whichhis assumed
default value when no feedback effects of simulaaedosol concentrations on cloud
condensation is considered.

The very low cloud droplet numbers for FBES3 regulain earlier onset of precipitation
than for the baseline case. We have observed #isagr reduction (close to 70%) of the
cloud liquid water path over the North Atlantic ar@hen feedback effects are activated,
values of 196 g/mare observed on NONFBIT1 (base) and only 60°gim FBES3
(feedback effects case). Also we found similar galwf cloud fraction, 93% in case of
NONFBIT and 90% for FBES3. This strong decreasthefcloud liquid water content and
the associated increase in global radiation caobserved for WRF-Chem not only for the
MOSAIC aerosol module but also when the MADE/SORGARBtosol module (Forkel et
al., 2014, this issue, Kong et al., 2014, thisaegkas it results mainly from the definition of
the baseline conditions.

Reduction of incoming solar radiation via backseratig occurs over the southern part of
the domain where shortwave radiation is reducetbug0 W/nt (10%). This reduction is
due to the direct aerosol effect by Saharan dulis €ffect may probably be under-
estimated due to the lack of the coarse dust tmadti the FBES3 simulation. The base
simulation NONFBIT1 considers also the coarse dasttion because a new dust fluxes
constant and a desert dust improvement for spuflayes was introduced in the baseline
simulation. However, since the simulated aerosateatrations are not considered for the
calculation of radiative transfer and cloud conddios of the baseline simulation, this
addition of coarse dust in NOFBIT1 has no impacthanfurther discussion. When aerosol
cloud interactions are explicitly considered, hagrosol particle numbers can result in high
cloud numbers and an increased cloud optical déptler the Saharan increase of cloud
optical depth due to high aerosol particle numlipéaigs only a minor role in this area due
to the absence of clouds.
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AQMII LCC (50.0N,12.00E) X=0.0 m. Y=0.0 m.

SWDNB W/m2 NONFB.IT1 2010 AVG

SWDNB W/m2 FBES3_NONFBIT1 2010 AVG

Figure 1: 2010 mean incoming short wave radia@brthe surface for the base case
(NONFBIT1, left) without feedback and simulated obas (FBES3-NONFBIT1, right)
due to effects of aerosols.

Figure 2 shows the yearly mean non-convective (ram) for base case (NONFBTI1) and
absolute differences (FBES3-NONFBIT1) between tineukated grid scale precipitation

for the feedback effects simulation and the base.cAerosol cloud interactions are not
included for convective precipitation.

AQMIl LCC (S0.0N,12.00E) X=0.0 m. Y=0.0 m. AQMIl LCC (50.0M,12.00E) X=0.0 m. Y=0.0 m.
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Figure 2: 2010 mean non-convective rain for theebease (NONFBIT1, left) without
feedback and simulated changes (FBES3-NONFBIThf)rdue to effects of aerosols.

Precipitation over the Atlantic is increased u@2%% when the effect of the aerosol on the
cloud droplet formation is considered. For thisaatke FBES3 simulation shows lower
values of cloud liquid water path and aerosol catredions than the NONFBIT1
simulation (base). This enhanced precipitation mgylain the temperature decease over
North Atlantic that is shown in Figure 3. . Thetf#ltat the microphysics scheme is double
moment when running with chemistry and one moméhneravise induces to the indirect
effect to be the cause of lower temperatures.
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Figure 3: 2010 mean two meter temperature forbdme case (NONFBIT1, left) without
feedback and simulated changes (FBES3-NONFBIThf)rdue to effects of aerosols.

Figure 4 shows the monthly mean relative differen¢eBES3-NONFBIT1) of short wave
radiation, temperature, and precipitation over Ndktlantic Ocean between the feedbacks
simulation and the base case. Over this area tbeease of the solar radiation and
precipitation are higher during the summer. In cak¢he near surface temperature we
found a decrease for all months except May. Theemifces on precipitation are more
important in June with a pronounced cooling effiecspite of the strong increase of the
short wave radiation due to the indirect aeroskaotf

Figure 5 shows the yearly mean water vapour forbdme case (NONFBTI1) and relative
differences (FBES3-NONFBIT1 / NONFBIT1) between tieedback effects simulation
and the base case. The inclusion of the direct inddtect aerosol effect resulted in
increased water vapour in particular over the Néitantic and Northern Europe.

Accounting for aerosol radiative effects and aerokmud interactions tends to decrease in
near surface temperature by up to 0.75 °K over spaneof the land areas Also aerosols
increase water vapour over most of the domain byoup.2 %. Over the North Atlantic
region, lower particle numbers plus more preciptatesult in an increase of water vapour
and decreases of temperature for the case FBES3

Over Northern Scandinavia there is a decrease efydarly mean temperature due to
increased long-wave radiation escaping to spaagtirgg from the decrease of the cloud
liquid water path. This cooling effect is prevalemtwinter and it is dominant in Northern
Europe due to the extremely low solar radiationm8oareas with higher particulate
concentrations show a decrease in humidity andnerease of the air temperature near
surface which follows to some extent the pattefrtb® change in solar radiation. Since the
direct aerosol effect does generally lead to lowetar radiation and near surface
temperatures over land surfaces, it can be conglutat the simulated temperature
increase is probably due to indirect aerosol efte€here is a special zone at the Eastern
part of Northern Africa where warming is observétis area is close to the sea and not
enough dust is emitted by the dust model, so @nisarea with lower droplets numbers,
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increase of short wave radiation but there is necipitation. Therefore, humidity is
decreased and temperature increased.

Montly differences (FBES3-NONFBIT1) Temperarute (NA point)
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Figure 4: 2010 Differences (FBES3-NONFBIT1) of theonthly average of the
temperature (top), short wave radiation (middlej arecipitation (bottom) over a typical
grid point of the North Atlantic Ocean (14.5W, 59)0
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Figure 6 shows the yearly mean planetary bountagr height (PBLH) for base case
(NONFBTI1) and absolute differences (FBES3-NONFBIb&tween the feedback effects
simulation and the base case. The simulations anthwithout direct and indirect aerosol
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effect indicate that aerosols lead to reduced n@anetary boundary layer heights over
most of the domain by up to 65 meters (-19%) exéepsome areas in Norway and the
Western Sahara where PBLH increases up to 40%.€f@st could be explained with the
feedback effects which enhance the convective geoitehigher layers close to the BL top.
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Figure 6: 2010 mean planetary boundary layer hei{@BLH) for the base case
(NONFBIT1, left) without feedback effects and simwgld changes (FBES3-NONFBIT1,
right) due to effects of aerosols.

Figure 7 shows a vertical profile at one point otrex North Atlantic Ocean (NA) of the

differences (FBES3-NONFBIT1) for water vapour aathperature. The point is the same
that in the figure 4. The cooling effect over tha By enhanced precipitation and humidity
is present for the lowest layers, above the boyntigrer the effect is opposite (increase
temperature and decrease water vapour); above 606fers the differences are
insignificant.

Figure 8 shows that yearly mean ozone concentsatmrer Mediterranean area were
increased up to @g/m® (3%) and decreased up to pg/m® (3.8%) over the North Atlantic
Ocean for the case FBES3. The differences are iassdavith changes in solar radiation,
water vapour mixing ratio and temperature, and ymsmr concentrations. Increases of
ozone are located over the Mediterranean area whige NQ, concentrations are
observed, and where there is a small increaseeanWlestern and a reduction in solar
radiation in the Eastern part but a strong increzséhe water vapour mixing ratio; this
enhances ozone formation in which overcompensae®ffect of the small reduction of
the short wave radiation. Over the Atlantic whéreré are lower ozone concentrations for
the case FBES3 in spite of the enhanced solartiadidue to the reduction in surface
temperature (Fig. 3)



Vertical profile FBES3-NONFBITI1

T T
Temperature (K)
18942 " Qvapor (g/kg) ——— 4

17703 |- \ -
16521 | ! -
15362 f -
14274 ; .
13219 F { ]
12197 3 .

|
11198 [ .

(m.)

10207 + | -

9232 | \ .

Height

.
8257 |- i .
7288 |- \ .

6315 - |/ B
5384 - A

1510 | (|

3681 ;/J
-
—
,,_——‘7 R

2952

l
2321 T
1786
1011 | -
——
T
0

438 I
1z 1 P

418 -0.4 -0.3 -0.2 -0.1
419

420 Figure 7: Vertical profile of the differences beemeFBES3 simulation (feedback effects)
421 and NONFBIT1 (base) for temperature (red) and waapour (blue).
422

I I 1
0.1 0.2 0.3 0.4

AQMI LCC (S0.0N,12.00€) X=0.0 m. Ym0.0 m. i

| | | | — | Lo

oufy K 2
2 2. x10® - bt
a 16

14

i_ 12

. 1K
Ly v 08

o6

b o4

0.2

> o > 0.x10° o o
-0.2
4 L —-04
> 06
: o
& 12
-
L RRTOH L r :::
L ey =
5 T T T T T T T T T T Y T e-22

=3. x100 -2 x10° -1. x10° 0. x10° 1. x10° 2. x10° 3. x10°
X
424 03 ug/m3 NONFB.IT1 2010 AVG 03 ug/m3 FBES3_NONFBIT1 2010 AVG

425 Figure 8: 2010 mean ozone for base case (NONFBI&i), without feedback and
426 simulated changes (FBES3-NONFBIT1, right) due fea$ of aerosols.

427

428 Yearly mean sulphate particles changes, Figuree9pbatween +90% over central Europe
429 and (190 % over North Atlantic. The differences of the BEE3 with respect to the
430 NONFBITL1 could be explained with the fact that NGNF1 does not include the aqueous
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phase oxidation of SO2 by hydrogen peroxide, whglone of the major sources of
sulphate in clouds and precipitation on the redisnale.
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Figure 9: 2010 mean sulphate for base case (NONEBEft) without feedback and
simulated changes (FBES3-NONFBIT1, right) due tea$ of aerosols by WRF-Chem
over Europe.

Hourly values of simulated meteorology and speci@&scentrations are evaluated using
available observational data. Performance evaloainziudes the following statistical
parameters: Normalized Mean Bias (NMB), Normalidddan Standard Error (NMSE),
Root Mean Square Error (RMSE) and Pearson Comel&ioefficient (PCC). The model
performance is evaluated for the two simulationrON¥BIT1 (base) and FBES3 (feedback
effects). The simulation domain has been split thtee parts: Northern Europe (NE) from
latitude 51°N, Central Europe (CE) for latitudesween 44°N and 54°N and finally
Southern Europe (SE) for latitudes bellow 44°N.t@paverage is applied for station and
model values over the subdomain or for the full donfALL).

Table 1 shows domain average performance statigties the European domain (ALL),
Northern Europe (NE), Central Europe (CE) and Senmtizurope (SE).

Table 1: Comparison of performance statistics dEEB and NONFBIT1 in 2010

Variable SIMULAT. NMB NMSE
NE CE SE ALL NE CE SE ALL
NO2 FBES3 -0,743 -0,622 -0,702 -0,625 2,760 12671 1,279
NONFBIT1 -0,732 -0,602 -0,688 -0,604 2,580 1,132,808 1,132
SO2 FBES3 -0,589 -0,680 -0,730 -0,642 1,412 1,82841 1,508
NONFBIT1 -0,571 -0,642 -0,724 -0,618 1,324 1,568,796 1,359
03 FBES3 -0,098 -0,031 0,032 -0,020 0,058 0,08924 0,038
NONFBIT1 -0,093 -0,033 0,030 -0,021 0,058 0,053,025 0,040
PM10 FBES3 -0,522 -0,573 -0,751 -0,587 0,924 1,32B48 1,188

NONFBIT1 -0,233 -0,368 -0,591 -0,377 0,271 0,537,178 0,422
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PM25 FBES3 -0,351 -0,455 -0,070 -0,423 0,585 0,96947 0,714
NONFBIT1 0,003 -0,298 0,200 -0,216 0,260 0,500,145 0,304
TEMP FBES3 -0,001 -0,003 -0,004 -0,002 0,000 0,00@O00 0,000
NONFBIT1 -0,001 -0,003 -0,004 -0,002 0,000 0,000,000 0,000
WSPD  FBESS3 0,374 0,339 0,378 0,355 0,129 0,10336 0,114
NONFBIT1 0,371 0,329 0,369 0,347 0,129 0,118,134 0,112

Variable SIMULAT. RMSE PCC
NE CE SE ALL NE CE SE ALL
NO2 FBES3 14,459 15,233 14,522 14,686 0,719 0,844 0,782 0,829
NONFBIT1 14,281 14,792 14,222 14,238 0,717 0,842 0,788 0,824
SO2 FBES3 2,463 3,615 6,168 3,900 0,693 0,80218 0,744
NONFBIT1 2,436 3,486 6,182 3,821 0,699 0,814,057 0,730
03 FBES3 12,104 11,237 9,414 10,172 0,645 0,869 0,885 0,873
NONFBIT1 12,066 11,499 9,655 10,421 0,626 0,862 0,877 0,866
PM10 FBES3 11,56518,542 36,284 17,692 0,263 0,382 0,051 0,273
NONFBIT1 7,930 14,317 29,918 12,932 0,396 0,581 0,274 0,507
PM25 FBES3 6,134 13,149,373 10,141 0,270 0,376 0,452 0,309
NONFBIT1 5,075 10,816 3,813 7,689 0,334 0,5950,450 0,519
TEMP FBES3 1,606 1,454 1,484 1,325 0,986 0,98%€88 0,991
NONFBIT1 1,675 1,298 1,447 1,266 0,986 0,992,991 0,993
WSPD  FBESS3 1,443 135 1,512 1,351 0,769 0,80689 0,830
NONFBIT1 1,444 1,329 1,494 1,337 0,764 0,878,777 0,821

The domain-wide performance statistics for varialpeedicted by NONFBIT1 and FBES3
are overall similar, noticeable changes occur fartigles, due to different dust model
implementations. Indeed, NONFBSIT1 included a mediShaw et al. (2008) dust module
for correcting the size distribution into MOSAICrasols with 4 bins. Moreover, a new
dust flux constant and a desert dust improvemenggarious fluxes was introduced in the
baseline simulation. NO2, SO2 are largely undedipted by both simulations with a
NMB of more than 60%. The underestimation can Iebated to overestimated surface
wind speeds and/or underestimations of emissioried\&peed (WSPD) is overpredicted
for 35.5% (FBES3) and 34.7% (NONFBIT1). The high RIBbias is mainly attributed to a
poor representation of surface drag exerted byutlresolved topography. The simulated
ozone and temperature agree reasonably well wilerghtions at both simulations. The
NONFBIT1 is slightly improved for ozone but is $lity worse for others from NMBs
point of view. The correlation coefficient is slitjh improved for the majority of the
variables, demonstrating the benefits of using lieel effects for the temporal variability.
The Central Europe subdomain gets better resulthéomajority of the variables.

CONCLUSIONS
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To investigate the sensitivity of the aerosol @fddirect plus indirect feedback effects) on
meteorological variables and pollutant concentrati®VRF-Chem model is applied over
Europe in 2010. Two yearly simulations have beafopmed. The two case studies consist
of one simulation without feedback effects (bas®] the second one with direct aerosol
effect, aerosol cloud interactions and indireceet$ turned on. The yearly simulation
permits to characterize the long-term variatiomdre WRF-Chem variables are evaluated
using available hourly observations in terms offgenance statistics. Standardized
observations from the ENSEMBLE system web-interfhage been used. The reserarch
has been developed under the second phase of Airt@YNodel Evaluation International
Initiative (AQMEII).

Simulated feedback effects between aerosol coratemis and meteorological variables
and on pollutant distributions strongly depend o derosol concentrations and the clouds.
The analysis of the correlations between simulaaond observations indicates slightly
better results for the FBES3 simulation (with femclb effects). The performance of the
WRF-Chem model can be considered to be reasonatbg gn terms of its overall
capability of reproducing observed meteorologicaliables and chemical concentrations,
although due to the coarse horizontal grid resmtutind topography used in this study,
wind speeds overestimation has been found.

As expected, the feedback effects are sometimegs maimor effects, but a first analysis
confirms that the sensitivity of the meteorologydaair pollution to the aerosol
concentrations can also be very important undemicecircumstances. Although too low
aerosol particle concentrations were simulated rédseilts demonstrate the relevance of
aerosol effects. A strong underestimation of thsa concentrations was not only found
for WRF-Chem but also for the majority of the madgarticipating in the AQMEII
phase2. Further investigations are necessary vgtiehaerosol particle concentrations.

The most important effects were found for the Nakttantic zone with very low aerosol
concentrations, low cloud droplet numbers and aged cloud liquid water path. For the
WRF-Chem version applied here, the simulation witfeedback effects uses constant and
horizontally uniform droplet number concentratioss, the chosen number is a critical
point when you have a single moment microphysit®se (running without considering
variable simulated aerosol concentrations). Theugion of the feedback effects results in
an increase of solar radiation by up to 70% oveudy areas (North) due to the indirect
aerosol effect and decrease up to 10% over morenysdacations (South) via
backscattering. Aerosol effects produce an inerexsthe water vapor (up to 3%) and
precipitation and decrease the planet boundaryr laggght (up to 20%) over the full
domain except in the Sahara area where the maxipautitle concentrations are detected.
Ozone is increased (up to 3%) over the Mediternara@aa and decreased (up to 4%) over
the rest of the domain.

The two case studies presented here are complgrardurther case studies with WRF-
Chem within AQMEII. Forkel et al. (2014, this is3uend Bar6 et al (2014, this issue)
analized similar case studies where WRF-Chem wpbeglpwith a modal aerosol module
and different gas phase chemistry, and with diffeidoud physics options. Comparison
with the results presented there indicates the amnphusing different cloud physics and
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chemistry modules on the model results and feedledfdcts are about of the same
magnitude. However, when feedback effects were emegbamong simulations using the
same configuration otherwise, the general impaabfoherosol meteorology interactions
shoed the same genral features as presented here.
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HIGHLIGHTS

Aerosol feedbacks effects were examined during one year simulation with WRF-Chem model and CBMZ-
MOSAIC chemical mechanism.

Higher solar radiation and lower near surface temperatures are observed over North Atlantic Ocean
with indirect effects.

Indirect feedback effects make to increase non convective rain and water vapor.

Cloud droplet numbers are much lower when WRF-Chem uses aerosol concentrations than WRF default
value.

Performance is similar for both simulations but sensitivity of the meteorology and pollution to the
aerosols is important.



