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Abstract:

Atmospheric arosol particles playan important role in global climate change, via direct and
indirect radiative forcing Elemental carbon (EC) and nitrate are importemttributors to
anthropogeni@erosolradiaive forcing over Europe, since thayrondy absorbandor scatter
solar radiation, respectively. Howevehe evaluation of their climate effects remammghly
uncertain Improvanents o the simulatiorof particle number/mass size distribution (PSiD)
modelling will help us to refine model assessments of climate change. The simulagoas
performedover Europe with a fully onlineoupled regional air qualitsnodel (WRFChem)for

the time periodf September 120", 2013.Measurements ithe HOPEMelpitz campaignand

other datasets Europe were adopted to evaluate the model uncertainties.

The meteorologicatonditions were well reproduced by the simulatidiswever,a remarkable
overestimation of coarse mod®D was found in thaimulatiors. The overestimatiorwas
mainly contributed byEC, sodium nitrate and sea sé®SA) stemming from the inadequate
emission of EC an8SA The EC inventory overestimatB€ point sources in Germany and the
fractiors of coarse mode E@missioms in Eastern Europand RussiaAllocating too much EC
emission imo thecoarse mode could shorten EC lifetime and reduce itsramge transport,
thus partly (~2840%) explaininghe underestimation of EC in Germanyhen air massesame
from eastern direction in previous studies. Furthermore, \ERE&moverestimated coarse mode
SSA mass concentrations factors of about8-20 over northwestern and central Europe in this
study, due to the shortcoming of its emission scheme. This could facilitate the coarse mode
sodium nitrate formation andae to ~140% overestimation cbarse modaitrate. Under such
circumstanceshitric acid wasexhaustedand fine mode ammonium nitrate formatiomas
inhibited The overestimated SSA shaped BfD of nitratetowards larger sizesyhich might
influence the optical properties, lifetime and climate effect of nitrate accordiagisansport
mechanism would broadethe influence ofSSA onnitrate PSDto central Europe, where a

considerable amount of nitrate precursors and ammonium nitrate is present.
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Referat:

Atmosphdische Aerosolartikel kdnen sich direkundindirekt auf den Strahlungshaushalt der
Erde auswirken und spielen somit eine wichtige Rolle fir désbale Klima Elementarer
Kohlenstoff (EC) und Nitrat haben die Eigenschaft Licht stark zu absorbieren beziebisggsw
zu streuen. Durch ihre hohéonzentrationenstellen sie in Europa wichtige Faktoren fir den
anthropogenen Strahlungsaab dar. Die Unsicherheiten iBezug auf die Abschdzung ihres
Klimaeffektes sind jedoch sehr hodtine Verbesserunder Simulationvon Partikelgrden- und
massenvertking (PSD) hilft dabei Modellabschdzungen zum Klimawandel zu optimieren.
Dazu wurden Modellsimulationamit einem onlinegekoppelten regionalen Luftqualitd4smodlel
(WRF-Chem) iber Europa fiir denZeitraum von10. bis 20.September 2013 durgbfihrt.
Messumgen der HOPBMelpitz Kampagne und andere Datensdze aus Europa wurden verwendet,
um die Unsicherheiten des Modells zu bewerten

Es zeigte sich, dass die meteorologisc¥ierhdtnisse gut durch das Modeteproduziertverden
konnten.Jedoch wurde der Grolmd der PSDdurch das Modell (berschaztHauptsahlich
trugen EC, Natriumnitrat und Seesalz (SSA) zur Uberschdzung bei. Ursache ist die
unzureichend beschriebene Emission von EC und Sed3adr verwendete Emissionskataster
iberschdzt die EGQuellen in Beutschland sowie den Grobmod des ECOsteuropa und
Russland. Dadurctvird dem Grobmod eine zu hohe Emission vonZiGeordnet. Diekinte

die Verweildauerdes ECverkiizen unddamit dengrofamigen Transport reduziergerwas
teilweise (~2640%) die Unterschdzung des EC in Deutschland bei Ostanstramwig sie in
frtheren Studien erwdnt wird, erkldgen kdnte Des Weiteren wurdevegen des unzureichend
charakterisierten Emissionsschemas, GibmodMassenkonzentration deSeesalzesiber
Nordwest und Zentraleuropa durch WREhem um einen Faktor vonl8s 20 iberschézt. Im
Grobmod fihrt dies zu einererhdhten Bildung von Natriumnitratund schlie@ich zu einer
Uberschdzung des Nitratesim & 140% Dadurchwird Salpetersaire wbraucht, waseine
Hemmung der Bildung voAmmoniumnitratim Feinmodnach sich ziehtDie Uberschdzung

von SSA fihrt zur Verschiebung der Nitratmasse hin zu hdheren Partikelgrdes kann die
optischen Eigenschaften, die Verweildauer und den Klimiasmfvon Nitrat beeinflussekin
Transportmechanismus wirde den Einfluss von SSA auf die PSD des Nitrates in Zentraleuropa
erweitern, woAusgangsstoffales Nitrates und Ammoniumnitrates in hohem Ma@ghanden

sind
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Introduction

1. Introduction

Atmospheric arosol particles playan important role in global climatesia direct radiative
forcing (DRF, light scattering and absorption) and indirect radiative forcing @RffEicipating

in cloud processesHowever, aerosol radiative forcirggill has the highest uectaintyamong

all climate change agengcording to the recemmntergovernmental Panel on Climate Change
(IPCC) assessment (IPCC AR5, 2018jth a wide rang®f -0.77 to +0.23 W/rhand-1.33 to-
0.06 W/nt for DRF and IRF, respectivelfhe particlenumber/massize distribution(PSD)is a
key parameter that determines both direct and indirect radiative foofimgrosol particles
(IPCC AR5, 2013Shiraiwaet al., 2013Zhang et al., 20H) Aquila et al., 201}

The optical properties @n aerosoparticle are strongly related to its siZe illustrated in Fig. 1,
fine mode particles usually have larger mass extinction efficiency than the coarsparimiies
(IPCC AR5, 2013Seinfield and Pandis, 2008-or example, the mass extinction efficiency of a
particlewith a diameter of 600 nis about 1615 times higher thathat of 6 pm, thereforeit has
amore importaneffect indirect radiative forcingln the polluted urban atmosphere, fine mode
particles are responsible for more than 90% of the total scattering coefficient (Seinfield and
Pandis, 2006)Aerosol particleshave both a warming and a cooling effe@h climate change.
Within all anthropogemi aerosothemical compound$lack carbon (BCBond et al., 2013and
nitrate (Schaap et al., 2002Schaap et al., 2007lay the most important radein climate
warming and coolingver Europe, respectively. This is duethe considerabldburden ofBC
(Bond et al., 2013and nitrate(Schaap et al., 2002ver EuropgPutaud et al., 2004ee also
Fig. 2, as well aghe strongability of BC forabsorbing anditrate forscatteringsolar radiation.
Therefore, aiming to improve the evaluation of anthropogeriosolradiative forcing over
Europe, a key question is to improve tPSDsimulatiors of BC and nitraten current modelling

studies.

In addition, he particle size also infences its hygroscopic growth amdbility as cloud
condensatiomuclei (CCN) significantly (Kéhler, 1936. Thereforethe IRFof aerosol particles
are not only determined bgerosolchemical properties, but also strongly related to the PSD
(IPCC AR5, 2013 Zhang et al., 201). Moreover, fine particles have longer lifetime than
coarse particles (Petzold and Klier, 2012; Croft et al., 2014; IPCC AR5, 2013) #metefore
havehigher chances to accumulatethe atmospherearticipate in longange tansport, and
contributeto the globaiscale climate forcingForet et al., 2006
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FurthermorethePSDis also crucial fothe health effect of particleSeveral studiesave shown
a strongrelation between human healtbffects (e.g., mortalityrate lung and heart diseases,
diabetesetc) andfine particlesin European cities (e.g., Timonen et al., 2004; Rosenthal et al.,
2011; Meister et al., 2012)¥ine particles are easily inhaled deep into the lungs where they can
remain embedded for long per®af time (U.S. EPA, 1996)Therefore fine particles are
especially harmful to people with lung diseases such as chronic obstructive pulmonary disease
and asthmdZanobetti et al., 2000Evenworse,arecent studyeported thahanoparticles can
betransported directly into the braamdposea hazard to human heal{Maher et al., 2016)

el vl il

— n=1.5-0.005/
6 --- n=1.37-0.001/

~
I

Mass Extinction Efficiency (m? g’1)

Diameter (um)

Figure 1. The sizeresolved particle mass light extinction efficiency. The results are integ
over a typical solar spectrum. The solid and dashed black line indicates the result of pi
with complex refractive index of 1-6.005i and 1.3°0.001.i.

Available at: https://www.ipcc.ch/ipccreports/tarifgg5-1.htm (last access: May 1P016)

1.1 Particle size distribution

The diameter of aerosol particles covers a wide range fromelth t0® € Tihe size
distribution of the aerosol population varies strongly in space andémeZhang et al., 201).
In 1976, Knutson (1976) firstly presenteslibmicronPSD measurementsvith a Differential
Mobility Analyzer (DMA). Later that yearTSI Inc. (USA) introduceda commerciaDMA
(model 307) Sincethenmeasirements ofPSD have been performeal over the world(e.qg.,
Wang et al., 2013Birmili et al., 20031 Birmili et al., 201§. Based on field measurements,
Whitby (1978) introduced a classical trimodal model consisting of three additiveotogal
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modes to describe the BSin the atmosphere, includingitken made (10 to 100 nm),
accumulation mode (100 nm te2le Mmand coarse mode-@e o 100e M In thepasttwenty
years, he simulation of PSD has commonly been developedn fully online-coupled 3D
atmospherionodels(e.g., Ackermann et al., 199&hang et al., 2010a; Zhang et al., 2010b;
Aquila et al., 2011 Two major approaches aceirrentlyused torepresent th&SDin the 3D

atmospheric modelshe sectional approach arnlde modal approacfZhang et al., 2014).

In the sectional approach, tHeSD is approximated by a discrete number of size sections
(Gelbard and Seinfeld 1980; Gelbard et al. 1980). This discretization can be conducted based on
number, suace area, or voluni@mass depending on the particfgopery of interest (Zhang et

al., 1999).The sectionalapresentation is used in maaly quality modelsFor examplelJAM -

AIM (Urban Airshed Model with Aerosol Inorganics Model), GATOR (Gas, Aerosol,
Trans®rt, Radiation Model, UAM-AERO (Urban Airshed Model with AEROsolg, CIT
(California Institute of Technology Mdel) WRFChem {Weather Research and
Forecastingnodelcoupled with Chemistry; with  MOSAIC aerosol module MOdel for

Simulating Aerosoll nteractions an@€hemistry), etc

The modal techniqueepresents the aerosol as multiple, independent populations of aerosol
particles called modes(Whitby and McMurry, 1997) The aerosol within each mode is
represented by a separate mode size distribution function, gererallynormal distribution
(Zhanget al., 1999; Whitby and McMurry, 1997he modal approach is also commonly used in
many models For example,EMEP (air pollutants mdel of European Monitoring and
Evaluation Programmg, IMPACT (Integrated Massively Parallel Atmospheric Chemical
Transport Modgl COSMO-MUSCAT (Consortium forSmall-scaleModeling andMullti-Scale
Chemistry Aerosol Transport) WRFChem (with MADESORGAM aerosol moduleM odal
AerosolDynamics Model foEurope withSecondaryORGanic AerosolM odel), etc.

The sectional approadh usually more computationally intensive than the modal approach and
its accuracyis dependent orthe number of sections used to discretibe size distribution
(Whitby and McMurry, 1997; Zhang et al., 1999; Textor et al., 2006¢tkad al., 2006; Zhang et

al., 201@). Foret et al. (2006) reported ttetleast eight isogradient size bins are necessary for a
reasonable size distribution simulatidrne accuracyof the modal approads dependent othe
degree to which the size didution functions represent the actual size distribuidhitby and

McMurry, 1997. The uncertaintiesof the simulatedPSD can stem fromprimary emissios of
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particles secondary formation processesansport, depositigncoagulationand nucleation
(Zhang et al., 1999; Aquila et al., 201The simulation ofthe PSD is very challenging and still
hasvery high uncertaintiesAQuila et al., 2011 Textor et al., 2006). For exampleextor et al.
(2006) compared the particle sizes simuldigdL3 different aerosol modelandreported very
high uncertaintie®f the modelled®SD The mass fractions of fine particles were in a rasige
about 1573%, with a standardeviation of 55%(Textor et al., 2006). Zhang et al. (2@L0
comparedPSD resuk of three models, which represethPSD by a modal approach, with
ground measuremen{d0-800 nm)over Europe Yan Dingenen et al., 2004In Zhang et al
(201(®), although the characteristic shape of the distributipatterns were reasonably
reproduced,hte uncertaintiesf PSD simulatios over Europevereat least a factor of 2, and can
reach up tomorder ofmagnitudeLater,Aquila et al. (2011) proposedmaodal approach aerosol
module (MADEIN: Modal AerosolDynamics nodel including IN solublemodey, incorporated

it into anh atmospheric chemistry global modelnd compared the PSD results with ground
measurements (1800 nm) over EuropeVan Dingenen et al., 20P4Similar to Zhang et al.
(201@), uncertainties up to -2 orders of magnitudes can still be obseryealthough the

distribution pattern of fine mode can be captured by the model

Improving the simulation othe PSD could help to improve the evaluation of the radiative
forcing, and thus refine the model assessments of climate chaggea(et al., 2011 Field
campaigrmeasurements are highly valuable éoaluatingthe uncertainties of PSD simulat®n

The HOPEMelpitz (HD(CP)2 Observational Prototype Experiment at Me)picampaign
(Septemberl0-20", 2013) provided extensive measurements regardiimg-resolvedparticle
microphysical and chemical propertieshis dataet was usedin this thesis to address the
uncetainties of PSD simulations by tls¢éateof-the-art fully online-coupled model WRfhem.
WRF-Chem simulates the emission, transport, mixing, and chemical transformation of trace
gases and aerosols simultaneously with the meteoroM@HChem is one of the most
commonlyusedmodelsfor theinvestigation of regionascale air quality, field program dgais,

and cloudscale interactions between clouds and chemistrthe Continental US (e.g., Grell et

al., 2011; Ntelekos et al., 200%}hina (e.g., Chen et al., 2009; Cheng et al., 2016; Zheng et al.,
2015) as well as Europe (e.g., Tuccella et a2012; ArchesNicholls et al, 2014; Nordmann et
al., 2014) In this study, thePSD in WRFChemis representedn detail by a sophisticated
sectional approach (MOSA|CZaveri et al., 2008 which specially focuses on gparticle
partitioning on size distrilted particles with a fully dynamic mass transfer apprd¢Zekeri et

al., 2008) The German Ultrafine Aerosol Network (GUAN), which provides the BC online
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measurements over Germany, will also be dsethodelvalidation More details othe HOPE
Melpitz campaign the WRFChem modelthe GUAN network and other useddatasetsn this

thesiswill be given in Chaptep.

1.2 Elemental carbonparticle size distribution simulation

Elemental carbon (EC) is defined as te&actory fractio of soot particles thaemainstable at
high temperaturesas opposedo organic carbon (OCBC accounts for thdight absorbing
components of sooparticles (Nordmann et al.,, 20)3 The soot particlesmeasured with
photometric methods bag®n thechange in light transntdnce through a particle ladentdr

medium ae defined as BCHowever,in modéling studiesand emission inventorieEC can be
usedas the best approximation of BBlordmann et al., 2013; Nordmann et al., 20Dénier

van der Gon et al., 2015A previous studyeportedthat he measure@&C and BC arehighly

correlatecbver Germay, with R? often better than 0.@€ordmann et al., 2013)

EC/BC is characterized by its strong absorbimgrmingeffect (Hansen et al., 2000; Jacobson et
al., 2000; Cheng et ak012 Bond et al., 2013EC s the second strongest contributor to current
global warming with a totatadiative forcing of about1.1 W/m?, just aftercarbon dioxide
(Bond et al., 2007; &manathan and Carmichael, 20085 mentioned above, the radiative
forcing of EC is strongly related to its PSD. Hende @ccuracy othe PSD simulation oEC
can have a significant influence on the assessmertle aérosol warming effectUncertainties

of EC emission can strongly impact its PSD simulation.

EC patrticles are exclusively from primary emissio@fobally, biomass burning (40 %), fossil
fuel combustion (40 %) and biofuebmbustion (20 %) are the major sowoé EC emission
(Ramanathan and Carmichael, 2008|though EC is a crucial contributor étimate warming,

its emissiorinventoryis significantlyuncertain (Denier van der Gon et al., 2015). The European
Environment Agency report (EEA, 2013) indicated that it was alnmasbssible to evaluathe
overall uncertaintyat Europearlevel. The uncertainty oEC emissions is at leasb0% on
global scales, and a factor of 2 to 5axegional scale (Ramanathan and Carmichael, 2008).

In addition to the high uncertainties of Etission ratein the inventoriesmodelling studies
investigatingthe PSD of emitted E@re rare and limitedGlobal emission inventories of EC
havebeen published (e.gBond et al., 2004; Lamarque et al., 2080reets et al., 2004; Wang et
al., 2014 without size segregation information. An emission inventory for UNEEQEBpe of
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EC (EUCAARI 42PanrEuropean Carbonaceous aerosol inventory) has been published with a
high resolution(1/8° x 1/16°, about 7 x7 km)andseparated size mode (PMPMhi2sandPMo s

10; PM: particulatematter) (Visschedijk and Denier van der Gon, 2008Bpw well doesthis
EUCAARI inventory represent European EC emissions and especialyatsegregation? This

guestiomeeddo be answered by modellimglidation using irsitu measurements.

40

35 BN BC
B OM

30 unacc.
25 m NO,

mN
20 H,
nssSO,
15 B seasalt
min. dust

0.05-0.14 0.14-0.42 0.42-1.2 1.2-35 3.5-10
Particle diameter [pm]|

dM/dLogDp [pg/m?)
S

Figure 2. Size segregated mass concentration of particle compositions obseB@dgta,
Italy. OM: organic matter; unacc.hé remaing unaccounted mass fractjomin. dust:

mineral dustnnsSQ: nonseasalt sulfateSource Putaudet al., (2004).

The uncertainties dllocating EC emissionis different mode can influencetie modelledPSD

of EC, and thuscan exerta strong influence on its transporthe PSD of ECis crucial for
climate changenot only due to its influence on the optical properties, but dls® tothe
influence on thedngrange transport and depositiohEC particls. Longrange transport of EC
particles to remote arsandthe depositionon ice could contribute to the glacimelting inthe
Himalayan (Ming et al., 2008) andretic regions (McConnell et al., 2007; Ramanathan and
Carmichael, 2008). Ais can change the surface albedo and hetio® absorption ofsolar
radiation andthus causes positive climate forcinBespite themportance ofthe PSD of EC,
relatedstudies are rare and limiteRose et al. (2006) reported that the EC particles freshly
emitted from incomplete combustion have sizes around 100Saweralfield measurement
studiesreported that about 886% EC should be presented as fine particteger Europe
(Spindler et al., 2033Reddington et al., 2013; Hitzenberger et al., 2006; Hitzenbetgal.,
2001, Putaud et al., 20Q04see Fig. 2 Many modelling studieshave evaluated E@mission
inventoriesandits transport inEurope however, without considering iBSDandthe influence

on its transportKoch et al. (2009) evaluated 17 global models anddoout that 13 of 17
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models ovegstimate EC in Europe. Stern at (2008) compared five modeesuts with
observationdrom northern Germanyand none of the models could reproduce the high EC
concentration at the central Europe background station Melpitz. Nordmann et al.rétidrégd
that the EUCAARI inventory may underestimate the Eastern Européasmntission by a factor

of 2, resulting in the underestimation of EC in Germanjiowever, he size segregation

uncertainty of EC emission and thdluence onits transport was not corered in these studies

Evaluatingthe EC emission inventory and its seegregation over Europe is one gapic of
the present thesis. The further influence on Joamgge transport of EC partislavill also be
investigated in the present work.

1.3 Chemical pathways for particulate nitrate

Nitrate is one of the most important anthropogenic aerosaiponents that scatters solar
radiationandexhibitsa considerable aoling effect in climate changeygt following sulfateon a
global scalgIPCC AR5, 2013)The DRF of nitrate is abou®.11W/m?, with a widerangefrom
-0.03 t0-0.3 W/nt (IPCC AR5, 2013Adams et al., 2001; Bauer et al., 2007; Jacobson, 2001;
Liao and Seinfeld, 2005; Myhre et al., 2013; Streets et al., 2013; van Dorlahd ¥197; Xu

and Penner, 20)2Especially in western and central Europe, nitiatithe dominant component
and may be a moremportant contributor to aerosblurdenthan sulfate(Schaap et al., 2002
Schaap et al., 200%Schaap et al.,, 2011; Putaet al., 2004 see also Fig. )2 Therefore,a
reduction ofuncertainties of nitrat@article mass size distribution simulation can significantly
improve the evaluation of its cooling effeetspecially over Europ&he particulate nitrate has

different mapr chemical pathways in fine and coarse nsode

Particdate nitrate is mainly secondariliprmed by neutralization of gaphase nitric acid
Ammonia B one of thenain gecursos of particulate nitrate.tican neutralize nitric acid to form
the semtivolatile ammonium nitrateAmmonium nitrateis mainly presenin the accumulation
mode (Schaap et,a011),which is a part of fine particle§.his is becauséhe accumulabn
modeparticles facilitate the gasparticle partitioning processes of ammonium nitrate due to the
dominance oveparticle surface area concentratiGgdacobson, 2002)n western and central
Europe particulatenitrate ismainly present aammoniumnitratein fine mode(ten Brink etal.,
1997; Schaap et al., 2002).



Introduction

Nitric acid can also be neutralized by sea salt (sodium chloride) with the depletion of chloride
The heterogeneous reaction itric acidon the surfaceof sea salaerosol(SSA) promotesthe
formation of sodium nitratan the coarse mode, which dominatearticulate nitrate formatioim
northern and southern Eurofféakkanen et al., 199%utaud et al., 2004However,SSA has

the largest uncertainty among all aerosols (Grythe et al., 2Bib4¢mission scheme of sealt

is recommended according to IPCC AR5 (2013he of the commonly usguhrameterization
schems of SSA emissiondGong, 2003;Monahan et al., 1986; hereafter GQO@hich is
incorporated in WRFChem, may largely overestimate the emission of $Sé&umann et al.,
2016a and 2016b; Nordmann et al., 2014; Ardkieholls et al., 2014; Zhang et al., 2013; Saide

et al.,, 2012; Saide et al., 2013; de Leeuw et al., 2@4dife et al. (2012) demonstrated that
GOO03 overestimated SSA by a factor of 10 fdo-micron particles and a factor of 2 for super
microns in the southeast Pacific Ocean. Jaegléet al. (2011) found that GO03 overestimated the
coarse mode SSA mass concentrations by factorg ®faP high wind speeds over the cold
waters of the South Padfi North Pacific and North Atlantic Oceans. Other studies also
indicated an osrestimation of SSA emissions\arying degrees (Zhang et al., 2013; de Leeuw
et al., 2011; Yang et al2011; Neumann et al., 2016lbj)accurate SSA emissions may lead to

theuncertainties of coarse mode nitrate simulation.

In this study, the GO03 scheme is admpinto WRFChem to describe the SSA emission. The
influence of the inadequa®SA emissiorscheme(GOO03) on thenitrate formation modelling

and to what extent will this influence be spread over Europe will be explored in this thesis.

1.4 Influence of sea salt on nitratgarticle mass size distribution

The overestimation of sea salt due to its emission scheme could prtdmotermation of
sodium nitratén coarse mode, bgonsumingnitric acid. This was discussed in recent modelling
studies(Neumann et al., 2016a; Liu et al., 2015; Im, 2013; Athanasopoulou et al.,. 2008)
However, these previous studies mainly focused on the influers®a salon bulk nitrate mass

concentrationbut not enouglon nitrateparticlemass size distribution.

Sodium nitrate, which is thermodynamically stable, will not transféneogaspha nitric acid
(Schaap et al., 2011 owever,a gasparticle equilibrium exists between ammonium nitrate and
its gasphase precursors (ammonia and nitric acid). €fislibriumis built up with dependence
on ambient conditions and precursor concentrations (Schaap et al., 2011), therefidebe

altered throughthe consumption of nitric acioh the formaion of sodium nitraten the surface
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of coarse mode sea safts illustrated in Fig. 3 the equilibrium will be pushed towardms
phase precursors, and then nitric acid Wwélfurther consumedoy the overestimated sea salt.
Eventually, the simulated méteparticlemass size distribution is expect®dshift towards larger

sizesdue to the overestimation of sea salt

The mechanisnof modifying nitrate particle mass size distribution due to seassattportant,
becausethe lifetime and optical propertiesf particulate nitrateand nitrogen cyclewill be
changed accordingly. In the present thesis, the influence of sea salt onpantatke mass size
distributionwill be quantitatively analyzed:hough the effect of this mechanism may be thought
only to be significant in the coast areas where sea sdlurgdant, it is of interest to investigate
the effect of this mechanism in the central Europeerea considerable amount of NCand

ammonium nitratés present

1.50Dbjectives

The overall objective of the present dissertation iddt@rminethe gaps betweethe simulated
and measure®SD, for the purpose ofeducingthosegaps Summarizing the above mentioned

topics,thisthesis can be divided into three main scientific quesiibigs 3):

Q1: Is the size distributioségregation of ECabsorbing aero$pwell represented bthe WRF

Chem model over EuroéVhat are th reason$or the uncertainties(First publication)

Q2: Is the chemical pathway of nitrate (scattering adregell represented bthe WRFChem

model over EuropgWhat are the main reasdos the uncertainties? (Second publication

Q3: How can natural sourgearticles (sea salt) influence the simulated anthropogenic nitrate
particle mass size distributionPlow wide can the influence of sea salt on nitrgaeticle
mass size distributiobe spread over Europg&econd publication)

In general these investigationsvill help to deepen thenderstanding orthe importance of
particle nhumber/mass size distribution. EC and nitrate are the most important absorbing and
scattering aerosolsver Europe, respectively. The uncertaintbéshe modelledPSD of EC and
its influence on EC transport simulation will be discussed. The influence of sea salt on nitrate
particle mass size distribution will also be investigated. Twisrk will be helpful to refine

assessmesdf regional climate change over Europduture modelling studies.
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The present thesis is structured adofeing. The models and observata@ndaasets are
described in Chapte2. The esults are presented @hapter3, which is the cumulative part of

my thesis including Chen et al. (2016a and 2016b). The summary and conclusion comprising the
answers of the above formulatedestific questions are given inh@ger-4. The outlook will
discusgheimplicationsof this workfor future measurement anaodelling studies.
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Figure 3. Schematic diagrarof the scientific questions
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2. Methodology

In this study, 3D simulationswith awidely used fully onlinecoupled mesoscale model WRF
Chem(V3.5.1)were performed for Eur@pby using a high resolution (772km) anthropogenic
emission inventory durinthe HOPEMelpitz campaign(Septembefd0-20", 2013). The HOPE
Melpitz campaignthe GUAN network over Germany, artle other open accessed dsetswere
adopted to validate the simulations, including meteorological conditions, microphysetal an
chemical properties of sizesolved particlesin this section, the WREhem model and the

usal measurements ferlidation will be described.
2.1. WRFChem model

2.1.1. General description

An adequate modétlg of dynamics requires a fullgnlinecoupling betveen the chemical
transport mode(Chem) ard the meteorological model (WRFDnline-coupling means that
meteorological field and chemical compositions and reactions can influence each other. For
example,aerosol parties can directly and indirectly infénce the radiative transfand cloud
formation in the atmosphere. Clouds, in turnaynreduce aerosol concentrations by e.g. wet
scavengingrocesses (Chapman et al., 2009).

The Weather Research and Forecast model (WRF) massive parallelized staibthe-art
numerical model designed foneteorologicalresearch. It is suitable for adad spectrum of
applications insimulating atmospheric phenomena of horizontal extents ranginghuoicireds

of meters to thousands &flometers(Grell et al., 2005)In WRF, the compressible and non
hydrostatic Euler equations can be integrated wittyrzachical solvers: (1) ARW (Advanced
Research WRFused in the present thesisvhich was developed at NCAR (National Cerdér
Atmospheric Research, Boulder, Colorado, US#)d (2) NMM (Non-hydrostatic Mesoscale
Model) which was developed at NCERational Center for Environmental Prediction, Camp
Springs, Maryland, USA). All equations are transformed to the terrain following hydrostatic
pressure as the vertical coordinate and are horizontally discretized on an arakayavbich
means that veldties are staggered about a half grid length to thermodynamic varis\iris.
offers the opportunity tonest higher resolution dmains into a coarser gridirhe boundary
conditions of the inner grid are taken from the coarse §hdre ae two possibilitis for nesting:

(1) oneway nesting, whichmeansno feedlack of the inner grid to the coarse gr{d) two-way

11
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nestingwith the feedback, which weapplied inthis study. WRF can account for a variety of
microphysical settings, ranging from simple bulk soke to more sophisticated schemes
allowing for mixed phase cloud resolving simulations. Planetayndary layer physics are
suitable for turbulent kinetic energy prediction. The surface wo@ysist of several layers
allowing for a vegetation and soil muise representation. Also snogover and sea ices
included. The shortwave and longwaraaiation fieldcan be calculateéor a broad spectral
region with respect taclouds, gasesna aerosolSkamarok et al., 2008More details about

WREF is given inttp://www.wrf-model.org/

The chemical transport model (Chens) modular in design and provided with a rapidly
expanding choice of ggshase and aerosol chemisahemes for WRIEhem.Aerosol modules
include the GOCART (ulk mass approachChin et al., 2000)MADE-SORGAM (modal
approachAckermann et al., 1998; Schell et al., 2DOMAM (modal approach,iu et al., 2012,
andMOSAIC (sectional approaclzaveri et al., 2008) schemékhe gaspha® schemesgclude
RADM2 (Stockwell et al., 190, 59 species, 157 reactions), RACM (Stockwell et al., 1997, 73
species, 237 reactions), MOZART (Emmons et al., 2010, 85 specied%hdeactions),
SAPRC99 (Carter, 2000, 79 species, 235 reactiand) CBMZ (Zaveri and Peters, 19967

species]164 reaadbns).

As described in the introductiodyRFChem has most widely been used for simulation of the
Continental USand Asia It is also steadily becormg more widely used in Européicher

Nicholls et al., 2013 from regional air qualit studies (Solazzoteal., 2012 and 2012b
Tuccella et al., 2012), to the impact of emissions from ro#iges (Hodnebrog et al., 2011), the
impact of biomass burning and biogenic emissions on ozone levels (Hodnebrog et al., 2012), the
impact of the aerosol direct effect air quality (Forkel et al., 2012)and the evaluation of
emission inventories (Nordmann et al., 20IMpre details and relatestudiesof WRF-Chem

can be found imttps://ruc.noaa.gov/wrf/wa¢hem/andhttps://www.acom.ucar.edurf-chem
2.1.2. Model configuration

The simulations were performed for the HOPE (HDEGP)servational Prototype Experiment,
https://icdc.zmaw.de/hopm.htilacke et al., 200)6campaignat Melpitz (12.93 E, 51.53 N;
86 m a.s.l.)during September10-20", 2013.In my second publicationhtee nested domains
with 39 vertical layers were set up for the simulated case. The outer d{d@ihcovers the

entirety of Europe, a part of the North Sea and North Africa with a spatial resolution of 54 km,

12
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providing the boundg conditions for thenner domains (Fig. 4). The secoddmain(D02) was
centered at Melpitz and covers part of the North Seast part ofEurope with a spatial
resolutionof 18 km. The innanostdomain(D03) was also centered at Melpitz and had a spatia
resolution of 6 kmAnd an extra high resolution domain (D04) was centered at Melpitz with a
spatial resolution of 2 km, in order to evaluate the EC point sources in my first publiEatiain.
(FNL) Operational Global Analysitp://rdaucar.edu/datasets/ds083.2/) and NCEP sea surface
temperature (SST) datasekdt)://polar.ncep.noaa.gov/sswith a spatial resolution of degree

and a temporal resolution of 6 h, were utilized to drive and force the model meteorolotfical fie
The spinup time of thesimulationswas 2 days. The chemical initial and boundary conditions
were proviedd by the MOZART4 global modelwith a spatial resolution of 1°% 2.5° and a
temporal resolution of 6 h(http://www.acom.ucar.edu/wdhem/mozart.shtml). More details

aboutthe setups anthe parametrizations are given in Table 1.

Figure 4. Setup of domains in WREhem.
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Table 1 Configurations of WRFEChem

Physics
Micro physics
Boundary layer
Surface
Shortwave radiation
Longwave radiation
Cumulus
Urban

WRF options
(Lin, 1983)scheme
YSU (Hong, 2006)
Rapid Update Cycle (RUC) land surface mode
Goddard shortwav@éChou, 1998)
New Goddard scheme
Grell 3D
3-category UCM

Chemistry and Aerosol
Aerosol module
Gasphase mechanism
Photolytic rate
Sea salt emission

Chem options
MOSAIC with 8 bins
CBMz
FastJ photolysis scheme
Gong (2003) scheme

In order to represent the properties of sesolved particles, the fullgnline-coupled sectional
aerosol moduleVlOSAIC was usedin this study. In MOSAIC, there are eigisbgradient(in
logarithmic scalefl i scr et e si ze bi ns m)ofdryparticlasb Radidles &9 n

assumed to be internally mixed in each bin (Zagtal., 2008).

In MOSAIC, sulfate, methane sulfonate, nitrate, chloride, carbonate, ammonium, sodium,
calcium, EC, OC andother inorganic material are all treated in each bin. Both particle mass
concentrations and particle number concentrations are $edul&ince the segregation of
particles in the size b#nis based on the dry diameter, there will be no transfer of particles
between the bins due to the uptake or loss of water (Zaveri et al., 2008). However, particle
growth or shrink due to chemical pesses (e.g., chemical reaction, uptake/release of trace gases)
and physical processes (e.g., coagulation) will result in the trangbartafles between the bins
(Chapman et al., 2009). The formation of secondary organic aerosols is not included in the
chosen MOSAIC version, but the nucleation of sulfuric acid and water vapor is considered
(Zaveri et al., 2008; Fast et al., 2006). The heterogeneous reaction of nitric #uvésorfaceof

sea saltwith the production of sodium nitrate is considered in 3ADC. For the deliquescent
aerosol particles at higRH, the ionization equilibrium and the Kelvin effect are aleasidered

in MOSAIC. More detailed descriptions are given in Zaveri et al. (2008).

The CarborBond Mechanism version @BMZ, Zaveri and Pers, 1999; Fast et al., 2006) was
coupled with MOSAIC andlescribedyasphase atmospheric chemistrnythe present thesifn

CBMZ, organic compounds are categorized according to their internal bond (Bgsset al.,

14
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2006; Zaveriand Peters, 1999). The rates for photolytic reactions are calculated with tile Fast
scheme (Barnard et al., 2004; Wild et al., 2000).

Dry and wet deposition of particles is treated in the WIiem model (Binkowski and Shankar,

1995). The dry depositioaf particles is calculated by a resistance approach, including sublayer
resistance, aerodynamic resistance and surface resistance (Grell et al., 2005). The scavenging
process of particles was calculated using {apktables (Nordmann et al., 2014). It i®nh
mentioning that Saide et al. (2012) found that the WIREmM model might overestimate wet
deposition of particles in the regions where drizelevaporates and releases the particles back

into the atmospheré&nd the WRFChem model may tend to slightbverestimate the deposition

of EC particles, due to the treatment of internally mixed (Nordmann et al., 2014).

The aerosol optical depth (AOD) is online calculated in \WRem model by integrating
extinction coefficients over all vertical layers, andails are given in Barnard et al. (2010). In
general, an internal mixture of all chemical constituents is assumed. The bulk refractive indices
for each particle size bin are obtained by a mixing rule based on veWeigbhted averaging.

The aerosol particleptical properties, such as particle extinction and scattering cross sections
and asymmetry factor, are calculated online by a Mie esderding todGhan et al. (2001)The

aerosol optical properties are calculated at 4 wavelengths (0.3, 0.4, 0.quarjdahd are then
passed to the radiative transfer model, which is called the Goddardrstvartscheme (Chou et

al., 1998). In this model, aerosol optical properties are accounted for in 11 spectral bands
between 0.18 and 1@m in the ultraviolet, visiblerad near infrared wavelength region. Since the
optical properties are only calculated at 4 wavelengths, interpolation and extrapolation is used to
calculate the optical properties at the aerodbli@nced spectral bands. The Goddard shaxte
scheme alsaccounts for ultraviolet absorption by ozone and scattering of visible light by gases
and clouds. In the infrared spectral region, contributions to absorption come from water vapor,
02, CO: and clouds. The transmission andl eetion functions for each atmpheric layer are

then calculated and a 2 stream adding method is applied to deritexése in the atmosphere

and at the surface (Fast et al., 2006). The chaofgesliationfluxes due to aerosol particles may
have a feedback on the atmospheric plsysiod the dynamics module in the meteorology
simulation(e.g., Zhang et al., 2010b)
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2.1.3 Anthropogenic source missions

The inventory of anthropogenic emissions @MPM 510, CO, N&X, SQ, NHz and non
methane volatileorganic compounds NMVOCs), as well as temporally resolved emission
factors, was provided by TNO for the AQMEIl projecAir Quality Model Evaluation
International Initiative,Pouliot et al., 2012). The dataset consists of European anthropogenic
emissions on /8° x 1/16° (loni lat, about 7 x 7 km)grid. The Selected Nomenclature of Air
Pollution (SNAP) code was used to categorize different source types (e.g., energy transformation,
industrial combustion, road transport, agriculture), with area and point emissions distinguished.
This inventory provides similar total German emissiong&aspearMonitoring and Evaluation
ProgrammdEMEP) inventory littp://www.ceip.af), as shown in Table Rlore details about the
anthropogenic emission inventory are given in related literature (Petladt, 2012; Wolke et

al., 2012).

The anthropogenic emissions of EC and OC were taken from thEuwapean Carbonaceous
aerosol inventoryVisschedijk and Denier van der Gon, 2008), which was developed in the
framework of the European Integrated project Aerosol Cloud Climate and Air Quality
Interactions (EUCAARIKulmala et al., 2011). The EUCAARI inventory also provided by

TNO and has the same spatial resolution and SNAP code categorization as the AQMHikone.
comparison between EUCAARI arile Lamarque EC emission (Lamarque et al., 2010) was
given in Nordmann et al. (2014), which shown that the EUCAARI emissions are around 30%
higher in eastern European countriBsland, Czech Republic and Belarus.EUCAARI, the
sizesegregatedeC emissionrates in PM, PMi2sand PM.sio are provided Sources such as
power plants are gridded as point sources, and emissions from e.g. traffic or population are
gridded as line or area sourcewever, the point sources of EC in Germany were excluded
thestudy of second publication, because my first publication reported the very high uncertainties
in the EC point sources

Table 2. Comparison between EMEP and TNO emission inventory of Germany

[unit: Gg] SO CO NOX NHs  PMip NMVOCs
EMEP (Germany) 412,298  3082.25 1310.058 680.125 216.2L 1130.452
TNO (Germany) 449.490  3099.76 1245169 597.325 181.54 1029.718
(EMEP-TNO)/EMEP -9% -0.6% 5% 12.2%  16%  8.9%
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2.1.4 Natural sourceemissions

The Fire INventory from NCAR (FINN; Wiedinmyet al., 2011), with the spatial resolution of

1 km and the temporal resolution of 1 h, was also included. Biogenic emissions were presented
by the Model of Emissions of Gases and Aerosols from Nature (MEGAN; Guenther et al., 2006).
Dust emissions were nobnsidered due to the large uncertainty of the dust emission scheme in
WRF-Chem (Saideet al., 2012).Dust contributed less thaB% to the toth particle mass
concentration aMelpitz during the simulated perip@ccording tdfilter-based measurements
(quartzfilter type MK360, Munktell/Ahlstorn, Schwedemjith high-volume sampler DIGITEL
DHA-80 (Water RiemerMesstechnik, Germany).

The parameterization scheme for SSA emission coupled in the @M modehccording to

the Gong (2003) scheni&003). GO03 wa developed based on the semipirical formulation

( Monahan et al ., 1986) and field measur ement
produced by bursting bubbles (jet drop and film drop). The SSA flux from the ocean to the
atmosphere is desbad as a function of 1th wind speed and particle radius. Because the
Monahan et al. (1986) scheme strongly overes
Gong (2003) introduced an adjustable parameter to improve the results. In order to guantify
influence of SSA on the nitrate particles formation in this s{gdgond publication), sensitivity
studies werémplemented with only 5% of SSA emission-GASE) and compared with the full

(100 %) SSA emission case-(FASE).

2.2 HOPE-Melpitz campaign

The HOPE campaigwas designed to provide a critical evaluation of model simulations and
further to provide information aboutndsurfaceatmosphericboundary layer exchange,
microphysical propertiescloud and precipitation process@dacke et al. 2016)The HOPE
campaignwas executed as a majoimnibonth field experimenin Jdich, Germany, performed in
April and May 2013, followed by a smaller campaign in Melgl#OPEMelpitz campaign)
Germany in SeptembeR013. The Melpitz site is the TROPOSLeibniz Institute for
Tropospheric Researchgsearch station for the continuous physical and chemisitu aerosol
particle characterization othe regional background of central Eurof@pindler et al., 2010,
2012; Poulain et al., 2011; Briggemarsend Spindle 1999; Birmili et al., 2001).The

topography aroundVelpitz is rather flat over ararea of several hundred square kilometers,

17



Methodology

ranging100-250 m as.l. Melpitz is part of theEMEP and provides a comprehensive set of in
situ observedhemical,microphysical and optical aerosol propertiesthe present thesis, the
measurements of particle number size distribution (PNSD), particle compositions and

meteorologicatonditions fronthe HOPEMelpitz campaigrwere used.

The instruments that measure el particlemicrophysical properties were operated under dry
condition, as recommended by WM&AW (World Meteorological Organizatioii Global
Atmospheric Watch) and ACTRIS (Aerosols, Clouds, and Trace gases Research
InfrastraStructure Network; Wiedendeh et al., 2012). A Dual Mobility Particle Size
Spectrometer (TROPG§pe dualSMPS, Birmili et al., 1999) combined with an Aerodynamic
Particle Size Spectrometer (TSI APS Model 3321) were employed to measBiéSBeanging
from 5 nm t o rlDktailedinformationis givemeby ldeintzenberg et al. (1988).
Multi-angle Absorption Photometers (MAAP Model 5012, Thermo, Inc., Waltham, MA USA)
were employed to determine the particle light absorption coefficient for dry particles (Birmili et
al., 2a6). The MAAP were measured witla 1 0 ¢ noff mlattand the corrected mas
absorption crossection (MAC =5 m?/g) was used to derive the BC mass concentrasipn
Melpitz (Genberg et al., 2013)r/he PNSD and BC mass concentration ex&dle publicly
avaiable within the framework of the German Ultrafine Aerosol NelwW@UAN; Birmili et al.,

2016), which will be detailed described in the following section.

For chemical properties of particles, Monitor for AeRosolsand Gases in ambient Air
(MARGA) system (Schaap et al., 2011; Thomas et al., 2009; ten Brink et al., 2007) continuously
monitoring particleand gases in ambient air (Metrohm Applikon, Schiedam, The Netherlands),
was operated downstream of a BNlet. This instrument provided-hour data of secondary
inorganic aerosols (N#, NOs, SQ2, CI, C&*, Mg?*and K") and gaseous counterparts @\NH
HNOs, HNO;, SO&, HCI). A high volume samplers DIGITEL DH&0 (Walter
RiemerMesstechnik, Germany), with samplingwflof about 30 rfh'!, were used to collect 24

hour PMo and PM filter samples simultaneous(gpindler et al., 2013).

The nearground meteorological variables (temperatumelative humidity, wind speed and
direction) were simultaneously measureddditional radiosoundip measurements were
performed aMelpitz on the days Septembkti 14", 17" and 19", 2013.

18



Methodology

2.3 GUAN network over Germany

GUAN is a cooperative observation netwarker Germanyaiming to improvethe sciatific
understanding of aerosotlated effects in the troposphefBirmili et al., 2016) The core
activity of GUAN is to continuous collect thepospheriC mass concentratiorasd PNSD at
17 observation sites iGGermany(Fig. 5) These sites cover naus environmental settings
including rural backgroundurban backgroundurban traffic and Alpine mountainsThe
measurements atlelpitz, LeipzigTROPOS, Bsel, Hohenpeilenberg and Zugspitze were
adopted to validate the model results in the presentsthesire details given in my first and
second publicationsThe quality of the measurement data is assured by laboratory inter
comparisons as well as-@ite comparisons with reference instrumeAtsdata can be obtained
online throughthe GUAN database(https://doi.org/10.5072/guanMore information about
GUAN is given in Birmili et al. (2016).
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2.4 Other datasets

In addition tothe measuments ofthe HOPEMelpitz campaign anthe GUAN network, other
open accessed datasets over Europe &kso used in the present theSise radiosounding for
the stations albver Europe [fttp://www.weatheuwyo.edu/upperair/sounding.html) wensed

for evaluating the modield vertical structureof the atmosphere The 24-hour filterbased
measurements with Piylinlets (EMEP, 2014) at 3oastal EMEP statiorB{lthoven, Vredepeel,
and Kollumerwaad http://ebas.nilu.ng/ were used to validate the modelled sea salt mass
concentrationThe AErosolROboticNETwork (AERONET) dataset over Europeas utilized to
validate the modelled AOD. The AERONET AOD was derived fromus photometer
measurements of the direct (collimated)as radiation. The level 2.0 AOD data, with pre and
post field calibrated, automatically cloud cleared and manually inspected, were usedindii
The AOD at 500 nm wavength and the Angstrom index are directly available in AERONET
dataset, and AO[xt 550 nm wavength was derived. More detailed information is given in

http://aeronet.gsfc.nasa.gov/.
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3. Results and Discussion

3.1 First publication

3.1.1 Evaluation of the size segregation of elemental carbon (E€hission in Europe:
influence on the simulation of EC longrange transportation

The content of this chapter has already beer

segregation of elemental carbon (EC) emission in Europe: influence on thatsimof EC

longr ange transportationo by Ying Chen, Yaf anc
Hugo A. C. Denier van der Gon, Nan Ma, Ralf Wolke, Birgit Wehner, Jia Sun, Gerald Spindler,
Qing Mu, Ulrich P&chl, Hang Su, and Alfred Wiedensohler me& j our nal nAt n

Chemistry and Physiés i n, i2Molante 16, pages 1823835, doi: 10.5194/aep6-1823
2016.

Reprinted with permission by theuthorsfrom Atmospheric Chemistry and Physic016, 16,
1823 1835 doi: 10.5194/ac16-18232016
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