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AbstratBlak arbon (BC) and mineral dust partiles are among the most important atmospheriaerosol types forming ie rystals by heterogeneous nuleation, the so alled potential ienulei (PIN). When emitted, most BC and dust partiles are externally mixed with otheraerosol ompounds. Through oagulation with other partiles and ondensation of gases,externally mixed partiles gain a liquid oating and are, therefore, transferred to an internalmixture. This ageing proess is essential for the diret and indiret effet of BC and dustpartiles on the limate, sine the oating hanges their radiative and hygrosopi propertiesand onsequently their loud ativation ability and lifetime. Moreover, laboratory studieshave shown that a liquid oating influenes the freezing properties of the partiles and henetheir behavior as ie nulei. Due to large omputational resoures required, global limatemodels mostly parameterize the partile ageing by using estimated turnover times ratherthan simulating the ageing proesses expliitly.In the present study the population of PIN in the global upper troposphere and low-ermost stratosphere (UTLS) is haraterized. To reah this goal the new aerosol modelECHAM5/MESSy-MADEsoot is developed. The aerosol module MADEsoot is able tosimulate separately BC and dust partiles in their different states of mixing (internallyor externally mixed) and BC and dust free aerosols, as well as the relevant ageing pro-esses of externally mixed partiles. MADEsoot is implemented in the global limate modelECHAM5/MESSY. The resulting system is evaluated with airraft and surfae measure-ments and performs well both in the boundary layer and in the UTLS. ECHAM5/MESSy-MADEsoot (E5/M-MADEsoot) is the only existing model able to resolve the mixing stateof BC and dust partiles while giving a reliable representation of the UTLS.E5/M-MADEsoot is applied to haraterize the PIN through their number and massonentration, omposition and mixing state. The results of this study show that PINontribute only up to 0.7% to the total aerosol number onentration in the UTLS. At surfaelevel PIN ontribute between 10% and 50% to the total aerosol number onentration, wherethe highest values are reahed over the major emission areas. Nearly all PIN in the UTLSare internally mixed with soluble material, while only up to the 3% of PIN is externallymixed. E5/M-MADEsoot allows also for the investigation of the ageing proess of BC anddust partiles and for the determination of its timesale, showing that the ageing proess ismainly driven by the ondensation of vapor. The timesale of the ageing proess is alulatedwith E5/M-MADEsoot to be around some hours at surfae level and some days in the UTLS,but shows a high geographial variability, espeially in the boundary layer and in the lowertroposphere. The timesale of the ageing proess shows also a less pronouned seasonality,with higher values in winter and lower in summer.





KurzfassungGlobale Modellstudien zur Verteilung und Zusammensetzungpotentieller atmosphärisher EiskerneRuÿ- und Mineralstaubpartikel gehören zu den wihtigsten atmosphärishen Aerosolspe-zien, die Eiskristalle durh heterogene Nukleation bilden können, die so genannten potenti-ellen Eiskerne. Ruÿ- und Mineralstaubpartikel werden meist in einer externen Mishung mitanderen Aerosolspezies emittiert. Nah ihrer Emission können die extern gemishten Parti-kel durh Koagulation mit anderen Partikeln oder durh Kondensation von Gasen mit einerflüssigen Hülle beshihtet werden und folglih intern gemisht sein. Dieser Alterungsprozessist sehr wihtig für den direkten und indirekten Effekt von Ruÿ- und Mineralstaubparti-keln auf das Klima, da die flüssige Hülle die optishen und hygroskopishen Eigenshaftender Partikel ändert und daher auh ihre Lebenszeit und ihre Fähigkeit als Wolkenkonden-sationskern zu dienen. Auÿerdem zeigen Laborstudien, dass sih eine flüssige Hülle auf dieGefriereigenshaften der Partikel und daher auf ihr Verhalten als Eiskern auswirken kann.Wegen des groÿen Rehnenzeitbedarfes globaler Klimamodelle wird die Alterung der Parti-kel nur selten explizit simuliert, stattdessen wird sie oft durh eine feste Transformationszeitparametrisiert.In dieser Arbeit werden die potentiellen Eiskerne der globalen oberen Troposphäre undunteren Stratosphäre (UTLS, aus dem Englishen upper troposphere - lowermost stratosphe-re) harakterisiert. Um dieses Ziel zu erreihen, wurde das Aerosolmodell ECHAM5/MESSy-MADEsoot (E5/M-MADEsoot) entwikelt. Das Aerosolmodul MADEsoot kann Ruÿ- undMineralstaubpartikel in ihren vershiedenen Mishungszusänden (intern oder extern gemisht)sowie die Partikel, die weder Ruÿ noh Mineralstaub enthalten, getrennt simulieren. Dieserlaubt dann die relevanten Alterungsprozesse von extern gemishten Ruÿ- und Mineral-staubpartikeln mit MADEsoot explizit zu simulieren. Das neu entwikelte Modell wurde mitFlugzeug- und Bodenmessungen evaluiert. Es zeigt sih eine gute Übereinstimmung mit Be-obahtungen sowohl in der Grenzshiht als auh in der UTLS. E5/M-MADEsoot ist derzeitdas einzige globale Modell, das den Mishungszustand von Ruÿ- und Mineralstaubpartikelnauflösen kann und eine gute Beshreibung der UTLS erlaubt.E5/M-MADEsoot wurde hier angewendet, um sowohl die Anzahl- und Masskonzentrati-on, als auh die Zusammensetzung und den Mishungszustand der potentiellen Eiskerne zubeshreiben. Es zeigt sih, dass die potentiellen Eiskerne in der UTLS nur bis zu 0.7% zurgesamten Aerosolsanzahlkonzentration beitragen. Bodennah liegt ihr Beitrag bei 10%-50%,wobei die maximalen Werte über den Hauptemissionregionen erreiht werden. In der UTLSsind nur bis zu 3% der potentiellen Eiskerne extern gemisht. E5/M-MADEsoot ermöglihtauh die Untersuhung der Alterungsprozesse von Ruÿ- und Mineralstaubpartikeln und dieBestimmung ihrer Zeitskala. Die Simulationen zeigen, dass die Alterung hauptsählih durhKondensation von Gasen verursaht wird. Die mit E5/M-MADEsoot berehnete Zeitskalades Alterungsprozesses beträgt einige Stunden am Boden und einige Tage in der UTLS,aber zeigt eine hohe räumlihe Abhängigkeit, besonders in der Grenzshiht und der unterenTroposphäre. Die Zeitskala zeigt eine geringere saisonale Abhängigkeit, mit höheren Wertenim Winter und niedrigeren im Sommer.
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Chapter 1Introdution
1.1 The sientifi problemWith the beginning of the industrialized era the omposition of the atmosphere has hangedsubstantially due to anthropogeni emissions. Industry, road, air and sea traffi, house heat-ing, land management: these are only a few examples of all the human ativities that auseemissions of large amounts of hemials in the atmosphere (Olivier et al., 2002). Extensiveresearh has been fousing for long time on the hemistry of the atmospheri gas omponents,developing omprehensive models able to quantify the in�uene of man-made gas emissionson the limate (Harvey et al., 1997). The level of onfidene in the knowledge of the green-house gases limate effet is suh to onvine poliy makers to undertake measures for theirlimitation, as in the Montreal (UNEP , 2006) and Kyoto (UNFCC , 2008) protools in 1987and 1997, respetively. The anthropogeni ontribution, however, does not modify only thegas omponents of the atmosphere, but also the atmospheri aerosol, i.e. the suspensionof partiulate matter in the atmosphere: Land management ativities suh as deforestationor intensive farming destabilize the surfae to wind erosion and inrease the amount of soildust risen into the atmosphere. Fuel ombustion proesses produe massive amounts of sul-fate, partiulate organi matter and blak arbon partiles that hange the proportion of theaerosol ompounds in the atmosphere (Dentener et al., 2006; Kloster et al., 2008).Effet of atmospheri aerosol on limate. Fig. 1.1 provides the estimation of the ra-diative foring1 (RF) of the different foring agents for 2005 (Forster et al., 2007) publishedby the Intergovernmental Panel on Climate Change (IPCC), the international ommittee ofsientists that periodially reviews the state of the art of limate researh. The radiativeforing is a measure of the in�uene that a hange in a omponent of the atmosphere indueson the radiation budget, and therefore on the temperature, of the Earth-atmosphere system:a positive radiative foring orresponds to a warming, a negative one to a ooling. On theglobal sale, hanges in aerosol onentrations ause a large negative ontribution to thetotal radiative foring, omparable to the effet of the hanges in long-lived greenhouse gasonentrations, but the unertainty on this estimation is the largest among all the foringagents. There are still many open questions onerning the effet of hanges in aerosol load-ing, and any ontribution to the subjet may lead to important steps forward to understandthe human-indued hanges of limate.The effet of aerosol on the Earth-atmosphere system is a rather omplex issue. Besides1From Forster et al. (2007): �Radiative foring is a measure of how the energy balane of the Earth-atmosphere system is in�uened when fators that affet limate are altered. Radiative foring is usuallyquantified as the rate of energy hange per unit area of the globe as measured at the top of the atmosphere,and is expressed in units of Watts per m2. �



2 Introdution

Figure 1.1: Global average radiative foring estimates and unertainties in 2005, relative toyear 1750. No CO2 time sale is given in olumn 4, as its removal from the atmosphereinvolves a range of proesses that an span long time sales, and thus annot be expressedaurately with a narrow range of lifetime values. Figure from Forster et al. (2007).the diret absorption and sattering of solar radiation, atmospheri aerosol indiretly affetthe limate by hanging the properties of louds (Lohmann and Feihter , 2005). Aerosolpartiles, or, more simply, aerosols, foster the ondensation of loud droplets, making theexistene of louds possible at all. Their ability to initiate louds and hanging the propertiesof the resulting loud, as well as their interation with radiation, depend not only on the massof aerosols, but also on their size and their number onentration. A limate model aimingto investigate the aerosol limate effet annot avoid keeping trak of these parameters.This poses new hallenges ompared to the study of the gaseous speies, whose effet ismainly determined by their mass onentration in the air. Furthermore the variability ofthe onentration of aerosols, on the geographial and temporal sales, is very high, makingthe alulation of a global aerosol radiative foring an exessive simplifiation: Even if theaerosol radiative foring is negative on the global sale, there may be regions or seasonswhere its sign is positive.Anthropogeni ontribution to the atmospheri aerosol. Dentener et al. (2006)have developed inventories of the emissions of aerosol speies (blak arbon, dust, partiulateorgani matter and sulfate) for the pre-industrial era, identified with the year 1750, and forthe year 2000. The data for the pre-industrial era result from an extrapolation done on thebasis of hanges in population, rop prodution and wood onsumption. While the emissionsof dust are supposed to stay roughly the same, the inrease of the emitted amount of other



1.1 The sientifi problem 3speies due to the anthropogeni ontribution is dramati. The emissions of partiulate or-gani matter have inreased from 33.5 to 66.1 Tg per year, the emissions of sulfur dioxide(SO2), of whih roughly 25% is onverted to liquid sulfate (SO2−
4 ), have inreased from 30.2to 142 Tg per year and those of blak arbon from 1.41 Tg per year to 7.7 Tg per year, afivefold inrease.Blak arbon, also alled soot, is a strongly light-absorbing arbon ompound that is theresult of any kind of ombustion proesses: while its natural emissions are bound only towildfires, every human ativity where ombustion proesses are involved implies the emissionof soot. The anthropogeni emission of soot differs from the natural ones not only in theamount, but also in the kind of partiles emitted: while blak arbon partiles from wildfiresare quite large, with a diameter of around 100 nanometers and more, those from fuel om-bustion are smaller, with a diameter of some 10 nm. Suh small partiles an aumulatemore easily in the lungs and are more harmful for human health (WHO , 2003). Addition-ally, the massive man-made injetion of small soot partiles hanges the size distribution ofatmospheri soot aerosols, modifying their in�uene on louds and their effet on limate ina way that is still to be investigated.Potential atmospheri ie nulei. Blak arbon and other insoluble partiles (mainlymineral dust) an foster the formation of ie rystals at lower supersaturation than thoseneeded for a liquid partile to freeze (DeMott et al., 1999, 2003; Sassen et al., 2003;Möhler et al.,2006;Kanji et al., 2008). The solid, insoluble partiles initiating the nuleation of an ie rys-tal are alled ie nulei. However, only a small fration of the insoluble partiles atuallyat as ie nulei, therefore all insoluble partiles that an potentially initiate ie nuleationare alled potential ie nulei. The number onentration of the potential ie nulei is aruial fator: If ie rystals nuleate rather around insoluble partiles than around the sol-uble ones, whih are muh more abundant in the atmosphere, the available water vapor willmore likely form fewer and larger ie rystals around the insoluble partiles than more andsmaller ones out of the liquid phase, as shematially depited in Fig. 1.2. As for warmlouds, formed by liquid water droplets, the number and size of the ie rystals in�uenesthe optial properties of irrus louds. A relevant region for the formation of irrus is theupper troposphere and lowermost stratosphere (UTLS), at around 10 km altitude, where theonditions are favorable to the ie nuleation. Blak arbon and dust partiles emitted atsurfae are transported to the UTLS by the asending air masses. Additionally, air traffiinjets blak arbon partiles diretly at this altitude. Hendriks et al. (2004) have shownthat aviation an ause a regional inrease in the blak arbon partile number onentrationof more than 30% at this altitude in areas with high �ight density. The air traffi setorhas experiened suh a dramati growth in the last deades, and there are urrently noindiations of a slowdown, that its in�uene on the limate deserves intensive investigation.Lohmann (2002b) disussed the hypothesis that anthropogeni soot partiles an modu-late the indiret aerosol effet in mixed-phase louds, i.e. louds ontaining both liquid andie partiles. She laims that an inrease in the number onentration of hydrophili blakarbon partiles, assuming that they effiiently at as ie nulei, an lead to an inrease ofpreipitation via the ie phase. As a onsequene, the loud fration would derease thusallowing more short-wave radiation to be absorbed in the surfae-atmosphere system. Thenumber onentration of potential ie nulei is the ritial parameter to determine whetherthis effet may ounterat the other indiret aerosol effets.Mixing state of potential ie nulei. There is another issue that makes the desriptionof aerosols even more omplex: Besides the geographial distribution, the seasonal variation,the mass and the number onentrations and the size distribution, also the mixing state



4 Introdution

Figure 1.2: Shemati representation of homogeneous (above) and heterogeneous (below)freezing. The presene of insoluble partiles (ie nulei) fosters the formation of ie rystalslimiting their number onentration. Figure by Johannes Hendriks.of blak arbon and dust partiles in�uenes their interation with the Earth-atmospheresystem. Blak arbon and dust partiles may be externally mixed, i.e. appear as homoge-neous partiles omposed only by one speies, or internally mixed, i.e. eah partile ontainsblak arbon and/or dust together with other speies. This is the ase, for instane, for apartile omposed of an insoluble ore of blak arbon or dust surrounded by a oating ofsoluble material. Freshly emitted partiles are mainly in an external mixture, but, duringtheir life, ondensation of vapor and oagulation with soluble partiles may transfer them toan internal mixture (Kotzik and Niessner , 1999; Weingartner et al., 1997, 2000). Initiallyinsoluble aerosols an be ativated to form loud droplets one they are transformed in aninternal mixture with soluble material (Khalizov et al., 2009), therefore internally mixed in-soluble partiles will be more effiiently removed by rain than the externally mixed ones(Hitzenberger et al., 2001; Zuberi et al., 2005).Different studies, both experimental and theoretial, have shown that the presene of asoluble oating hanges the ability of blak arbon of absorbing solar radiation (Jaobson,2001; Shnaiter et al., 2005; Bond et al., 2006; Shiraiwa et al., 2008;Naoe et al., 2009). Otherstudies have foused on the potential of blak arbon and dust partiles to at as ie nulei,and reahed ontraditory results: some studies onduted on blak arbon partiles underirrus onditions have onluded that a soluble oating may enhane the ability of blakarbon to at as ie nulei (DeMott et al., 1999), others that it may make the heterogeneousnuleation of ie rystals less effiient (Möhler et al., 2005, 2008). Hoose et al. (2008) haveinvestigated the effet of a soluble oating on dust partiles, onluding that oating withsoluble material an lead to quasi-deativation of dust ie nulei in mixed-phase louds.Sientifi objetives. Fig. 1.3 shows the radiative foring from aviation for 1992 and 2000(Sausen et al., 2005). The present knowledge of the in�uene of airraft emissions on theonentration of ie nulei and of their ability of nuleating ie partiles is too poor to providea reliable estimate of irrus loud overage indued by soot from aviation (Sausen et al.,2005). Potentially, however, the RF from aviation-indued irrus ould be as large as theRF from all other foring agents. More experimental and theoretial studies are requiredto haraterize the ie nulei population and the relation between aerosols and ie louds,



1.2 State of the art of global aerosol-limate modeling 5

Figure 1.3: Radiative foring from aviation for 1992 and 2000, based on Penner et al. (1999)and on the results of the TRADEOFF projet (Sausen et al., 2005). The whiskers denotethe 2/3 onfidene intervals introdued by Penner et al. (1999). The lines with the irlesat the end display different estimates for the possible range of RF from aviation induedirrus louds. The value alulate by Minnis et al. (2004) is also reported. In addition thedashed line with the rosses at the end denote an estimate of the range for RF from aviationindued irrus. The total does not inlude the ontribution from irrus louds. The figureis taken from Sausen et al. (2005).in order to provide an estimation of the limate effet of aviation and of irrus louds ingeneral. It is important to quantify whih fration of the atmospheri aerosol is ontributedby potential ie nulei. Furthermore, the mixing state and the size distribution of thepotential ie nulei has to be determined as one of the first steps in the investigation of theeffets of ie nulei on louds and limate.1.2 State of the art of global aerosol-limate modelingThe simplest way of treating aerosols in global models is to presribe a standard limatologyfor the aerosol distribution, as it was done in the standard version of the global limate modelECHAM4 (Roekner et al., 1996) and in the original ECHAM5 (Roekner et al., 2003). Afixed limatology does not allow for feedbaks from any atmospheri proess to the aerosoldistribution, so that hanges in weather or limate annot indue modifiations of the aerosolpopulation. A better simulation of the interation between aerosol and atmosphere is ob-tained with the introdution of an online representation of aerosols, i.e. the oupling betweenaerosol and atmospheri proesses as dynamis, hemistry, radiation and loud formation.Feihter et al. (1996), for instane, introdued the oupling between aerosols and sulfate



6 Introdutionhemistry in ECHAM in order to simulate the formation of sulfate aerosols. The full lifeyle of sulfate aerosols was represented in the model, whih was later on extended withdust, organi arbon, blak arbon and sea salt (Lohmann et al., 1999). Adams et al. (1999)extended the Goddard Institute for Spae Studies General Cirulation Model (GISS GCMII-prime) with sulfate, nitrate, ammonium and water, and Koh et al. (1999) with blakarbon. Chin et al. (2000) developed the Georgia Teh/Goddard Global Ozone ChemistryAerosol Radiation and Transport (GOCART) model whih is driven by the meteorologialdata from the Goddard Earth Observing System Data Assimilation System (GEOS DAS)for the simulation of the global sulfuri yle. Other examples of aerosol models oupled toglobal limate models an be found in Textor et al. (2006).However, most of these models were apable only of simulating the aerosol mass, butneither the number onentration nor the size distribution. Methods to simulate these vari-ables were developed and applied first within regional models, as for instane the RegionalPartiulate Model RPM (Binkowski and Shankar , 1995) and the European Air pollutionDispersion model EURAD oupled with the two moment (mass and number) Modal AerosolDynamis model for Europe MADE (Akermann et al., 1998). Nevertheless these methodswere too expensive for appliations in global limate models. With the inrease in omputerapaities, attempts have been made also on the global sale. Adams and Seinfeld (2002)inorporated the TwO-Moment Aerosol Setional (TOMAS) model in the GISS GCM II-prime to simulate also the number onentration and the mirophysis of aerosols, thoughlimited to sulfate aerosols. Lauer et al. (2005, 2007) oupled the mirophysial aerosolmodel MADE to ECHAM4 and to ECHAM5 in the MESSy framework (Jökel et al., 2005).Vignati and Wilson (2004) and Stier et al. (2005) developed the two-moment (mass andnumber) mirophysial aerosol module HAM and implemented it in ECHAM5. ReentlyAyash et al. (2008) implemented the setional Canadian Aerosol Module (CAM) into theThird Generation Canadian Climate Center General Cirulation Model (CCC GCM III).Although these models represent the aerosol mass and number onentrations, they rep-resent the mixing state of the aerosol omponents in a very simplified manner. Some modelstreat aerosols as ompletely internally mixed (Adams et al., 1999), others as externally mixed(Chin et al., 2000), and some trak separately hydrophobi, i.e. externally mixed, and hy-drophili, i.e. internally mixed, blak arbon, while assuming a fixed turnover rate fromthe external into the internal mixture. Lauer et al. (2005), Lohmann et al. (1999) and Koh(2001) assume for this transfer an exponential deay with an e-folding time of 24, 40 and 43hours respetively.Only a few models resolve the mixing state of blak arbon partiles by simulating theageing proesses expliitly: Jaobson (2001) developed a model that differentiates betweenthe two states of mixing, and even among partiles with different ore to shell thikness ratio.However, this model is omputationally too expensive to be used for long term global limatesimulations. The aerosol model MADRID-BC (Oshima et al., 2009) an simulate hanges inthe blak arbon mixing state resulting from ondensation and evaporation proesses, butup to now it has not been implemented in any regional nor global model. KAMM/DRAIS-MADEsoot (Riemer et al., 2004) is a regional model that an simulate mass and numberonentration of soluble aerosol, of internally mixed and of externally mixed blak arbonpartiles.Among the global aerosol limate models the only ones able to resolve the mixing-state of BC partiles are ECHAM5/HAM (Stier et al., 2005) and GISS-ModelE/MATRIX(Bauer et al., 2008). HAM makes a distintion between internally and externally mixedblak arbon and dust, but annot predit whih fration of the total aerosol is free fromany insoluble omponent. MATRIX an simulate an aerosol population omposed by solublepartiles, externally and internally mixed blak arbon and externally and internally mixed



1.3 Aim of the thesis 7dust. Additionally the internally mixed partiles are divided depending on the differentinsoluble to soluble mass ratio. However, the model does not perform well when omparedto measurements, espeially above the boundary layer. The mass onentration of blakarbon, for instane, whih is partiularly relevant in the investigation of ie nulei, is sys-tematially too large when ompared to the vertial profiles by Shwarz et al. (2006) andShwarz et al. (2008b).A global aerosol limate model that ould be the appropriate tool to investigate thepopulation of potential ie nulei is still missing. Suh a model needs to be able to simulatethe omposition, mass onentration, number onentration and size distribution of aerosol,and, additionally, to determine the mixing state of the potential ie nulei and the frationof the total aerosol population that they represent. Suh a model must perform well not onlyin the boundary layer, but also in the UTLS. Furthermore, this must be aomplished whilekeeping the omputational demand low enough to allow for long-term limate simulations.1.3 Aim of the thesisTo redue the unertainty of the limate effet of irrus louds, a more detailed knowledgeof the ie nuleation potential of atmospheri aerosol is needed. This work aims to providea detailed haraterization of atmospheri aerosol, with partiular fous on the populationof potential ie nulei in the upper troposphere and lowermost stratosphere on the globalsale. The behavior of aerosol in the atmosphere is dependent on its mass and numberonentration, hemial omposition, size distribution and mixing state. The aim is toquantify the global harateristis of all these parameters.To reah this goal a new aerosol model is developed. This aerosol model is able to desribethe life yle of aerosols resolving all the above mentioned parameters, while keeping theneeded omputational resoures to a level low enough to allow for global limate simulations.In this model, the mass onentration, number onentration and hemial omposition aresimulated separately for soluble partiles, externally mixed blak arbon and dust as well asblak arbon and dust partiles in an internal mixture with soluble material.This aerosol model is implemented in the global limate model ECHAM5/MESSy. Thenew model system is applied to the haraterization of the global aerosol and of the atmo-spheri ie nulei. The model system performs well ompared to measurements both in theboundary layer and in the UTLS, whih is the region of interest for the desription of theie nulei population.With the model developed in this work the number onentration of the potential ienulei is expliitely alulated. For the first time it an be determined whih fration of thetotal aerosol number onentration is omposed by potential ie nulei. Furthermore themixing state of the potential ie nulei is investigated, determining the mass and numberonentrations of the potential ie nulei in eah state of mixing and the amount of solublematerial that onstitutes the oating of the internally mixed blak arbon and dust partiles.With this unique model it is possible to provide a robust representation of the aerosolpopulation at all altitudes and to study the interation between aerosols and warm, mixedand ie louds.1.4 Struture of the thesisThe seond hapter of this work presents a short overview of the atmospheri aerosol, itsmain harateristis and its life yle. It provides the neessary theoretial knowledge andthe definitions of the fundamental onepts needed in this work.



8 IntrodutionThe model developed in this thesis is desribed in the third and fourth hapters: Chap-ter 3 desribes the mixing-state resolving aerosol mirophysial model, MADEsoot, andChapter 4 the global limate model ECHAM5-MESSy, and the implementation of MADEsootwithin it. Chapter 4 also presents the modifiation introdued in ECHAM5/MESSy duringthis work to reah a better representation of the UTLS.The evaluation of ECHAM5/MESSy-MADEsoot with experimental data is reported inChapter 5. Chapter 6 presents the studies done with the newly developed model system toharaterize aerosols and potential ie nulei and to investigate the transfer of blak arbonand dust partiles from the external into the internal mixture.The onlusions of this study and an outlook to possible future investigations are providedin Chapter 7.



Chapter 2Atmospheri aerosolAerosol is defined as a suspension of partiles, liquid and/or solid, in gases. People refer toaerosol with many different terms, as dust, smoke, mist, haze, soot or smog, refleting thehuge variety of origin and omposition that aerosol partiles, simply referred to as aerosols,have and the impression they have made on humans from early times (Friedlander, 2000).Dust usually refers to solid partiles produed by disintegration proesses, smoke is omposedof smaller partiles from ondensing vapor, mist and haze denote a suspension of liquiddroplets in humid or dry air respetively, soot refers to small arbon partiles generated infuel ombustions, smog is used for aerosols with anthropogeni origin.2.1 Charaterization of atmospheri aerosolThe most important properties determining the behavior of aerosol partiles are size, numberonentration and hemial omposition. These are the main parameters that allow for adesription of the life yle of aerosols and for the determination of their properties, e.g.their optial or hygrosopi properties.2.1.1 Partile size and onentrationThe diameters of aerosol partiles span orders of magnitude from 1 nm to 100 µm, orre-sponding to a variation in mass of 15 orders of magnitude. Partiles of the size of somenanometers are, for instane, freshly nuleated sulfate partiles, while the largest partilesare usually windblown dust, pollen, plant fragments and sea salt. Partiles smaller than2.5 µm, partiularly important in health studies, are usually referred to as fine, and partileslarger than 2.5 µm as oarse. The lives of fine and oarse partiles are in general quiteindependent from eah other (Whitby , 1978).The aerosol population an be roughly divided into modes: the nuleation mode, thatomprises partiles with diameter up to 10 nm, the Aitken mode, for partiles with diameterbetween 10 nm and 0.1 µm, the aumulation mode, for partiles between 0.1 µm and2.5 µm, and the oarse mode, for partiles larger than 2.5 µm. The definition of diameter,however, is straightforward only for spherial partiles, may be liquid droplets or nuleisurrounded by a thik liquid oating, but it is not for solid rystal fragment or agglomerate.To haraterize the size of suh partiles the equivalent diameter is often used, whih isthe diameter of a spherial partile that would have the same behavior with respet to theproperty of interest. The most ommon equivalent diameters are the aerodynami diameterand the mobility diameter: The aerodynami diameter is defined as the diameter of a unitdensity sphere with the same terminal settling veloity of the measured partile, while themobility diameter is the diameter of a spherial partile having the same mobility of the



10 Atmospheri aerosolPerentage CompositionRegion Mass [µg/m3℄ BC OC NH+
4 NO−

3 SO2−
4Remote 4.8 0.3 11 7 3 22Non-urban ontinental 15 5 24 11 4 37Urban 32 9 31 8 6 28Table 2.1: Typial mass onentration and omposition of fine tropospheri aerosol as re-sulting from measurements (Heintzenberg, 1989; Seinfeld and Pandis, 2006).partile under onsideration, where the mobility is defined as the ratio between the veloityof the partile and the fore to whih the partile is subjeted. The model used in this workassumes that all partiles are spherial, using the mass equivalent diameter, i.e. the diameterof a spherial partile with the same mass of the observed one.The transfer of energy and mass between the partile and the arrier gas depends onthe relation between the size of the partile and the mean free path of the surroundinggas moleules. The dimensionless number used to desribe the regime of the partile withrespet to the fluid is the Knudsen number Kn, defined as 2λ/Dp, where λ is the mean freepath of the gas moleules and Dp the diameter of the partile. λ depends on the moleulardensity of the gas. It is about 0.065 µm in air for normal temperature T = 293 K andpressure P = 1013 hPa and moleular density 2.5× 1019 moleules/m3, alulated throughthe ideal gas relationship (Friedlander, 2000). The two asymptoti ases for Kn = 0 andKn → ∞ are alled near-ontinuum and free moleular regime respetively. The treatmentof the transition between the two regimes is a very omplex topi.While the nuleation and the Aitken modes aount for the largest part of the totalaerosol number, the aumulation and the oarse modes provide the major ontributions tothe total aerosol mass. Partiles smaller than 1 µm usually have number onentrations inthe range from 10 to thousands partiles/m3, while partiles larger than 1 µm are generallyfound at onentrations of less than 1 partile/m3 (Seinfeld and Pandis, 2006).2.1.2 Chemial ompositionStratospheri and tropospheri aerosol are signifiantly different. Sine the main souresof aerosol partiles are not uniformly loated at surfae, and sine the aerosol residenetime in the troposphere is generally low, the onentration and omposition of tropospheriaerosol is very inhomogeneous. Tropospheri aerosol is mainly omposed by sulfate (SO2−

4 ),ammonium (NH+
4 ), nitrate (NO−

3 ), sodium (Na), hloride (Cl−), trae metals, arbonaeousmaterial both as blak (BC, see Se. 2.1.3) and organi arbon (OC), rustal elements andwater. While rustal element and sea salt make up the major part of the oarse fration,the dry mass of the fine fration of tropospheri aerosol is mainly omposed by sulfate,ammonium, nitrate, BC and OC. Tab. 2.1 reports the mass onentration and ompositionof fine tropospheri aerosol.Stratospheri aerosol is more homogeneous than tropospheri aerosol and mainly om-posed of sulfuri aid. Stratospheri aerosol is frequently perturbed by volani eruptions,whih injet large amount of sulfur dioxide (SO2) in the lower stratosphere. The eruptionof Mt. Pinatubo in June 1991, the largest in the 20th entury, injeted 30 Tg of aerosolmass in the stratosphere and led to enhaned stratospheri aerosol levels for over two year(Seinfeld and Pandis, 2006). Due to the ineffiieny of stratospheri sinks, stratospheriaerosols have a very long residene time, allowing for a long range transport that results in



2.1 Charaterization of atmospheri aerosol 11an effiient mixing of the stratospheri layer.
2.1.3 What is it meant by blak arbon and dust?As pointed out by Bond et al. (2006), the nomenlature used for arbonaeous partilesis quite onfusing. Usually, the term blak arbon refers to the strongly light absorbingomponent of arbonaeous aerosol. The less absorbing part is generally alled organiarbon, subsuming with this term a very broad spetrum of ompounds.Strongly-absorbing arbon is often alled elemental arbon or soot: Elemental arbonidentifies in atmospheri hemistry the arbonaeous material that does not volatilize below aertain temperature, usually about 550◦C, even though a more orret name for the materialdefined through this operative definition would be refratory arbon. Soot generally refersto any light-absorbing, ombustion-generated arbonaeous material, and in this meaningis used by the Intergovernmental Panel on Climate Change (IPCC). In this work the termblak arbon will be employed, as the most widely used among limate modelers.The term dust is used in this work as a athall term for all different speies that maybe found in soil dust, i.e. mainly quartz, lays, alite, gypsum and iron oxides.
2.1.4 MorphologyAs already mentioned, aerosol partiles are not always spherial. Dust partiles originated bywind erosion, for instane, often have a highly irregular shape. Freshly emitted soot appearsusually as hains of small partiles. Through ondensation of vapor or oagulation withother partiles a oating of soluble material an form at the soot surfae, and the hain-likepartiles ontrat assuming a shape more similar to a sphere, that they maintain also whenthe oating evaporates (Zhang et al., 2008; Saatho� et al., 2003), as shown in Fig. 2.1.The distribution of strongly-absorbing and less-absorbing material inside a single partileis important for the optial properties of aerosols. The idealized ase in whih the aerosolpopulation is omposed by a heterogeneous ensemble of homogeneous partiles is alled ex-ternal mixture, while the expression internal mixture is used to desribe any ourrene ofmultiple speies in the same partiles. The term internal mixture, however, does not defineompletely the state of mixing of the aerosol population: it may desribe a homogeneouspopulation of homogeneous partiles, where all speies are perfetly mixed with the othersinside eah partile at a moleular level, or it may refer to a partile that is internally hetero-geneous, having for instane a ore of blak arbon surrounded by a shell of less absorbingmaterial. These idealized ases are illustrated Fig. 2.2. The review by Bond and Bergstrom(2006) gives a very omplete overview on the influene of the state of mixing of blak arbonon the aerosol optial properties. This work fouses on the haraterization of the hygrosopibehavior of blak arbon and dust partiles: in this respet an internally mixed blak arbonor dust partile is meant as a partile with an insoluble ore and a shell of soluble material(Fig. 2.2). Externally mixed blak arbon and dust partiles are onsidered hydrophobi,internally mixed ones hydrophili. However, the optial properties of aerosol are here alu-lated assuming that aerosol partiles are an homogeneous internal mixture (Fig. 2.2b). Thisassumption simplify the oupling with radiation and redues the omputational demand ofthe model.



12 Atmospheri aerosol

Figure 2.1: Images of soot partiles taken with a transmission eletron mirosope (TEM).(a) Fresh soot partile. (b) Soot partile after exposure to H2SO4 vapor. The loud of smalldroplets surrounding the soot partile orresponds to the H2SO4 that was shaken off theoated soot partile beause of the impation against the TEM grid. The piture was takenfrom Zhang et al. (2008).2.2 Soures of aerosol: emissions, oagulation and nule-ationAerosols are emitted diretly (primary aerosol) or form via the oxidation of preursor gases(seondary aerosol). Primary aerosols arise in the atmosphere from natural soures, suhas desert wind-born dust, sea spray, volanoes and natural fires, or from anthropogeniativities, suh as ombustion of fossil fuels, e.g. by industry or traffi. Seondary aerosolsare produed by the gas-to-partile onversion of low volatile speies, whih results from theoxidation of preursor gases. These low volatile speies may then ondense on preexistingpartiles, modifying the optial, physial and hemial properties of their surfae. If notenough surfae is available, they may nuleate to new fine partiles with diameter between3 and 4 nm (Weber et al., 1997). Condensation is a soure mainly of aerosol mass, whilenuleation to new partiles inreases the number onentration of the aerosol populationand only slightly the mass onentration. Espeially in the upper troposphere lowermoststratosphere (UTLS) the ontribution of nuleation to the number onentration of aerosolan be of substantial magnitude. On the other hand, the freshly nuleated partiles are sosmall that the ontribution of single nuleation events to the total aerosol mass is almostnegligible.Important preursor gases are SO2, dimethyl sulfide (DMS = (CH3)2S) and H2S, that,after reating with OH radials, give sulfuri aid (H2SO4), whih may ondense or nuleateinto sulfate (SO2−
4 ). Other preursor gases are nitrogen oxide (NOX , orresponding to thesum of NO and NO2), whih an be oxidized into nitri aid (HNO3), ammonia (NH3) andseveral organi ompounds. A signifiant fration of HNO3 and NH3 an be present in theaerosol phase in the form of nitrate (NO−

3 ) and ammonium (NH+
4 ), respetively. In the sameway volatile organi ompounds (VOC), a term that broadly refers to any organi ompound



2.3 Sinks of aerosols: dry and wet deposition, oagulation and ageing 13
(a) (b) ()Figure 2.2: Idealized relationships between absorbing and non-absorbing material. (a) Exter-nal mixture, i.e. a heterogeneous population of internally homogeneous partiles ontainingonly one ompound; (b) Internal mixture as homogeneous population of internally homoge-neous partiles ontaining more than one ompound; () Internal mixture as heterogeneouspopulation of internally heterogeneous partiles. Figure by Bond and Bergstrom (2006).that evaporate readily under normal onditions, an be transformed to ondensable speiesby photodissoiation.About 10% of global atmospheri aerosol mass is generated by human ativity. Thisaerosol fration is onentrated in the immediate viinity or downwind of soures (Chin et al.,2009). The major anthropogeni soures of aerosols and preursor gases are urban and in-dustrial emissions, domesti fire and other ombustion produts, smoke form agriulturalburning and soil dust reated by any land management ativity (e.g. overgrazing, defor-estation, draining of inland water bodies and farming) that destabilizes the surfae to winderosion. Most of the natural soures of aerosol mass are wind-driven, like the erosion of therust, the raising of dust from the desert and the raising of sea salt from the sea surfaeinto the atmosphere. Next to the wind-driven ones, important natural soures of aerosolsare wildfire and volani ativities. DMS is produed by marine phytoplankton on the seasurfae, and organi ompounds are emitted by plants.2.3 Sinks of aerosols: dry and wet deposition, oagula-tion and ageingAerosol partiles are eventually removed from the atmosphere due to diret settling to theEarth's surfae by dry or wet deposition. The expression dry deposition refers to the removalproesses that do not involve any preipitation event. Besides sedimentation, whih is theaumulation of partiles at surfae beause of gravity, an important sink is also the impatof aerosols against a surfae following the Brownian motion of a partile. This is whatis properly alled deposition. Sedimentation is partiularly effetive on oarse partiles,deposition on partiles with diameter smaller than 1 µm (Seinfeld and Pandis, 2006).Wet deposition, or savenging, indiates removal proesses involving preipitation (snowor rain). Aerosol partiles an be inorporated in a preipitating partile in different ways: Aloud droplet may inorporate an aerosol partile after the ollision due to the aerosol Brow-nian motion or to the sedimentation of the loud partile (impat savenging), or the loudpartile may form around an aerosol partile (nuleation savenging), whih is then definedas ativated (see Se. 2.4). The mehanisms of wet deposition are often alled in-loudand below-loud savenging, referring to where the proess takes plae rather than to theproess itself. In-loud savenging omprises both nuleation and impat savenging, whilebelow-loud savenging an take plae only through impat savenging. These definitions



14 Atmospheri aerosolare not employed in this work, sine the adopted savenging parameterization depends onthe proess itself and not on where it takes plae.Stritly speaking, the term sink is applied to the proesses that remove aerosol massfrom the atmosphere. In a more general sense, it may be used also for those proesses,as oagulation, that onserve the aerosol mass in the atmosphere but lower its numberonentration. Coagulation is the proess for whih two aerosol partiles stik together afterolliding, forming a single partile. It is partiularly effetive when the partiles involvedhave very different size, while its effiieny is minimum between partiles of the same size.The term sink may also be used for those proesses that ause a loss of partiles in a speifiaerosol state, as e.g. the transformation of partiles from externally to internally mixed. Inthis ase the transformation, alled ageing, is a sink for externally mixed partiles.
2.4 The role of aerosols in loud formationAerosol are essential for the formation of louds, sine loud droplets form in the atmospherethrough ondensation of supersaturated water vapor on aerosol partiles (heterogeneousnuleation). The formation of loud droplets is highly favored by the presene of solubleaerosols. As extensively explained by Andreae and Rosenfeld (2008), the homogeneous nu-leation of supersaturated water vapor, i.e. the ondensation of water moleules without aforeign ondensation nuleus, would require the initial formation of very small droplets. Dueto the Kelvin effet, over suh small droplets the equilibrium vapor pressure is extremelyhigh (Pruppaher and Klett , 2000): This makes homogeneous nuleation possible only atvery high supersaturation values. However, the equilibrium vapor pressure over a solutionis muh lower than that over pure water (the Raoult effet), making the formation of louddroplets over soluble partiles easier. Depending on supersaturation, the Köhler theory ofloud droplet formation predits for eah dry soluble partile size and omposition a ritialwet partile size. Partile larger than this ritial size are said ativated and grows spon-taneously into droplets. The aerosols that an potentially indue the formation of louddroplets are alled loud ondensation nulei (CCN).Ie partiles an form in the atmosphere via homogeneous or heterogeneous freezing.For homogeneous freezing to take plae, i.e. for ie partiles to nuleate diretly out ofthe liquid phase, temperature lower than -36◦C are required (Rosenfeld and Woodley, 2000).Heterogeneous freezing, i.e. freezing in the presene of an insoluble partile, an our attemperatures well above those typial for homogeneous freezing. The insoluble partiles ini-tiating the freezing are alled ie nulei (IN). Suh IN partiles may be dust, soot, organior metalli partiles, mixed or not with soluble material, and are generally present in theatmosphere at onentrations of 0.01 partiles/m3, whih is orders of magnitudes lowerthan the typial aerosol number onentrations (Andreae and Rosenfeld , 2008). The hetero-geneous freezing of an ie partiles an take plae through different proesses. When thefreezing proess is initiated by an ie nuleus immersed in a superooled loud droplet, wespeak about immersion freezing. Impat freezing refers to the freezing proess initiated fromoutside, when the superooled loud droplet ollides with an ie nulei. The ase of a liquidlayer ondensing on the ie nuleus and subsequently freezing is alled ondensation freezing,and the ase of ie growth diretly on the dry ie nuleus is alled deposition freezing. Therelative importane of the different nuleation modes is still unlear (Hoose et al., 2008).
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Figure 2.3: Aerosol effet on limate. Figure from Forster et al. (2007)2.5 The limate effets of aerosolBesides the possible effets that aerosol an have on human health when onentrated nearthe surfae (e.g. WHO (2003)), aerosol also affets the radiation balane of the atmo-sphere, as shematially illustrated in Fig. 2.3. First, aerosols satter and absorb the short-wave solar radiation (diret effet), ausing a brightening of the planet when viewed fromspae. Seond, ating as CCN, they modify the mirophysial properties of louds andtheir amount and lifetime (indiret effet). Finally, absorbing aerosol warms the atmospherehanging the atmospheri stability, and this is thought to suppress loudiness (semi-direteffet, Akerman et al. (2000)). A detailed review of the aerosol indiret effet is given byLohmann and Feihter (2005). The loud albedo effet is related to the number of louddroplets inside the loud: A higher number of aerosols, i.e. of CCN, with respet to the un-perturbed ase leads, keeping onstant the loud liquid water ontent, to more and smallerloud droplets, and therefore to an inrease in the refleted solar radiation (loud albedoeffet or first indiret effet, Twomey (1977)). An inrease of aerosols is also supposed to de-rease the preipitation effiieny thereby prolonging the loud lifetime (loud lifetime effetor seond indiret effet, Pinus and Baker (1994); Albreht (1989)). Lohmann (2002b) hashypothized also another kind of indiret effet aused by hydrophili blak arbon partilesin mixed louds. She laims that, if no potential ie nulei are present, more aerosols leadto less preipitation, a prolongation of the lifetime of louds and an inrease of the loudfration. On the other hand, if the aerosol is omposed by a suffiient number of potentialie nulei, more ie partiles an be formed at the expenses of the droplets, sine in favor-able onditions ie rystals grow more rapidly than droplets. This leads to a situation withsome large ie rystals and less small liquid droplets, implying a higher preipitation rate viathe ie phase and a derease of the loud fration (glaiation indiret aerosol effet), henemore solar radiation an be absorbed by the Earth-atmosphere system and the temperatureinreases.The overall impat of aerosol is an inrease in Earth's refletane, leading to a redutionof sunlight reahing the Earth's surfae and onsequently produing a net limate ooling.The estimates of the magnitudes of these effets given by the different limate models,however, are very different and there is a very large unertainty on the net radiative foringof aerosol (Forster et al., 2007). Furthermore, the aerosol spatial and temporal distribution



16 Atmospheri aerosolis highly heterogeneous, so that the magnitude and even the sign of their limate effets varyimmensely with loation and season (Chin et al., 2009).



Chapter 3The aerosol model: MADEsootA global limate model simulates the atmosphere using a three dimensional grid. The phys-ial and hemial proesses take plae in eah box of the grid, and quantities like mass andnumber onentration are transported between neighboring boxes due to advetive, diffusiveand onvetive transport.The first stage of the development of the new model happens at the level of the box model:thanks to the muh smaller omputational resoures needed, many tests an be performedto hek if the model is robust in the whole range of possible values of the model variablesand parameters. One tested, the box model is implemented in the three dimensional one,previously modified to give a good desription of the region of interest.This hapter presents the box version of the aerosol model MADEsoot and its repre-sentation of the aerosol dynamis and hemistry. Chapter 4 introdues the three dimen-sional model ECHAM5/MESSy, the modifiations done to simulate the upper troposphere-lowermost stratosphere, and the implementation of MADEsoot in it.MADEsoot is a model for aerosol dynamis that allows for simulations of distributionand omposition of the atmospheri aerosol. Following the onept that Riemer et al. (2003)implemented in the frame of a regional model for the south-west part of Germany, MADEs-oot enhanes the Modal Aerosol Dynamis Model for Europe MADE, developed as a partof the European Air Pollution Dispersion model system (EURAD) by Akermann et al.(1998). The ore of MADE goes up to the the Regional Partiulate Model (RPM) ofBinkowski and Shankar (1995), that used a modal representation of aerosol dynamis (Whitby et al.,1991) for studies in the northern Amerian region. MADE was oupled to the general irula-tion model ECHAM4 (Lauer et al., 2005; Lauer and Hendriks, 2006), and later to ECHAM5in the framework of the Earth model system MESSy (Jökel et al., 2005; Lauer et al., 2007).This seond version has been used as the basis for the development of ECHAM5/MESSy-MADEsoot.3.1 Desription of the aerosol populationAerosol models generally represent the size distribution of aerosol by means of setional ormoment-based methods. The setional method (Adams and Seinfeld , 2002; Jaobson, 2001)divides the size domain into bins and alulates the number onentration in eah size bin.It is the most general method, beause it expliitely alulates the aerosol size distributioninstead of making assumptions on its shape. It is very aurate when a large number of sizebins is used, but, on the other hand, it is omputationally very expensive. The moment-basedmethods keep traks of the moments of the aerosol size distribution instead of traking thedistribution itself. Moment-based methods are the quadrature method of moments (QMOM)(MGraw , 1997) and the modal method (Whitby and MMurry , 1997). QMOM alulates



18 The aerosol model: MADEsootthe aerosol properties and their evolution from the moments of the distribution withoutrequiring the knowledge of the distribution itself, while the modal method desribes theaerosol population through one or more lognormal size distributions, whose parameters arederived from the moments. This is the method adopted in this work, and is explained indetails in the following.MADE. The aerosol model MADE, in the version desribed by Lauer et al. (2007), is thestarting point for the development of MADEsoot. MADE desribes the aerosol populationthrough three modes, depending on the partile size, under the assumption that all partilesare spherial and internally mixed. The three modes are:
• an Aitken mode, for partiles with diameter between about 10 nm and 100 nm andomposed of SO2−

4 , NH+
4 , NO−

3 , partiulate organi matter (POM), H2O, blak arbon(BC) and sea salt (SS);
• an aumulation mode, for partiles with diameter between about 100 nm and 1µm,omposed of SO2−

4 , NH+
4 , NO−

3 , POM, H2O, BC, SS and mineral dust (DU);
• a oarse mode, for partiles with diameter larger than about 1µm, omposed of H2O,DU and SS.In the Aitken and in the aumulation mode two mass traers are used to keep trak ofthe mass of hydrophili and hydrophobi BC. The transfer from the hydrophobi to thehydrophili is assumed to be an exponential deay with e-folding time of one day ( seeSe. 3.2.6). Mineral dust is assumed to be hydrophobi. A detailed desription of MADEis presented in Lauer et al. (2005) and Lauer and Hendriks (2006). Sine MADE fouseson the haraterization of sub-mirometer aerosols, whose evolution is quite independent ofoarse mode partiles (Whitby , 1978), the oarse mode has no interation with the smallermodes.MADEsoot. The aerosol model MADEsoot maintains the assumption of spherial parti-les, but makes a distintion between internally and externally mixed BC and sub-mirometerdust. Internally and externally mixed BC and dust partiles are assumed to be hydrophiliand hydrophobi, respetively. The aerosol population is desribed through seven modes:
• an Aitken mode (aknsol) for internally mixed soluble partiles with diameter betweenabout 10 nm and 100 nm. aknsol partiles are omposed of SO2−

4 , NH+
4 , NO−

3 , POM,H2O, SS;
• an aumulation mode (asol) for internally mixed soluble partiles with diameterbetween about 100 nm and 1µm. asol partiles are omposed of the same speies asaknsol;
• an Aitken mode (aknext) for externally mixed BC partiles with diameter betweenabout 10 nm and 100 nm;
• an aumulation mode (aext) for externally mixed BC and dust partiles with diam-eter between about 100 nm and 1µm;
• an Aitken mode (aknmix) for internally mixed BC and dust partiles, i.e. BC and dustpartiles overed by a oating of soluble material, with diameter between about 10 nmand 100 nm. The oating is omposed of the speies present in aknsol;
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• an aumulation mode (amix) for internally mixed BC and dust partiles with diam-eter between about 100 nm and 1µm. The oating is omposed of the speies presentin asol;
• a oarse mode (or) ontaining partiles with diameter larger than about 1µm andomposed of H2O, SS and dust.As in MADE, the oarse mode does not interat with the Aitken and the aumulationmodes. The hemial omposition of the individual modes in MADE and in MADEsoot issummarized in Tab. 3.1Through oagulation between different modes and ondensation of soluble material, ex-ternally mixed BC and dust partiles gain a over of soluble material and, if the oating issuffiiently large, are transferred to an internal mixture. In MADEsoot this ageing proessorresponds to the transfer of the mass and number onentration from the externally mixedmodes to the internally mixed ones, as explained in detail in Se. 3.2.6.Mathematial aspets. The partile number onentration n(D) within eah mode isrepresented as a funtion of the diameter D by a log-normal distribution:

n(D) =
d N

d D
=

Nt√
2π D ln σg

exp

(

−(ln D − ln Dg)
2

2 ln2 σg

)

, (3.1)where Nt is the total number onentration of the mode, Dg the median diameter and σgthe standard deviation of the mode. Nt, Dg and σg ompletely determine eah mode. Thenumber of partiles with diameter smaller than D is given by the integral of Eq. [3.1℄ between0 and D and is equal to:
N(D) =

Nt

2
+

Nt

2
erf( ln (D/Dg)√

2 lnσg

)

, (3.2)where the error funtion erf(z) is defined aserf(z) =
2√
π

∫ z

0

e−η2

d η (3.3)with erf(0) = 0 and erf(∞) = 1.The surfae and volume distribution orresponding to a log-normal number distributionare also log-normal. From Eq. [3.1℄ the surfae distribution nS(D) an be written forspherial partiles as
nS(D) = π D2 n(D) =

=
Nt√

2πD ln σg

π exp
[

2 ln Dg + 2 ln2 σg

]

exp

[

− [ln D − (lnDg + 2 ln2 σg)]
2

2 ln2 σg

]

, (3.4)whih is a log-normal distribution with standard deviation σg and median diameter given by
ln Dg (S) = ln Dg + 2 ln2 σg. (3.5)Likewise the volume distribution nV (D)

nV (D) =
π

6
D3 n(D) =

=
Nt√

2πD ln σg

π

6
exp

[

3 ln Dg +
9

2
ln2 σg

]

exp

[

− [ln D − (ln Dg + 3 ln2 σg)]
2

2 ln2 σg

] (3.6)



20 The aerosol model: MADEsootMADEMode SpeiesSO2−
4 NH+

4 NO−

3 POM H2O SS BC DUakn × × × × × × ×a × × × × × × × ×or × × ×

MADEsootMode SpeiesSO2−
4 NH+

4 NO−

3 POM H2O SS BC DUaknsol × × × × × ×asol × × × × × ×aknext × × × × × × ×aext × × × × × × × ×aknmix × × × × × × ×amix × × × × × × × ×or × × ×

Table 3.1: Chemial omposition of the modes in MADE and in MADEsoot. POM standsfor partiulate organi matter, BC for blak arbon, DU for mineral dust and SS for sea salt;aknsol and asol indiate the soluble Aitken and aumulation modes, aknext and aext themodes for externally mixed BC and dust, aknmix and amix the modes for internally mixedBC and dust, or the orse mode.
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D [µm]Figure 3.1: Number, surfae and volume distribution of three log-normal modes in the rangeof atmospheri Aitken, aumulation and oarse modes. The median diameters are 50 nm,0.5 µm and 5 µm, the total number onentrations 50000 m−3, 5000 m−3 and 50 m−3 andthe standard deviations 1.7, 2.0 and 2.2, respetively.is log-normally distributed with standard deviation σg and median diameter given by
lnDg (V ) = ln Dg + 3 ln2 σg. (3.7)

Fig. 3.1 shows the number, surfae and volume distribution of three log-normal modesin the typial range of the atmospheri Aitken, aumulation and oarse modes. While theAitken mode gives the larger ontribution to the number onentration, the oarse modedominates the volume distribution.In MADEsoot the standard deviation of the modes is fixed and set to 1.7, 2.0 and 2.2for the Aitken, aumulation and oarse modes, respetively, therefore only two parameters,
Nt and Dg, are needed to haraterize the modes. However, solving the equations diretlyfor the diameter Dg is not simple, therefore MADEsoot solves those for the 0th and 3rdmoment, whih allow to haraterize the mode as Nt and Dg do. The kth moment M (k) of



22 The aerosol model: MADEsoota distribution is defined as
M (k) =

∫ +∞

−∞

Dkn(ln D)d(lnD)

=

∫ +∞

0

Dk−1n(D)dD

= Nt Dg
k exp

(

k2

2
ln2 σg

)

, (3.8)where the last equivalene is true if n(D) is a log-normal distribution. In partiular, M (0)and M (3) are related to total number Nt and total volume Vt of the mode:
M (0) = Nt, (3.9)
M (3) =

6

π
Vt. (3.10)From Eq. 3.8 and Eq. 3.9 the median diameter of the mode is equal to

Dg =
M (3)

M (0)e
9

2
ln2 σg

(3.11)The prognosti variables of the model are the 0th moments of the modes, orresponding totheir total number onentrations, and the mass onentrations of the single speies presentin eah mode. This sums up to 21 prognosti variables in MADE, and to 52 in MADEsoot.The number of the prognosti variables in MADEsoot is given by the number onentrationsof the seven modes plus the mass onentrations of the hemial speies in eah mode, whihare six in aknsol, six in asol, seven in aknext, eight in aext, seven in aknmix, eight in amixand three in the oarse mode.3.2 Representation of aerosol mirophysisThe aerosol proesses simulated in MADE and in MADEsoot are the following:
• gas/aerosol partitioning, whih is the partitioning between nitri aid (HNO3) andammonia (NH3) in the gas phase and their salts in the liquid phase, i.e. nitrate (NO−

3 )and ammonium (NH+
4 ), and the partitioning between the gas and partiulate phase ofwater;

• ondensation of sulfuri aid (H2SO4) and organi material on preexisting aerosols;
• nuleation of H2SO4 in fresh aerosol partiles;
• oagulation, whih onsists in the oagulation between two partiles belonging to thesame mode (intramodal oagulation) or between two partiles belonging to two di�erentmode (intermodal oagulation);MADEsoot, as most aerosol models, uses the operator splitting approah, i.e. treats themirophysial proesses independently within eah time step. The suession of the proessesis hosen depending on their typial time sale. Gas/aerosol partitioning is assumed toat as �rst, followed by ondensation, nuleation and oagulation. These proesses hangethe aerosol mass and number onentration, whih an results in variations of the mediandiameters of the respetive mode. In this way the Aitken mode an grow into the size rangeof the aumulation mode. If this happens, the aerosol model assigns a part of the mass andnumber onentration of the Aitken mode to the aumulation mode:
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• partile growth from the Aitken modes into the aumulation modes.Furthermore, gas/aerosol partitioning, ondensation and oagulation reate a oating onexternally mixed BC and dust partiles whih may transform them in an internal mixture.MADEsoot, but not MADE, simulates also this ageing proess:
• ageing of BC and dust partiles from external to internal mixture (only in MADEsoot).These proesses determine the evolution of the prognosti variables. The prognosti equa-tions for the number onentration of eah mode are

∂Ni

∂t
= R(Ni) +

∂Ni

∂t

nul
+

∂Ni

∂t

oag
+

∂Ni

∂t

growth
+

∂Ni

∂t

ageing
, (3.12)

∂Nor
∂t

= R(Nor), (3.13)where i = akn, a in MADE and i = aknsol, asol, aknext, aext, aknmix, amix in MADEs-oot. R(Ni) represents the hange in the number onentration of the mode i due to transport,emissions, dry and wet deposition. These proesses are not inluded in the aerosol model,but are simulated in the three-dimensional system ECHAM5/MESSy-MADE(soot) by othersub-models (see Ch. 4). ∂Ni/∂tnul, ∂Ni/∂toag and ∂Ni/∂tgrowth orresponds to the hangein the number onentration due to nuleation of H2SO4, oagulation, and growth of theAitken mode into the aumulation mode size range, respetively. The terms ∂Ni/∂tageing,whih are present only in MADEsoot, desribe the ageing of BC and dust partiles, i.e. thetransfer of partiles from aknext and aext to aknmix and amix.The prognosti equations for the mass onentration of the speies in eah mode are
∂Cx,i

∂t
= R(Cx,i)+

∂Cx,i

∂t

nul
+

∂Cx,i

∂t

g/p
+

∂Cx,i

∂t

oag
+

∂Cx,i

∂t

ond
+

∂Cx,i

∂t

growth
+

∂Cx,i

∂t

ageing (3.14)
∂Cx,or

∂t
= R(Cx,or) (3.15)where x identi�es the speies in eah mode (Tab. 3.1), and i the mode, as for Eq. [3.12℄.

R(Cx,i) represents the hange in the mass onentration of the speies x in the mode i dueto transport, emissions, dry and wet deposition and hemistry. Besides the terms desribingthe hange in the mass onentration due to nuleation, oagulation, growth and ageing,whih are inluded also in Eq. [3.12℄, Eq. [3.14℄ inludes also the terms ∂Cx,i/∂tg/p and
∂Cx,i/∂tond, whih desribe the hanges in the mass onentration of NO−

3 , NH+
4 and H2Odue to mass exhange between gas and partiles and the inrease in SO2−

4 and POM massdue to ondensation of gases, respetively. As in Eq. [3.12℄, ∂Cx,i/∂tageing is present onlyin MADEsoot. Intramodal oagulation does not a�et the mass onentration in the mode.The expliit equations for eah prognosti variable are shown in App. A.The treatment of these proesses in MADE and MADEsoot is desribed in the following.The desription fouses on the modifiation introdued in MADE related to the new abilityof MADEsoot to simulate the different mixing states of aerosols. A detailed desription ofthe approah used by MADE is provided by Lauer (2005) and Lauer et al. (2005).3.2.1 Gas/aerosol partitioningThe partitioning between gas and partiulate phase of water, gaseous nitri aid (HNO3) andammonia (NH3) and their partile phase, nitrate (NO−

3 ) and ammonium (NH+
4 ) respetively,is alulated using the omputationally effiient equilibrium model EQSAM (Metzger et al.,2002a,b). The basi onept of EQSAM is that the ativities of atmospheri aerosol speies,



24 The aerosol model: MADEsootwhen in equilibrium with the ambient air, are governed by the relative humidity (RH), allow-ing for a parameterization of single solute molalities and ativity oeffiients only dependenton the type of solute and RH. The two main assumptions of EQSAM are that aerosols are in-ternally mixed and that the system is in thermodynamial equilibrium. Meng and Seinfeld(1996) have shown that the equilibration time of relevant aerosol speies in atmospherionditions is typially of the order of minutes, reahing one hour at low relative humidity.The assumption of thermodynami equilibrium is therefore feasible in global limate models,where the time step is typially between 0.5 and 1 hour.In order to redue omputational osts, EQSAM defines four different domains, depend-ing on the abundane of sulfate with respet to sodium, ammonium, potassium, alium andmagnesium. In eah domain, several parameters are defined. One parameter is, for instane,the stoihiometri oeffiient of ammonium, whih is used to determine the amount of avail-able ammonia after the neutralization of the total sulfate. Additionally, eah onentrationdomain is divided into sub-domains, defined through the omparison between RH and rela-tive humidity of deliquesene (RHD). Depending on whether RH is larger or smaller thanRHD, the partitioning is done between gas and liquid or between gas and solid aerosol.MADE. Sine the equilibrium time is shorter for smaller than for larger partiles (Meng and Seinfeld ,1996), MADE applies EQSAM �rst to the Aitken mode, and subsequently to the aumula-tion mode. The mass onentrations of SO2−
4 , NO−

3 , NH+
4 and sea salt in the Aitken modeis given as input to EQSAM, together with the gas onentration of NH3 and HNO3. Theoutput is the new onentration of aerosol water, NO−

3 and NH+
4 in the Aitken mode. Thesame proedure is applied afterwards to the aumulation modes, taking as input the onen-trations of NH3 and HNO3 whih are left from the first all of EQSAM. After EQSAM hasbeen alled, the onentration of the speies x = NH+

4 ,NO−

3 ,H2O in the mode i = akn, ais
Cx,i(t + ∆t) = MEQSAM

x,i (CSO2−

4
,i(t), CNO−

3
,i(t), CNH+

4
,i(t), CSS,i(t), RH), (3.16)where MEQSAM

x is the output onentration of the speies x alulated by EQSAM.MADEsoot. Sine the size order of the three MADEsoot Aitken modes is not �xed, itis not possible to set a priori if EQSAM has to be alled �rst for aknsol, aknext or aknmix.The same problem ours in the ase of the aumulation mode. Therefore, in MADEsootthe EQSAM input onentrations of SO2−
4 , NO−

3 , NH+
4 and sea salt are the total onentra-tions summed over the three respetive modes. The output onentrations of aerosol water,NO−

3 , NH+
4 is then divided among the three modes proportionally to the onentration ofsoluble material before EQSAM was alled. This is done �rst for the three Aitken mode andafterwards for the three aumulation mode.
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3
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4
,i(t) + CSS,i(t)

,(3.17)where, if γ = akn, i = aknsol, aknext, aknmix and, if γ = a, i = asol, aext, amix. Theindex x refers to the speies, with x = NH4,NO−

3 ,H2O, and MEQSAM
x,akn is the output onen-tration of the speies x alulated by EQSAM. A ertain amount of NO−

3 , NH+
4 and watermass is assigned also to the externally mixed modes, onurring to inrease their oating.



3.2 Representation of aerosol mirophysis 25The terms orresponding to the gas/partile equilibrium in the prognosti equationsEq. [3.14℄ are
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= 0 (3.21)3.2.2 Condensation of sulfuri aid and organi materialThe growth of the aerosol mass due to ondensation of sulfuri aid and organi vapor isexpliitly alulated by MADE and by MADEsoot. The mass onentration of sulfuri aidgas evolves following the analyti solution of the equation

d CH2SO4
(t)

d t
= P − L · CH2SO4

(t), (3.22)where P is the prodution rate of H2SO4 in the gas phase and L is the loss due to ondensa-tion. The amount of ondensing sulfuri aid ∆C ond an be alulated from Eq. [3.22℄ andis equal to
∆C ond = ∆CH2SO4
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)

(1 − e−L∆t) − P∆t. (3.23)The alulation of the loss oe�ient L is shown in App. B.1. ∆C ond is divided amongthe aerosol modes proportionally to the third moment growth oe�ients G
(3)
i = ∂M

(3)
i /∂t,where i is the index of the mode. The oe�ients G

(3)
i are alulated as the harmoni meanbetween the free-moleular and near-ontinuum regimes, and depend on the �rst and seondmomentum of the modes, on the stiking oe�ients of H2SO4, on the mean moleular velo-ity and on the di�usion oe�ient. The omplete expression of the ondensation oe�ientsis derived in App. B.1.The ondensation of organi material is alulated in the same way. The amount ofondensing gas CSOA, however is provided to the aerosol module as an external �eld ratherthan derived by an equation as Eq. [3.22℄.The terms in the prognosti equations relative to the ondensation of sulfuri aid andorgani ompounds are the following:MADE.
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. (3.27)3.2.3 Nuleation of new partilesThe binary nuleation of water and sulfuri aid is parameterized following Vehkamäki et al.(2002). The nuleation rate of new partiles J is parameterized by temperature, relativehumidity and onentration of sulfuri aid in the gas phase. The H2SO4 onentration usedto parameterize J is the amount left in the gas phase after ondensation has taken plae.The parameterization of Vehkamäki et al. (2002) is valid in the temperature range of190.15 - 300.15 K, in the relative humidity range of 0.01%-100% and in the sulfuri aidonentration range of 104 - 1011 partiles/m3. The resulting nuleation rate is in the rangeof 10−7−1010 partiles/(m3 s). The mass prodution orresponding to the nuleation rate Jis alulated assuming that the freshly nuleated partiles are log-normally distributed withwet median diameter of 3.5 nm (Weber et al., 1997) and standard deviation of the Aitkenmode. The sulfate mass m3.5 ontained in a sphere with wet diameter 3.5 nm is alulatedas a funtion of the relative humidity �tting experimental data. The nuleation of newpartiles an give a large ontribution to the number of partiles in the Aitken mode, butrarely inrease substantially the mass onentration of the mode, given the small diameterof the freshly nuleated partiles (Lauer and Hendriks, 2006).MADE. The freshly nuleated partiles are assigned to the Aitken mode.
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ln2 σakn . (3.29)MADEsoot. The freshly nuleated partiles are assigned to the BC and dust free Aitkenmode.
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ln2 σaknsol . (3.31)3.2.4 Partile oagulationCoagulation is the proess of ollision of aerosol partiles and the subsequent reation of alarger partile. This proess onserves the total mass of the oagulating partiles, but low-ers the number onentration, shifting the aerosol population towards larger diameters. Aomplete desription of the oagulation proess is very ompliated and requires large om-putational resoures. The problem onsiderably simplifies if one onsiders only oagulationdue to Brownian motion, ignoring the motion produed by other fores as the hydrody-nami, eletromagneti and gravitational fores, and assumes that the aerosol distributionkeeps log-normal after the oagulation proess (Binkowski and Shankar , 1995). The oagu-lation rates are alulated for spherial partiles, following Binkowski and Shankar (1995),



3.2 Representation of aerosol mirophysis 27as a funtion of the median diameter of the oagulating modes. They are higher betweenpartiles with different diameters than between partiles of the same size. The oagulationrates C
(k)
i,j desribe the hanging rate of the moment k of the mode l due to the oagulationbetween the mode i and j
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. (3.32)Their alulation is shown in App. B.2.MADE and MADEsoot desribe bimodal oagulation of partiles belonging to the samemode (intramodal oagulation) or to two different modes (intermodal oagulation). Bothaerosol models assume that partiles resulting from intramodal oagulation belong to thesame mode of the oagulating partiles, therefore intramodal oagulation is simulated in ais very similar way in MADE and in MADEsoot. On the other hand, the simulation ofintermodal oagulation is very di�erent, given the higher number of possible oagulationevents. Tab. 3.2 shows all possible oagulation events in MADE and in MADEsoot and thedestination of the partiles resulting from eah oagulation proess.MADE. MADE assumes that the oagulation between an Aitken mode partile and anaumulation mode partile results in an aumulation mode partile, while the oagulationbetween partiles belonging to the same mode results in a partile that still belongs to thesame mode. This implies that the intramodal oagulation lowers the number onentration ofboth modes but leaves the mass onentration unhanged, while the intermodal oagulationlowers the Aitken mode number and mass onentration and inreases the aumulationmode mass onentration, but not its number onentration. The oagulation terms in theprognosti equations Eq. [3.12℄ for the number onentrations are
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= −C(0)a, a (3.34)The oagulation terms for the mass onentrations in Eq. 3.14 are related to the hangingrate of the third momentum
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(3)akn Cx,akn, (3.36)where the sign of the oagulation rate C
(k)i,j is expliitely written.MADEsoot. The simulation of the intermodal oagulation is more ompliated in MADEs-oot than in MADE. Besides shifting the modes towards larger values of the median diameter,BC and dust free partiles may oagulate with BC and dust ontaining partiles, and ex-ternally mixed partiles may oagulate with partiles ontaining enough soluble material totransform them in an internal mixture. When suh oagulation events take plae and theamount of soluble material ontained in the oagulation modes is large enough, the resultingpartile is assigned to the internally mixed modes ontaining BC and dust, otherwise to theexternally mixed modes. The riterion to define a partile as internally mixed is explainedin Se. 3.2.6.
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MADEsootaknsol asol aknext aext aknmix amixaknsol aknsol asol aknmixORaknext amixORaext aknmix amixasol asol amixORaknext amixORaext amix amixaknext aknext aext aknmixORaknext amixORaknextaext aext amixORaext amixORaextaknmix aknmix amixamix amixTable 3.2: Intermodal and intramodal oagulation events in MADE and in MADEsoot. Thefirst row and the first olumn report the oagulating modes, and the body of the table thedestination of eah oagulation event.The oagulation term in the prognosti equation for the the number onentration of themode l is given by

∂Nl

∂t

oag
= C

(0)
l,l + C

(0)
i,j . (3.37)

C
(0)
l,l desribes the intramodal oagulation events, hene it is always negative. C

(0)
i,j , on theother hand, an be positive, negative or equal to 0. If i, j and l are di�erent from eah other,

C
(0)
i,j is positive. This is for instane the ase of an externally mixed BC or dust partileoagulating with a soluble one to give an internally mixed partile with BC and dust. If
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i = l or j = l, C

(0)
i,j an be negative or equal to zero, depending on l being mode that losesor reeives the resulting partile, respetively. C

(0)
i,j is symmetri with respet to swithing

i and j. Writing expliitly the terms of Eq. [3.37℄, the prognosti equations for the numberonentrations of the soluble modes are
∂Naknsol

∂t

oag
= −C

(0)aknsol,aknsol (3.38)
−C

(0)aknsol,asol − C
(0)aknsol,aknext − C

(0)aknsol,aext − C
(0)aknsol,aknmix − C

(0)aknsol,amix,
∂Nasol

∂t

oag
= −C(0)asol,asol (3.39)

−C
(0)asol,aknext − C(0)asol,aext − C

(0)asol,aknmix − C(0)asol,amix,where the sign of the oagulation oe�ients is expliitely written. All the possible oagu-lation events lower the number onentrations of the soluble modes.The result of a oagulation event involving an externally mixed mode is not alwaysassigned to the same mode. The oagulation between aknsol and aknext, for instane, angive a partile in aknmix or in aknext, depending on the ratio of soluble to insoluble massinvolved in the oagulation proess. The number onentration of aknsol beomes lower inboth ases, while the number onentration of aknext beomes lower in the �rst ase andstays the same in the seond ase. In the following the prognosti equations for the modesontaining BC and dust are expliitely written. For eah oagulation event whose resultingmode is not �xed, the two possible terms are written: The upper term in the urly braketorresponds to the ase where the resulting partile is internally mixed, the lower to the asewhere it is externally mixed. Eah term orresponds to a di�erent oagulation event.
∂Naknext

∂t

oag
= −C

(0)aknext,aknext +

{

−C
(0)aknsol,aknext

0
+

{

−C
(0)asol,aknext

0
(3.40)

−C
(0)aknext,aext +

{

−C
(0)aknext,aknmix

0
+

{

−C
(0)aknext,amix

0
,

∂Naext
∂t

oag
= −C(0)aext,aext +

{

−C
(0)aknsol,aext

0
+

{

−C
(0)asol,aext

0
(3.41)

+

{

−C
(0)aext,aknmix

0
+

{

−C
(0)aext,amix

0
,There are no oagulation events that inrease the number onentrations of the externallymixed modes. On the other hand the number onentrations of the internally mixed modeswith BC and dust an inrease following the oagulation of externally mixed BC and dustwith soluble partiles.
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0
−C

(0)asol,aknmix (3.42)
+

{

0

−C
(0)aknext,aknmix −C

(0)aext,aknmix −C
(0)aknmix,amix,

∂Namix
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(0)aknsol,aext

0
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{
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(0)asol,aknext

0
+

{
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(0)asol,aext
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(3.43)

+C
(0)asol,aknmix +

{

0

−C
(0)aknext,amix +

{

+C
(0)aext,aknmix

0
+

{

0

−C
(0)aext,amix .



30 The aerosol model: MADEsootThe hanging rate of the mass onentration of the speies x in the mode l due tooagulation is
∂Cx,l

∂t

oag
=

∑

i,j

C
(3)
i,j

M
(3)
i

Cx,i ≡
∑

i,j

Ki,j
x , (3.44)

where i and j identi�es the oagulating modes in events where the mode l is involved,as oagulating mode or as outome of the event. Sine the intramodal oagulation doesnot hange the mass of the mode, the hanging rate of M
(3)
l depends only on intermodaloagulation. C

(3)
i,j is not symmetri with respet to swithing i and j. If the partiles resultingfrom the oagulation between the mode i and j are assigned to the mode k, then C

(3)
i,j isrelated to the moment that is transferred from the mode i to the mode k, and C

(3)
j,i to themoment transferred from the mode j to the mode k. Ki,j

x is the mass of the speies x whihis transferred from the mode i. If i = l, Ki,j
x is negative or equal to zero.Writing expliitely the sign of the single terms, the terms in the prognosti equations forthe mass onentrations of the soluble modes are

∂Cx,aknsol
∂t

oag
= −Kaknsol,asol

x − Kaknsol,aknext
x − Kaknsol,aext

x − Kaknsol,aknmix
x − Kaknsol,amix

x ,(3.45)
∂Cx,asol

∂t

oag
= +Kaknsol,asol

x − Kasol,aknext
x − Kasol,aext

x − Kasol,aknmix
x − Kasol,amix

x .(3.46)As for the prognosti equations for the number onentrations, the terms desribing theoagulation events involving an externally mixed mode depend on the amount of solublematerial involved. The upper term in the urly brakets is valid in ase the resulting partileis internally mixed, the lower if it is externally mixed.
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+
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+
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−Kaext,aknmix
x

+Kaknmix,aext
x

+

{

−Kaext,amix
x

+Kamix,aext
xIf the resulting partile is externally mixed, the number onentration of the involved ex-ternally mixed mode does not hange, but its mass onentration does. The prognosti
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∂Cx,aknmix

∂t

oag
=

{

+Kaknsol,aknext
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0
+ Kaknsol,aknmix

x − Kaknmix,asol
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+
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x

0
+
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+Kasol,aext
x + Kaext,asol
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x

0
+

{

+Kaext,amix
x

−Kamix,aext
x

+ Kaknmix,amix
x3.2.5 Partile growthCondensation of vapor and oagulation with other partiles inrease the volume of individualaerosol partiles, and therefore shift the modes toward larger diameters. Sine the evolutionof the Aitken and of the aumulation mode are alulated independently, the diameter ofthe Aitken mode an grow into the size range of the aumulation mode. If this happens,a fration of the Aitken mode ontaining large partiles is transferred to the aumulationmode. To ahieve this, the aerosol model transfer to the aumulation mode the numberonentration of the Aitken mode partiles with diameter larger than Dn, where Dn isthe intersetion diameter between the Aitken and aumulation mode number distributions(Fig. 3.2). In the same way, the mass onentration of the Aitken mode partiles withdiameter larger than DV , where DV is the intersetion diameter between the Aitken andaumulation mode volume distributions, is transferred to the aumulation mode. Thenumber and mass of the partiles with diameter larger than Dn or DV is alulated bymeans of Eq. [3.2℄ This operation is alled mode merging.MADE. A part of the number and mass onentration of the Aitken mode is transferredto the aumulation mode. From Eq. [3.2℄,

∂Nakn
∂t

growth
= −∂Na

∂t

growth
= −Nakn(D > Dn)

∆t
, (3.51)

∂Cx,akn
∂t

growth
= −∂Cx,a

∂t

growth
= −Cx,akn(D > DV )

∆t
, (3.52)MADEsoot. The merging between the Aitken and the aumulation mode applies onlyto modes with the same mixing state, i.e. aknsol merges with asol , aknext with aext and
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Figure 3.2: Model representation of the merging between Aitken and aumulation modes.aknmix with amix.
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growth (3.57)
∂Cx,aknmix

∂t

growth
= −∂Cx,amix

∂t

growth (3.58)3.2.6 Ageing of blak arbon and dust partilesCoagulation and ondensation of gases on externally mixed partiles reate a oating aroundexternally mixed BC and dust partiles, and an therefore transfer them to an internal mix-ture (e.g. Okada et al. (2005); Moteki et al. (2007)). Also photohemial reations an on-tribute to the ageing of externally mixed BC partiles, transforming the surfae from beinghydrophobi to hydrophili. Weingartner et al. (1997) show that ageing through photohem-ial reations is mostly less effiient than the ageing through oagulation or ondensation,while Kotzik and Niessner (1999) state that oxidation of ozone ould be more importantthan oagulation in the hange of the hygrosopi behavior. However, Kotzik and Niessner(1999) use a quite high ozone onentration ompared to usual tropospheri values. MADEs-oot simulates expliitly the ondensation of SO2−
4 and organi material (Se. 3.2.2), inter-modal oagulation (Se. 3.2.4) and heterogeneous nuleation of ondensable ompound (Se.3.2.1).MADE. MADE does not simulate expliitely the ageing of blak arbon and dust parti-les and, in the handling of the mirophysial proesses, does not keep trak separately of
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Figure 3.3: Model representation of the ageing of the externally mixed modes.externally and internally mixed BC and dust. However, while dust is supposed to be om-pletely hydrophobi, MADE assumes for BC an exponential deay from the hydrophobi intothe hydrophili state, here used as synonym of externally and internally mixed, rispetively.Tehnially, MADE uses two di�erent traers for the mass onentration of BC, one for eahstate of mixing. Before the aerosol mirophysis is simulated, the ageing is alulated as
MBCext,i(t + δt) = MBCext,i(t)(1 − e−∆t/τ ), (3.59)
MBCint,i(t + δt) = MBCint,i(t) + MBCext,i(t)e−∆t/τ , (3.60)where the e-folding time τ is arbitrarily set to one day. The mass of hydrophobi andhydrophili BC are then added up, and the aerosol mirophysis is alulated for the totalBC. The number onentration of the modes is not a�eted.MADEsoot. Given the new modes available in MADEsoot, whih allow to keep trak ofexternally and internally mixed BC and dust during the alulation of aerosol mirophysis,MADEsoot simulates expliitely the ageing of BC and dust. After all aerosol proesses havebeen simulated, MADEsoot alulates the amount of soluble mass (SO2−

4 , NH+
4 , NO−

3 , POM,H2O, SS) in eah externally mixed mode i. If it is larger than a ritial fration x of thetotal mass of the mode i, where x is a free parameter of the mode, the mass and the numberonentrations of the mode i are transferred to the internally mixed Aitken and aumulationmodes with blak arbon and dust. To ahieve this the diameter D at whih the numberdistribution of aknmix intersets that of amix is alulated, and the aged externally mixedpartiles with diameter larger than D, obtained by means of Eq. [3.2℄, are assigned to amix,the others to aknmix (Fig. 3.3). This is a step proess, sine it does not at as long as theratio of soluble to total mass in the externally mixed mode i is lower than x. When the massration exeeds x, the whole externally mixed mode is transferred to the internally mixedones. Therefore if there is no ageing the relative terms in the prognosti equations are 0.De�ning for eah externally mixed mode i the ratio ri of soluble material as
ri =

msol
i

mtot
i

, (3.61)
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+
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0 if raext < x
1
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Cx,aext(d < D) if raext > x

∂Cx,amix
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ageing
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{

0 if raknext < x
1

∆t
Cx,aknext(d > D) if raknext > x

(3.67)
+

{

0 if raext < x
1

∆t
Cx,aext(d > D) if raext > xAs a onsequene of the aging proess, the mass and number onentrations of the externallymixed modes are set to 0.The parameter x an be hosen depending on the aerosol properties to investigate.Bond et al. (2006) studied from a theoretial point of view the influene of a soluble shell onthe radiative properties of an aerosol partile, finding very different values of the absorptionamplifiation for different shell to ore ratios. Weingartner et al. (1997) and Khalizov et al.(2009) presented experimental studies on the hygrosopi properties of externally and in-ternally mixed BC, and set to 10% the fration of soluble mass in a partile beyond whihthe partiles show a more hygrosopi behavior. In the present study three simulations havebeen performed, with x=5%, 10% and 50%, respetively. For eah of them the evaluationtests shown in Ch. 5 have been performed. The onentration of total BC and dust havenot shown sensible variations among the three runs. More details about these studies arereported in Se. 6.1.4.



Chapter 4The three-dimensional model:ECHAM5/MESSy-MADEsootThe global limate model used in this work is the ECHAM5/MESSy system (E5/M). ECHAM5(version 5.3.01) is the general irulation model (GCM), responsible for the movement of airmasses, the transport of the traers as e.g. the mass of the hemial speies and the numberonentration of the modes, and for the atmospheri physis as radiation or preipitation.The interfae MESSy (version 1.4), on the other hand, ouples the proesses, whih aresimulated by the different sub-models, to eah other and to the GCM.In this hapter the global aerosol-hemistry model E5/M-MADE, whih is the startingpoint of the the implementation of MADEsoot in a global limate model, is presented,as well as the modifiations that were introdued to obtain a better desription of theaerosol onentrations in the upper troposphere-lowermost stratosphere (UTLS), and alsothe implementation of the aerosol box model MADEsoot in E5/M is desribed.4.1 The starting point: the ECHAM5/MESSy-MADEaerosol-hemistry modelThe ECHAM5/MESSy model is a numerial hemistry and limate simulation system thatinludes sub-models to desribe physial and hemial proesses of the troposphere andmiddle atmosphere (Jökel et al., 2006). The model was extended with the aerosol moduleMADE by Lauer et al. (2007).ECHAM5 (Roekner et al., 2003) is the atmospheri general irulation model developedat the Max Plank Institute for Meteorology, Hamburg. The first version of ECHAM wasdeveloped following the weather predition model of the European Center for Medium RangeWeather Foreasts (ECMWF).ECHAM5 is a spetral model based on the so alled primitive equations, i.e. thedifferential equations for momentum, temperature and moisture. The prognosti variablesare vortiity, divergene, temperature, speifi humidity and logarithm of the surfae pres-sure. Exept for the speifi humidity, that is alulated in the grid point spae, the prognos-ti variables are represented in the spetral spae by a trunated series of spherial harmonis.The standard trunations used in ECHAM5 are at 21, 31, 42, 63, 85, 106 and 159 harmonis,and the hosen trunation determines the horizontal resolution of the model. The horizontalresolution used in this work is T42, whih orresponds to a grid of 64 ells along the latitudeand 128 along the longitude, with a ell width of approximately 2.8◦ × 2.8◦.



36 The three-dimensional model: ECHAM5/MESSy-MADEsootThe atmosphere up to 10 hPa is divided vertially in non-equidistant levels with a hybridvertial representation that follows the orography lose to the surfae and flattens the UTLS.The pressure at eah level boundary is defined through the two onstant hybrid parameters
A and B as a funtion of the surfae pressure ps as

pk = Ak + Bkps, (4.1)
A0 = BNlev+1 = ANlev+1 = 0, B0 = 1, (4.2)where the index k = Nlev + 1 refers to the upper boundary of the upper level, and k = 0to the lower boundary of the lower level. The possible vertial resolution are 19, 41, 39and 90 levels. In this work the vertial resolution L19 was hosen, whih is preise enoughfor the studies here performed and keeps low the amount of omputational time required.The time step of the model is dependent on the hosen horizontal and vertial resolutionto fulfill the Courant-Friedrih-Levy (CFL) riterion, a ondition for the numerial solutionof partial equations. The CFL riterion applied to this model presribes that the time stepmust be shorter than the time for an air parel to travel adjaent grid points. The standardECHAM5 time step for the resolution T42L19 is 30 minutes, but it has been set here to 24minutes in order to reah a higher model stability.MESSy is the aronym for Modular Earth Sub-model System (Jökel et al., 2005, 2006),developed at the Max-Plank-Institute for Chemistry, Mainz. MESSy is the link betweenthe sub-models and the base model, ECHAM5 in this ase, and among the sub-modelsthemselves. MESSy is omposed by four levels:

• the Base Model Layer, whih omprises the GCM;
• the Base Model Interfae Layer, whih is responsible for the ontrol of the sub-models,for the transfer of data to and from the sub-models, and for the model output;
• the Sub-Models Interfae Layer, whih handles the internal data transformation ineah sub-model and the sub-model speifi proedures as the all of subroutines;
• the Sub-model Core Layer, whih onsists of the box models of eah sub-model andan be used independently from the other layers.The sub-models used in this work are listed in Tab. 4.1. Those relevant for aerosol dynamisand hemistry are presented in Se. 4.3, apart from MADEsoot that has been desribed indetail in Ch. 3. The version of MESSy used in this work is the version 1.4.MADE has been briefly desribed in Se 3.1. The aerosol proesses are simulated byMADE in a similar way as MADEsoot does. A detailed desription of MADE is presentedin Lauer et al. (2005) and Lauer and Hendriks (2006).4.2 Modifiations for modeling the upper troposphereThe studies onduted with E5/M-MADE in Lauer et al. (2007) aimed to quantify the im-pat of oean-going ships on aerosols. They foused on the aerosol onentrations in theboundary layer, where the model had been rigorously evaluated and performs well. On theother hand, the vertial profile of the aerosol onentration alulated with E5/M-MADEshowed a defiieny in the UTLS above 500 hPa, a region where the formation of ie parti-les is partiularly evident. Sine this study fouses on the onentration of ie nulei, the



4.2 Modifiations for modeling the upper troposphere 37Sub-model Funtion RefereneCONVECT Original ECHAM5 onvetion shema Tiedtke (1989); Nordeng (1994)CVTRANS Transport of traers aused by onve-tion Tost (2006)DRYDEP gas phase and aerosols dry deposition Kerkweg et al. (2006a)H2O Initialization of H2O in the strato-sphere and mesosphere from satelliteobservations and feedbak with speifihumidity Lelieveld et al. (2007)
JVAL Calulation of photolysis rateoeffiients Landgraf and Crutzen (1998)LNOX Prodution of NOx by lightening Prie and Rind (1992)MADE Aerosol mirophysis Lauer et al. (2005)MADEsoot Aerosol mirophysis this studyMECCA Tropospheri and stratospheri hem-istry Sander et al. (2005)OFFLEM Offline emissions Kerkweg et al. (2006b)ONLEM Online emissions Kerkweg et al. (2006b)RAD4ALL Original ECHAM5 radiation model Roekner et al. (2003)SCAV Wet deposition and liquid phase hem-istry Tost et al. (2006)SEDI Sedimentation of aerosols Kerkweg et al. (2006a)TNUDGE Nudging of traers Kerkweg et al. (2006b)TROPOP Calulation of the altitude of thetropopause -Cloud Cloud physis Lohmann (2002a)Table 4.1: List of the sub-models that has been used in this work. The sub-model responsiblefor loud physis has been developed by Lohmann (2002a) and is not inluded in the standardECHAM5/MESSy 1.4.performane of the model in that region had been improved before implementing the newaerosol sub-model MADEsoot.To obtain a reliable desription of the aerosol population in the UTLS, the model had tobe modified in partiular in the depition of the loud savenging proesses, i.e. the uptakeof aerosols by loud droplets or ie rystals through the ollision between aerosols and fallingloud partiles or through the nuleation of new loud partiles around them. Savenging isdesribed in E5/M by the sub-model SCAV (Tost et al., 2006).Savenging of aerosols by ie rystals. The version of SCAV inluded in the standardE/M-v1.4 desribes separately the uptake of aerosol partiles by liquid water droplets andby ie partiles, but the amount of aerosol that is washed out is weighted in both ase withthe rain flux. If savi and savw are the savenging oeffiients for ie and water respetively,the total savenging oeffiient is the sum of the twosavtot = savi + savw. (4.3)
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µg/(m2s)Figure 4.1: Vertial profile of the globally averaged rain (solid line) and snow (dotted line)preipitation rate, for a global average of a two years simulation with E5/M-MADE.The onentration of interstitial aerosol, i.e. the aerosol that has not been taken up by loudpartiles, is
c(t + ∆t) = c(t) e−savtot∆t, (4.4)and the onentration of savenged aerosol, i.e. the aerosol that has been taken up by louddroplets but not yet washed out, is
csav = c(t) − c(t + ∆t). (4.5)The amount of the aerosol that is washed out is obtained multiplying the savenged aerosolby the rain formation rate fr
cwashed out = csav × fr. (4.6)If the snow flux is negligible with respet to the rain flux, as it mostly happens in the lowertroposphere, this simplifiation does not ause any problem; in the UTLS, however, the snowflux is larger than the rain flux, as shown in Fig.4.1, and this simplifiation is not aeptable.The modified version of SCAV developed in this study takes into aount both the snowand the rain fluxes and provides a desription of the wash out of aerosols through the uptakeby ie partiles suitable also for the UTLS. The amount of aerosol that is savenged by ierystals and by loud droplets is alulated separately:

csav.ie = c(t)
(

1 − esavi∆t
) (4.7)

csav.liquid = c(t)
(

1 − esavl∆t
)

, (4.8)and the amount of aerosols that is removed by preipitation is alulated taking into aountboth the rain and the snow formation rate fr and fs:
cwashed out = csavie × fs + csav.liquid × fr. (4.9)
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ng/kg(air)(b) Costa Ria, February 2006, BCFigure 4.2: Vertial profile of BC and total aerosol mass onentrations simulated byECHAM5/MESSy-MADE before and after the modifiation introdued to apply the modelto the UTLS. The experimental data are from Shwarz et al. (2006, 2008b). Solid and openirles orrespond to two di�erent �ights.Ie savenging in onvetive louds. SCAV simulates the uptake of aerosol partiles byliquid water droplets through nuleation and impat savenging with two different param-eterizations. On the ontrary, the distintion between impat and nuleation savenging isnot done for ie savenging, whih is simply parameterized by assuming that 5% of the givenaerosol is taken up by ie partiles, both in stratiform and in onvetive louds. Assuminghigher supersaturation, the ie savenging oeffiient in onvetive louds is here set to 90%(Ekman et al., 2004).Ie savenging by heterogeneous freezing. To simulate the higher ability of BC anddust partiles to at as ie nulei (Seinfeld and Pandis, 2006), different ie savenging param-eters for hydrophili and hydrophobi speies were introdued. Aording to Verheggen et al.(2007) and fitting the vertial profile of BC and total aerosol presented in Shwarz et al.(2006, 2008b), it is assumed here that the aerosol fration that is savenged by ie in strati-form louds is 10% for the mass of BC and dust and 5% for all other traers. Only 5% of thenumber onentration is savenged by ie. This brings to an inonsisteny in the treatmentof the number onentration, sine MADE does not allow to simulate whih number frationof partiles ontains BC or dust. This inonsisteny will be resolved with the implementationof MADEsoot.Fig.4.2 shows the vertial profile of BC and total aerosol mass onentration alulatedwith the original and the modified version of E5/M-MADE, ompared to airborne measure-ments. The experimental data were taken with a single partile soot photometer during aampaign over Texas in November 2004 (Shwarz et al., 2006) and over Costa Ria in Febru-ary 2006 (Shwarz et al., 2008b). The version of E5/M-MADE developed in this work hasbeen evaluated also with data from other ampaigns, whose results are not reported here.The results of these evaluations are shown in Ch. 5 for E5/M-MADEsoot, that has beendeveloped starting from this version of E5/M-MADE.



40 The three-dimensional model: ECHAM5/MESSy-MADEsoot

Figure 4.3: Atmospheri proesses relevant for aerosol and relative sub-models. Modifiedfrom Ghan and Shwartz (2007).4.3 Implementation of MADEsoot in the global modelECHAM5/MESSyAerosols are emitted diretly (primary aerosol) or form via the oxidation of preursor gases(seondary aerosol). The relative humidity of air and the availability of ondensable speiesontrols the partile growth or evaporation. Between louds and aerosols there is a mutualinteration: the uptake of aerosols by loud partiles followed by loud evaporation an alterpartile properties, and at the same time aerosols an serve as loud ondensation nulei orie nulei for new loud partile formation. Dry deposition and savenging by preipitationeventually remove aerosols from the atmosphere. The major proesses ontrolling the lifeyle of atmospheri aerosols and the sub-models that desribe them in E5/M-MADEsootare shown in Fig. 4.3. The implementation of the box model of MADEsoot in the three-dimensional model requires the oupling between the aerosol sub-model and the sub-modelsresponsible for those proesses, and the modifiation of those sub-models to aount for thenew features of MADEsoot that were not present in MADE. Fig. 4.4 presents a shematirepresentation of E5/M-MADEsoot.
4.3.1 Soures of aerosolsThe emissions of aerosols and gases in the atmosphere are desribed by the sub-modelsOFFLEM and ONLEM. OFFLEM is responsible for the offline emissions, i.e. externalfields that are provided as input to E5/M, while ONLEM handles the online emissions, i.e.the emissions whose amount is alulated by the model itself depending on meteorologialonditions. The data set for the offline aerosol emissions used in this work is the inventorydefined for the AeroCom Experiment �B� (Dentener et al., 2006), that presribes typialemission values for the year 2000.
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Figure 4.4: Shemati representation of the model system ECHAM5/MESSy-MADEsoot.Piture by Axel Lauer (modified).Primary EmissionsThe aerosol speies emitted in E5/M-MADEsoot are SO2−
4 , blak arbon, partiulate organimatter (POM), dust and sea salt. In E5/M-MADE these speies had to be split only amongthree modes, while in E5/M-MADEsoot this has to be done among seven modes. Theemitted soluble aerosol that were assigned in E5/M-MADE to the Aitken mode are to besplit between the Aitken modes with BC and the one without BC, and the emitted BC isto be split between the internally and the externally mixed BC modes. The same has tobe done for the emissions that were assigned by E5/M-MADE to the aumulation mode.The emissions assigned to the oarse mode are the same in E5/MESSy-MADE and E5/M-MADEsoot.The assignement of the emissions to the respetive mode is not part of the global model,it has to be done separately before starting the simulation. E5/M-MADE(soot) reads �leswhere the emissions are already divided among the modes.Blak arbon. The soures of BC inluded here are large sale biomass burning, biofueland fossil fuel ombustion. BC emissions are split between the internally and the externallymixed modes, assuming that 80% of the emitted BC is in an external mixture and the re-maining 20% in an internal mixture. BC from biofuel and biomass burning is assigned to theaumulation mode, BC from fossil fuel to the Aitken mode. BC emissions from large salefire are based on the Global Fire Emission Database (GFED) inventory (van der Werf et al.,2004) and are an average of the values between 1997 and 2002. They are injeted betweenthe surfae and 6 km altitude, depending on the kind of fire and the latitude where it takesplae. Bio and fossil fuel BC emissions, from the Speiated Partiulate Emissions Wizard(SPEW) inventory for 1996 (Bond et al., 2004), are emitted at surfae level.



42 The three-dimensional model: ECHAM5/MESSy-MADEsootSO2−
4 . Sulfur from volani, shipping, traffi, off-road, biomass burning and domestisoures is emitted as SO2 (97.5%) and partiulate SO2−

4 (2.5%). 50% of the SO2−
4 emit-ted by volani soures is assigned to the Aitken mode and 50% to the aumulation mode,SO2−

4 from biomass burning is assigned to the aumulation mode and SO2−
4 from all othersoures to the Aitken mode. The amount of partiulate SO2−

4 assigned to the internallymixed modes with BC and dust is the minimum needed to define the 20% of the emitted BCmass as internally mixed, aording to the definition explained in Se. 3.2.6. If not enoughSO2−
4 is available, the missing mass is taken from the emitted POM. Bio and fossil fuelsulfur emissions are from Cofala et al. (2005), exept those from shipping whih follow theEmission Database for Global Atmospheri Researh (EDGARv3.2 FT20001, Olivier et al.(2005)) and are injeted at surfae level. Volani sulfur emissions data are based on theGEIA inventory (Andres and Kasgno, 1998) and are injeted at different altitudes.Partiulate organi matter. POM is emitted by the same soures as BC. As BC, POMfrom biofuel and biomass burning is assigned to the aumulation mode, POM from fossilfuel to the Aitken mode. For the splitting between the modes with or without BC, see theparagraph about SO4 emissions. for the injetion altitude and the database used, see theparagraph about BC.Dust. Emissions of dust are based on simulations with near surfae winds of the year 2000generated by the NASA Goddard Earth Observing System Data Assimilation System (GEOSDAS). 98.6% of the emitted dust is assigned to the oarse mode and the remaining 1.4%to the externally mixed aumulation mode. No dust is assigned to the internally mixedaumulation mode, sine the major emission regions of dust are poor of soluble material,and the lifetime of externally mixed dust partiles is omparatively long (Zhang et al., 2003).An online alulation of dust emissions, that is also allowed by the model, is not used here,sine the diameter of the resulting dust partiles is larger than the typial oarse mode ofMADEsoot.Sea Salt. Sea salt emissions are alulated online by the sub-model ONLEM, dependingon the wind speed and on the sea fration and ie overage of the grid ell (Ganzeveld et al.,2006). The emissions are assigned to the aumulation and oarse modes followingGuelle et al.(2001).The set of emissions provided by the AeroCom Experiment B inludes the mass onen-trations of all speies desribed above and, additionally, the number onentration of theemitted dust. When only the mass is available, a log normal size distribution has to beassumed to alulate the number onentrations. The assumed distribution of the emissionsassigned to the Aitken and to the aumulation modes have standard deviation equal to 1.8and median diameter of 0.03 µm and 0.08 µm, respetively.Emissions of preursor gasesSeondary aerosols result from the hange of phase following oxidation of preursor gasesas dimethyl sulfide (DMS), SO2, NOx, NH3 and organi gases. The hemistry sub-modelMECCA alulates the reation rates of the oxidation proesses of DMS, SO2 and NOx.These proesses give as produt HNO3 and H2SO4, whose ondensation, together with the1http://www.mnp.nl/edgar



4.3 Implementation of MADEsoot in ECHAM5/MESSy 43ondensation of NH3 and organi gases, is alulated by MADEsoot as explained in Se. 3.2.1and Se. 3.2.2.DMS. Oeani DMS emissions are alulated online by ONLEM from the 10m wind speedand a limatology of the oean water DMS onentration (Ganzeveld et al., 2006). TerrestrialDMS, muh smaller than oeani DMS, is emitted offline following Spiro et al. (1992).SO2. SO2 emissions have already been desribed in the paragraph about partiulate SO4emissions. Besides the soures that have been mentioned for SO4, SO2 is emitted fromindustry and power plants. These emissions are injeted between 100 and 300 m.NOx The adopted NOx emissions are those desribed in Ganzeveld et al. (2006) but withshipping emissions from EDGAR3.2 FT2000 Olivier et al. (2005) instead of those fromEyring et al. (2005), in order to be onsistent with the shipping emissions used in the Aero-Com experiment. Additionally the DLR inventory (Shmitt and Brunner , 1997) is used forNO emissions from air traffi, and NOx from lightening is alulated online by the sub-modelLNOX following Prie and Rind (1992).NH3 NH3 emissions are the standard MESSy emissions desribed inGanzeveld et al. (2006).Condensable organi gases. The prodution of ondensable organi gases, whose on-densation into seondary organi aerosol (SOA) is alulated by MADE, is from the AeroComdata set. They are based on the assumption that 15% of natural terpene emissions formSOA. SOA forms on short time sales, therefore SOA preursors emissions are assumed toondenses instantaneously onto pre-existing aerosol partiles and their transport and hem-istry is negleted.
4.3.2 Ativation of aerosol partilesThe mirophysis of louds is simulated with the model developed by Lohmann (2002a).This loud model is not inluded in the standard E5/M, and has been implemented in itby Lauer et al. (2007). This loud mirophysial model solves prognosti equations not onlyfor loud liquid water and loud ie, as the standard E5/M sub-model CLOUD does, butalso for the number onentration of loud droplets and ie rystals. The loud miro-physis parameterized by the sub-model used in this work inludes (Lohmann et al., 1999;Lohmann and Kärher , 2002): growth of loud droplets through ondensation, growth of ierystal through deposition of water vapor, homogeneous and heterogeneous freezing of louddroplets, auto-onversion of loud droplets and ie rystals to rain and snow respetively,aggregation of ie rystals, aretion of loud droplets to rain and of ie rystals and louddroplets to snow, evaporation of liquid water and rain and sublimation and melting of loudie and snow.The number onentration of loud ondensation nulei (CCN) is alulated aording toAbdul-Razzak and Ghan (2000) as a funtion of the diameter of the modes, and is providedto the loud sub-model. Externally mixed BC and dust partiles annot at as CCN, but,sine MADE annot simulate their number onentration, they annot be exluded fromthe simulation of the ativation proess. The number of CCN is therefore alulated overthe total Aitken mode and aumulation mode number onentration. On the other hand,this an be done in MADEsoot, whih an simulate how many BC and dust partiles are



44 The three-dimensional model: ECHAM5/MESSy-MADEsootinternally mixed and how many externally mixed. In E5/M-MADEsoot the number of CCNis alulated only over the number onentration of the soluble modes and of the internallymixed BC and dust modes (aknsol, asol, aknmix and amix).4.3.3 Effet of aerosol on radiationThe aerosol optial properties are alulated by MADEsoot in the Sub-Models InterfaeLayer (see Se. 4.1) and read by the E5/M radiation sub-model RAD4ALL. In analogy toMADE, MADEsoot alulates the refration index of an internal mixture as the average of therefrative index of eah omponent, weighted with its relative volume (Ouimette and Flagan,1982).The refrative index and the wet radius of eah mode are used to identify the extintionross setion, single sattering albedo and asymmetry fator of the partiles in previouslygenerated look-up tables, whih have been alulated by Lauer et al. (2007) for Mie satter-ing using the libRadtran ode (Mayer and Kylling, 2005). The aerosol optial thikness isthe sum of the optial thikness of eah mode, whih is alulated by multiplying the extin-tion ross setion of eah mode by the respetive partile number onentration, integratedalong a vertial layer. The proedure to alulate the aerosol optial properties is the samein E5/M-MADE and E5/M-MADEsoot.4.3.4 Savenging by ie and rain and evaporation of dropletsAs mentioned in Se. 4.2, SCAV uses different parameterization for impat and nuleationsavenging. Sine externally mixed BC and dust partiles are not effiient as loud on-densation nulei, only internally mixed BC and dust partiles an by savenged throughnuleation savenging. On the other hand impat savenging ats in the same way on allaerosol types.ECHAM5/MESSy-MADE. E5/M-MADE uses two different traers for the mass on-entration of externally and internally mixed BC (Se 3.2.6), but not for their number on-entrations. This brings to an inonsistene in the simulation of nuleation savenging: whileonly the mass of the internally mixed BC is savenged through nuleation savenging, thesame annot be done for its number onentration. To at least parameterize the loss in theaerosol number onentration, it is assumed by E5/M-MADE to be affeted by the nuleationsavenging proportionally to the mass of internally mixed BC present in the mode, assumingthat the internally and externally mixed BC partiles are homogeneously distributed overthe size distribution. Dust is not removed at all through nuleation savenging.ECHAM5/MESSy-MADEsoot. In E5/M-MADEsoot nuleation savenging is appliedonly to the hydrophili partiles (aknsol and asol, aknmix and amix), and not to the hy-drophobi ones (aknext and aext). In ontrast to MADE, MADEsoot allows for a onsistentparameterization of the mass and of the number onentration, sine the number onen-trations of the BC and dust ontaining partiles and of the BC and dust free partiles aresimulated independently.Furthermore, different ie savenging parameters for soluble and insoluble partiles wereintrodued in E5/M-MADEsoot to simulate the higher ability of BC and dust partiles to atas ie nulei (Seinfeld and Pandis, 2006). It is assumed here that 5% of the soluble modes(aknsol and asol) and 10% of the insoluble BC and dust-ontaining modes (aknext, aext,aknmix and amix) is savenged by ie in stratiform louds. These frations are applied bothto the number and to the mass onentrations.



4.3 Implementation of MADEsoot in ECHAM5/MESSy 45The aerosols taken up by a loud partile tend to ompat together and, one the louddroplets or ie rystals evaporates, a larger partile is released in the atmosphere. To simulatethis proess in the model, the Aitken mode partiles that have been taken up by loudpartiles disappear and their mass is transferred to the aumulation mode.Moreover, a droplet that has nuleated around an aumulation mode soluble partilean savenge an Aitken mode partile ontaining BC. When this happens, the mass of thesoluble partile have to be transferred to the internally mixed aumulation mode with BCand dust. If the BC ontaining partile is externally mixed, than also its mass has to betransferred to the internally mixed modes, and the number onentration of the internallymixed mode will inrease. If the BC ontaining partile is internally mixed, the numberonentration of the internally mixed mode is unhanged. The savenged externally mixedBC and dust are assumed to be aged after the evaporation of the loud partile, and aretransferred to the internally mixed modes. This proess, together with ondensation andoagulation, onurs to the ageing of externally mixed BC and dust aerosols.The number onentration Ntransferred of soluble partiles that is ontaminated by BC anddust is alulated from the number onentrations of the partiles that are taken up by louddroplets. if Ntransferred is lower than the number onentration of the soluble aumulationmode Nasol , this fration is equal toNtransferred =
NasolNatot (Naknmix + Naknext). (4.10)If Ntransferred > Nasol , all soluble partiles are transferred to the internally mixed aumu-lation mode with BC and dust and Ntransferred = Nasol . Eq. [4.10℄ assumes that only au-mulation mode partiles an be ativated, and that during the ageing proess the externallymixed BC partiles in the Aitken mode are homogeneously distributed to the aumulationmode partiles.4.3.5 Dry depositionThe dry deposition of aerosols is simulated by the sub-models DRYDEP and SEDI (Kerkweg et al.,2006a), whih onsider the role of sedimentation, turbulene, impation and Browniandiffusion. The dry deposition veloity is alulated as a funtion of the wet radius andmass of the partiles, that are read by DRYDEP from the output of E5/M-MADEsoot. Drydeposition is simulated exatly as in E5/M-MADE.





Chapter 5Referene simulation and modelevaluation
5.1 Model set-upThe resolution used in the referene study is T42L19, orresponding to a horizontal gridof around 2.5 ◦ × 2.5 ◦ and 19 vertial levels. A simulation with 41 vertial level has alsobeen onduted: Sine the aerosol onentrations have not shown relevant differenes fromthose alulated using 19 vertial levels, and taking into aount that the omputationaltime needed by L41 is twie longer than the one needed by L19, the lower vertial resolutionhas been used. The speies present in eah mode are those reported in Tab. 3.1, exept forsea salt (SS) that is present only in the aumulation (asol, amix and aext) and in theoarse modes, given the typial large size of SS partiles.The model results shown in this hapter and in Chapter 6, unless otherwise speified,are based on 11 years simulation runs. Sine the aerosol onentrations are initialized tozero at eah simulation start, the �rst simulated year is needed as spin-up, and is notinluded in the statistis (Fig. 5.1). The emissions and boundary onditions are typial forthe year 2000. Sea surfae temperature and ie over fration are based on the limatologialmean of the Hadley Center data set (Rayner et al., 2003) over the period 1995-2004. Theemissions of trae gases, exept for SO2 and dimethilsulfate (DMS), are hosen aordingto the EDGARv3.2-FT2000 inventory, as desribed in Ganzeveld et al. (2006). SO2 andaerosol emissions (exept SS) are those used for the AeroCom Experiment B (Textor et al.,2007) as desribed in Dentener et al. (2006) (see Se. 4.3.1). Sea DMS and SS emissions are

Figure 5.1: Timesale of the simulations performed in this work.



48 Referene simulation and model evaluationMasses (Tg/yr) Partile number (partiles/yr)SO2 139.0831 aknsol 5.0218623× 1028SO4 1.978900 asol 1.0561161× 1028BC 8.191910 aknmix 4.1863800× 1027POM 27.93921 amix 1.5737092× 1027DU 1675.207 aknext 1.5169698× 1028SS online aext 6.0365568× 1026or 4.6387304× 1026Table 5.1: Emitted burdens of the aerosol speies.alulated online. Tab. 5.1 summarizes the emitted global amount of the aerosol speies.The mass fration x of soluble material in the externally mixed BC and dust modes(aknext and aext) whih is required to define them as internally mixed (see Se. 3.2.6) hasbeen set in the referene run to 10%, following Zhang et al. (2008) and Weingartner et al.(1997). The sensitivity of the aerosol onentrations to hanges in the value of x have beeninvestigated by running two additional simulations with x equal to 5% and 50%, and all theevaluation omparisons shown in the following have been repeated for eah of these tests.The most relevant results of these studies are shown in Se. 6.1.3. The simulation with
x = 5% was also used to ompare the time sale of the ageing proess with Riemer et al.(2004) (see Se. 6.3.2).The hemistry implemented in the adopted model version is a basi tropospheri hem-istry inluding sulfur hemistry (DMS, SO2). The omplete list of hemial reations alu-lated by MECCA (gas phase hemistry) and SCAV (liquid phase hemistry and heteroge-neous hemistry) is reported in App. C.Before starting the first prodution run, the model set-up has been tuned relatively tothe radiation balane, ating on the parameters that are not well known, as e.g. those for theonversion of loud partiles into rain or snow. Modifying these parameters in the range ofreasonable values, it is possible to obtain a long (LCF) and short wave loud foring (SCF)lose to experimental data. The referene values are summarized in Lohmann et al. (2007).The adopted values of loud foring used are the ones derived from Earth Radiation BudgetExperiment (ERBE) observation by Kiehl and Trenberth (1997), equal to -50 W/m2 for SCFand 30 W/m2 for LCF. However, LCF estimates from the TOVS satellites only amount to22 W/m2 (Susskind et al., 1997; Sott et al., 1999). The set of parameters hosen for thereferene simulation led to a simulated LCF equal to 30 W/m2 and SCF equal to -57 W/m2as the best ompromise. The other variables that have been heked for the setting of the setof hosen parameters are reported in Tab. 5.2. The value of the vertially integrated loud iesimulated by E5/M-MADEsoot is muh lower than the observation. The unertainty on theobservation data of the vertially integrated ie, however, is very high, therefore the hoieof the tuning parameters was not muh oriented to get a good agreement of this quantitywith the experimental data.5.2 EvaluationThe evaluation of a global limate model with observations is a neessary but deliate issue.Observations are always influened by the partiular meteorologial onditions of the timethey are taken and by single events, as large forest fires that may our during the period



5.2 Evaluation 49Unity E5/M-MADEsoot ObservationsVertially integrated loud ie [g/m2℄ 8.0 26.7Vertially integrated loud liquid water [g/m2℄ 53 50-84Vertially integrated water vapor [kg/m2℄ 26.3 25.1Cloud over [%℄ 69 62-67Total preipitation rate [mm/day℄ 2.94 2.74Short wave loud foring [W/m2℄ -57 -50Long wave loud foring [W/m2℄ 31 22-30Table 5.2: Annual global mean values used for the setting of the tuning parameters. Thereferene observation data are those used by Lohmann et al. (2007).of measurements. Furthermore, a global model annot orretly reprodue subsale effetsthat an influene the observations. If, for instane, measurements are taken lose to a ity,the observed aerosol onentration will likely be very high and will show a large variabilitydepending on the station being upwind or downwind of the ity.Therefore the observations suitable for the evaluation of a limate model should possiblyover large regions or long periods of time, to deouple the results from the meteorologialonditions ourring during the ampaign and from any geographial loal effet. Theserequirements are lose to be satisfied by e.g. airraft ampaigns, that are flown over verylarge areas, and by long series of surfae measurements, that an be olleted over severalyears.5.2.1 Vertial profiles of aerosol mass onentrationsThe vertial profiles of the simulated aerosol onentrations have been ompared with mea-surements taken with an airborne Single Partile Soot Photometer (SP2) over Texas byShwarz et al. (2006) in November 2004, over Costa Ria during the CR-AVE (Shwarz et al.,2008b) and TC4 ampaigns1 (Spakman et al., manusript in preparation, 2009) in February2006 and August 2007 respetively, and over northern Europe during the CIRRUS ampaign(Baumgardner et al., 2008) in November 2006. Fig. 5.2 shows the omparison between simu-lated and measured mass onentrations of BC, total aerosol and partiles with no detetableBC. The average of the onentrations and the relative standard deviation are not alwaysthe best indiation of the variability of the data, sine the distributions an be non-Gaussianand strongly asymmetri. When available, medians and perentiles have also been plotted.For larity, only positive standard deviations are drawn for the simulated onentrations aswell as for the CIRRUS data.The simulated vertial profiles were obtained from limatologial means of the aerosolonentrations for the month the ampaign took plae. In the ase of the Texas ampaignand of CIRRUS, the exat profiles of the flights were available: The simulated onentrationshave been alulated only on the grid box rossed by the flight, projeting the flight profileson the E5/M-MADEsoot grid. In the ase of TC4 and CR-AVE only the boundaries ofthe examined region were known and the simulated profiles have been alulated over aretangular region ontaining the flight trajetory (85◦W-79.5◦W, 2◦N-10◦N for TC4 and85◦W-79◦W, 1◦S-11◦N for CR-AVE). The experimental data are averaged over 1-km bins.1The data sets of these three ampaigns are publily available through the NASA arhive athttp://espoarhive.ar.nasa.gov/arhive/ars/
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ECHAM5/MESSy-MADEsoot, 25%-75% percentilesFigure 5.2: Comparison of the vertial pro�le of BC, total aerosol and BC free aerosol massonentrations simulated by E5/M-MADEsoot and measured by Shwarz et al. (2006, 2008b)and Baumgardner et al. (2008). Open and solid irles in the Texas ampaign orrespondto two di�erent �ights. The CIRRUS observations were strongly in�uened by some valueswhih are muh larger or muh smaller than the others, therefore the average and the stan-dard deviations are not the best tool to make a statisti of the data. For strongly asymmetriset of data the median and 25%-75% perentiles, whih are also shown as dashed lines, aremore suitable for a omparison. The average and standard deviations are also shown, butfor larity only on the positive side.The simulated profiles are in good agreement with the experimental data. In the aseof the TC4 ampaign (Fig. 5.2d) the simulated BC mass onentration is one order ofmagnitude lower than the measurements at most altitudes. This ould be due to the highonvetive loud overage that the model reprodues in August over Costa Ria, whih mayamplify the modifiations implemented in the model for ie savenging in onvetive louds



5.2 Evaluation 51(see Se. 4.2).The experimental profiles of the CIRRUS ampaign refer to lear sky onditions, thereforethe statistis of the simulated onentrations has been alulated inluding only those gridboxes where the loud over is lower than 1%. The ampaign took plae over Europebetween 50◦ N and 70◦ N: This region shows a strong latitudinal gradient in the aerosolonentrations that makes a preise knowledge of the history of the measured air massesimportant for meaningful omparison between simulations and observations. While thesimulated BC vertial profile is lower than the measured one, the profile of the BC free massis in very good agreement with the experimental data. This disrepany may be related tothe fat that the soures of BC free partiles are more homogeneously distributed over theobserved area with respet to BC soures, whih are mainly onentrated in the southernpart of the observed region. Therefore the onentration of BC partiles is more relatedto the meteorologial onditions and to the trajetory of the air masses. This makes thesimulation of their onentration with a global limate model quite di�ult, given the roughresolution of the model. Furthermore, the distribution of the BC soures in Europe presentsa very large regional variability, whih annot be represented in the large model grid boxes.BC free aerosol is mainly omposed by seondary aerosol speies (Se. 6.1.3): Seondaryaerosol is less dependent on the soures, sine the preursor gases an be transported overlong distanes before they are transformed in aerosol. With inreasing height, indeed, theorrelation between aerosol onentration and soures beomes smaller and the simulatedand observed BC onentrations loser.5.2.2 Vertial profiles of aerosol number onentrationsThe vertial profile of the aerosol number onentrations has been ompared with observa-tions taken during several ampaigns. As for the aerosol mass onentrations, when availablemedian and perentiles have been used.Fig. 5.3 shows the omparison between E5/M-MADEsoot with the vertial struturealulated by Clarke and Kapustin (2002) between 70◦S and 70◦N over the Paifi oean.The observed profiles refer to the data taken during the GLOBE-2 (May 1990), ACE-1(November 1995) and PEM-Tropis A (September 1996) and B (Marh 1999) ampaigns,using an ultrafine ondensation nulei (UCN) ounter to detet partiles with diameterbetween 0.003 and 3.0 µm. The data set overs a very large geographial region (the wholePaifi oean), as well as different seasons and years and is very suitable for a omparison witha global limate model. The simulated vertial profiles were alulated over limatologialmeans of the months during whih the observation were taken (Marh, May, September andNovember). The agreement between simulated and observed onentrations is very good.The observed profiles are nearly always inside the variability values of the model. The testsperformed with the different values of the fration x of soluble material that define BC ashydrophili have shown very similar vertial profiles. Even though the value of x influenesthe effiieny of the savenging of BC and dust partiles, the number onentrations of BCand dust partiles is so muh lower than the one of soluble aerosols that the vertial profileshave shown no sensitivity to hanges of x (see Se. 6.1.3).The observations shown in Fig. 5.4a and 5.4b were taken as part of the INCA projet(Minikin et al., 2003) during nine flights starting from Prestwik, Sotland, in Otober 2000and ten flights from Punta Arenas, Chile, in Marh and April 2000. Fig. 5.4 refers tothe measurements by Petzold et al. (2002) taken during the LACE ampaign, that tookplae over the area of Berlin (13.5◦-14.5◦E, 51.5◦-52.7◦N) in August 1998. Sine the aerosolonentrations were measured only during the takeo� and landing phase of the flights, thesimulated profile are alulated over the grid box ontaining the airport (4.5◦W, 55.5◦N for
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Figure 5.5: Modeled and observed size distributions at different altitude levels. The shad-owed areas represent the 5%, 25%, 75% and 95% perentiles. Measurements by Petzold et al.(2002) during the LACE ampaign over northern Europe. The distributions are relative tothe dry diameter. The simulated size distribution is alulated for eah August output timestep in the model box relative to the region of the ampaign. The so alulated size distri-butions are then disretized and the median and the perentile are alulated in eah sizebin.
long time sale of this transport the parameterization of the sinks of BC, that foused onthe sinks in the UTLS, may be too effetive at surfae level.The simulated mass onentrations of BC, OC, SO4 and NO3 have been ompared withsurfae measurements from the IMPROVE network, an extensive long term monitoring pro-gram started in 1985 to establish the visibility and aerosol onditions in the National Parksand Wilderness Areas in the USA. Eah station partiipating in the IMPROVE projet ol-lets the total PM2.5 (partiles with diameter smaller than 2.5µm) and PM10 (partiles withdiameter smaller than 10µm) mass onentrations and, for PM2.5, the mass onentrationsof sulfate, nitrate, hloride, BC and organi arbon (OC) twie a week, eah time over a 24hours long period.The total SO4, NO3, BC and POM mass onentrations simulated by E5/M-MADEsootin the lower vertial level have been ompared with the orresponding IMPROVE datataken between 1995 and 2005 for PM2.5. The simulated mass onentration of POM hasbeen divided by the fator 1.4 (Dentener et al., 2006) to ompare it with the observed OConentration, sine POM inludes not only OC, but also other speies as oxygen and water.Fig. 5.8 shows the results of the omparison. The order of magnitude and the patternsof the onentrations of the four speies are similar to the experimental data in nearly thewhole region. For eah speies the normalized mean error (NME) and the normalized mean
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5.2 Evaluation 57Speies NME NMBBC 44.9% -6.2%OC 34.9% -3.3%SO4 82.6% +77.0%NO3 55.5% -28.1%Table 5.3: Normalized mean error and normalized mean bias of the mass onentrationssimulated with E5/M-MADEsoot with respet to the IMPROVE data set.bias (NMB) have been alulated. These are defined asNME =

∑N
i=1 |Modeli −Observationi|

∑N
i=1 Observationi

· 100, (5.1)NMB =

∑N
i=1 Modeli −Observationi

∑N
i=1 Observationi

· 100, (5.2)(5.3)where i is an index running over the grid boxes ontaining at least one measurement station,and Modeli and Observationi are the averages of the simulated and observed onentrationsin the grid box i. If one grid box ontains more than one station, Observationi representsthe mean among those stations. NME gives an estimation of the mean relative differenebetween simulations and observations, while NMB estimates the diretion of the bias, beingpositive (negative) if the simulated onentrations are larger (smaller) than the observedones. The number of grid boxes N ontaining at least one station is 96. Tab. 5.3 reportsthe NME and NMB for eah analyzed speies.The pattern of the mass onentrations of eah speies is well reprodued by the model,partiularly those of BC and OC, where even the isolated maximum between north Idaho andwest Montana is reprodued (Fig. 5.8, first and seond panels). The maximum, probablydue to very strong forest fires that took plae in year 2000 in the region, an be reproduedby the model thanks to the used BC and OC emissions from biomass burning from thesatellite based GFED database, that inludes also that strong fire season.The model overestimates the onentration of SO4 with respet to IMPROVE measure-ments. This is probably due to the fat that the IMPROVE measurement stations are innatural parks, where the air is partiularly lean. Sine the major soures of sulfate areindustrial and domesti emissions (Dentener et al., 2006), the interpolation over the wholeUSA obtained from the IMPROVE data set is probably biased toward low sulfate values.5.2.4 Comparison of the mixing state of blak arbon partilesNot many observations about the mixing state of BC partiles are available, sine not manymeasurements tehnique are apable to resolve the mixing state of aerosol. Shwarz et al.(2008b) presented data taken during the CR-AVE ampaign with the SP2 whih show thenumber fration of internally mixed BC partiles at di�erent altitudes. The omparisonbetween simulated and observed BC mixing state is quite ompliated for several reasons.The BC mixing state is not diretly measured, but is alulated from measurements ofthe optial properties of the deteted partiles. This implies that the number fration ofinternally mixed BC given by Shwarz et al. (2008b) depends on some assumptions theymake. Furthermore, the mixing state of BC partiles an be determined from SP2 data only



58 Referene simulation and model evaluationfor partiles with a BC ore in the size range of 100-250 nm, roughly orresponding to a smallslie of the MADEsoot aumulation mode. Sine the simulated aerosol distribution has a�xed log-normal shape, disrepanies in the simulated and observed number onentrationwithin a partile size window ould mean that the simulated partile number is inorret orthat the simulated partiles are slightly too small or too large. Furthermore, the SP2 sizewindow refers to the size of the BC ores, while the size distributions simulated by MADEsootrefer to the size of the whole partiles, omposed by ore and oating. Comparing only themixing state of the simulated aumulation mode would not be orret, sine it ontains alsopartiles with BC ores out of the SP2 detetion window. Moreover the simulated numberonentration in the aumulation mode inludes also the number onentration of dustpartiles.To allow at least for a qualitative omparison, a simulation has been performed where onlyaumulation mode BC partiles have been emitted, i.e. no Aitken mode BC partiles andno dust partiles. This omparison annot be quantitative, sine the atmosphere reproduedby suh a simulation is not realisti. The formation of louds, for instane, ould be di�erent,the aerosol e�et on radiation and even the ageing of aumulation mode BC, sine it doesnot su�er the ompetition of Aitken mode BC. However, it an help to understand if thesimulation of the ageing proess is e�etive enough. In this simulation the fration of solublematerial needed to de�ne a BC partile as internally mixed (Se. 3.2.6) is set to 50%, sinethis is the amount needed by the SP2 to detet the soluble oating (J. Shwarz, personalommuniations, 2008).Fig. 5.9 shows the vertial pro�les of the number fration of internally mixed BC partiles,as alulated by Shwarz et al. (2008b) from the SP2 measurements and simulated by E5/M-MADEsoot. Both pro�les show that large frations of BC partiles near the tropopauseare internally mixed. Up to 5 km altitude the fration of internally mixed BC partilesalulated from SP2 measurements satter over a large range of values. This is probablyrelated to the variability of the soures, whih in�uenes strongly the lower altitudes. Whilethe simulated frations growths with height, the pro�le alulated from the SP2 data presentslower frations between 5 and 15 km. There, however, the statistial unertainty of the valuesis high, due to the low number of BC partiles deteted.5.3 ConlusionsThe model system E5/M-MADEsoot performs well in the boundary layer and in the UTLS.Espeially in the UTLS, the region of interest for the formation of ie louds, the agreementbetween E5/M-MADEsoot results and measurements is partiularly good. The aerosol sizedistribution is well reprodued at all altitudes and the horizontal distributions of the singlehemial speies is in reasonable good agreement with observations. Only a few measure-ments are available for the evaluation of the mixing state of BC and dust partiles. However,the results of Shwarz et al. (2008b) and the simulations lead to similar onlusions aboutthe mixing state of blak arbon. Overall, the model is robust enough to be employed forthe study of global aerosol and in partiular of the potential ie nulei in the UTLS.
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Chapter 6Charaterization of sub-mirometeraerosol and potential ie nuleiThe model E5/M-MADEsoot allows for the simulation of the size distribution, onentration,mixing state and hemial omposition of the global atmospheri aerosol, and in partiu-lar of the potential ie nulei (PIN). This hapter reports the analysis of the simulationevaluated in Chapter 5 in order to provide a detailed haraterization of global aerosol andPIN. Furthermore the results of the different studies that have been onduted with E5/M-MADEsoot are shown, with the purpose of investigating the ageing proesses of externallymixed BC and dust partiles and the time sale of their transformation into an internalmixture. Sine this study fouses on the sub-mirometer aerosol, the results are shown onlyfor the Aitken and the aumulation modes.6.1 Charaterization of the sub-mirometer aerosolThe following setions show the horizontal distribution and zonal mean of the annual meannumber onentrations, the hemial omposition and the size distribution of eah modedesribing the sub-mirometer aerosol, i.e. the three Aitken and the three aumulationmodes. The results shown refer to annual means. Similar studies have been ondutedwith other global aerosol-limate models, e.g. Adams et al. (1999); Easter et al. (2004);Lauer and Hendriks (2006); Bauer et al. (2008), and have led to similar results.6.1.1 Number onentrationThis setion presents the global distribution of the partile number onentration at surfaelevel, that is mainly driven by the emissions, and the orresponding zonal mean vertialdistribution. Fig. 6.1 shows the number onentrations of the two BC and dust free modes,aknsol and asol. Different sale are used for aknsol and for asol. In the northern hemi-sphere (NH) the order of magnitude of the number onentration of aknsol at surfae level issimilar to the one of asol . In the southern hemisphere (SH) over the ontinents the numberonentration of the aumulation mode is one order of magnitude larger than that of theAitken mode. This is due to the fat that the major soures of Aitken mode partiles, relatedto industry and fossil fuel burning, are mainly loated in the NH, espeially over the UnitedStates, Europe, India and China, as learly shown in the pattern of the onentrations. Inthese regions, the number onentration of soluble partiles an reah 104 partiles/m3.Aumulation mode partiles, on the other hand, form following the growth of Aitken modepartiles and, additionally, are emitted by biomass burning. The high aumulation mode



62 Charaterization of sub-mirometer aerosol and potential ie nuleiAitken mode (aknsol)Surfae level Zonal mean

Aumulation mode (asol)Surfae level Zonal mean

Figure 6.1: Horizontal distribution at surfae level and zonal mean vertial distribution ofthe annual mean number onentration of the totally soluble Aitken (upper panels) andaumulation (lower panels) mode partiles. Note the different sale between aknsol andasol.number onentrations in the SH originate from biomass burning, while the growth of parti-les from the Aitken mode auses the high values of the NH, of the same order of magnitudeof the Aitken mode number onentration.The lowest values of the number onentration are reahed over the oeans, both in theAitken and in the aumulation mode. The emissions from shipping are onentrated inthe NH and in the Indian Oean, and they are the origin of the areas where the numberonentration of aknsol is between 200 and 500 partiles/m3. Over the remaining parts ofthe oeans no primary Aitken mode partiles are emitted, sine in the model set up used inthis work sea salt is present only in the aumulation and oarse modes. However, the oeansare a soure of DMS, that an be transformed into seondary aerosols. The aumulationmode reeives the ontribution of wind-driven sea salt emissions over the oean.The number onentration of the Aitken mode dereases up to 800 hPa, reahing zonal



6.1 Charaterization of the sub-mirometer aerosol 63Aitken mode (aknext)Surfae level Zonal mean

Aumulation mode (aext)Surfae level Zonal mean

Figure 6.2: Horizontal distribution at surfae level and zonal mean vertial distribution ofthe annual mean number onentration of the externally mixed BC and dust partiles in theAitken and aumulation mode.mean minimum onentrations between 20 and 50 partiles/m3 at the equator and between500 and 750 partiles/m3 at mid-latitude in the NH. Above 800 hPa the Aitken modenumber onentration grows again up to 5000 partiles/m3 at 200 hPa. This is aused bythe nuleation of sulfuri aid partiles, favored by the low temperature and by the lak ofpartile surfae available for the ondensation of H2SO4.The zonal mean of the aumulation mode shows a derease in the number of partiles upto 500 hPa, reahing minimum values between 2 and 5 partiles/m3 in the polar regions andbetween 100 and 200 partiles/m3 in the southern tropial region. Between 500 hPa and100 hPa the aumulation mode number onentration inreases up to 500 partiles/m3.This maximum is related to the high number onentration of the Aitken mode partiles,that, growing, are transferred to the aumulation mode, and to the low effiieny of thesinks at this altitude. The sink proesses of the number onentration are dry deposition,wet deposition, intermodal and intramodal oagulation, where intermodal oagulation is the



64 Charaterization of sub-mirometer aerosol and potential ie nuleiAitken mode (aknmix)Surfae level Zonal mean

Aumulation mode (amix)Surfae level Zonal mean

Figure 6.3: Horizontal distribution at surfae level and zonal mean vertial distribution ofthe annual mean number onentration of the internally mixed BC and dust partiles in theAitken and aumulation mode.most effetive proess for Aitken mode partiles and wet deposition for aumulation modepartiles (Lauer and Hendriks, 2006).Furthermore, the pattern of the number onentration of the Aitken mode shows thetrajetory of the air masses: raising in the tropial belt, the air desends again at about
30◦N and 30◦S latitude, transporting the Aitken mode partiles originated in the UTLSdownwards. In their movement towards the surfae, the partiles are growing and the numberonentration is diminishing again, until the updraft of the partiles emitted at surfaeompensates the derease and the value of the number onentration grows again.Fig. 6.2 shows the number onentrations of the externally mixed BC and dust partiles inthe Aitken and aumulation modes (aknext and aext). At surfae level the emission regionsan be learly identified: the maximum number onentration of aknext, whih ontains onlyBC from fossil fuel ombustion (industry, traffi and house heating) is loated over theindustrialized regions. In the SH, the number onentration of the externally mixed Aitken



6.1 Charaterization of the sub-mirometer aerosol 65mode BC partiles is partiularly high in the areas of Rio de Janeiro and Buenos Aires inSouth Ameria and over South Afria, areas with a higher density of industry and population.The shipping routes are visible aross the oeans. No dust is present in the Aitken mode,hene the low values over the Sahara.Important soures of aumulation mode BC are biomass burning, orresponding to themaximum over South Ameria and Sub-Saharan Afria, and biofuel, espeially over Indiaand eastern China. Dust partiles are emitted over the deserts. Given their large dimension,however, they do not ontribute to the number onentration of the aumulation mode assignifiantly as they do to the mass.The zonal means of the externally mixed modes derease strongly with altitude, due tothe effiient transformation into an internal mixture. While dust is emitted only at thesurfae, BC an be emitted also at higher level. In partiular the emissions from wild-landfires over Canada and Asia north of 60◦ N are injeted in the model up to 6 km altitude,ausing the isolated peak with onentration between 0.005 and 0.05 partiles/m3 visibleat that latitude in the number onentration of the aumulation mode.Fig. 6.3 shows the number onentrations of the Aitken and aumulation modes withinternally mixed BC and dust partiles (aknmix and amix). The emission areas show higheronentrations, but are not as well defined as in the pattern of the number onentration ofthe externally mixed modes (Fig. 6.2), sine only 20% of the emitted BC and no fration ofdust is supposed to be injeted in the atmosphere as internally mixed. The largest part ofthe internally mixed modes with BC and dust derives from the ageing of externally mixedBC and dust partiles, whih an be transported away from the emission regions before theageing proess takes plae. The number onentrations of aknmix and amix derease withaltitude. Above 400 hPa the onentration of the aumulation mode stays onstant at mid-latitudes between 0.2 and 1 partiles/m3, sine the main sink proess of the aumulationmode, the wet deposition, is not effiient at suh height due to the low loud over. In thetropis, instead, the many high louds and the effiient wash-out in onvetive louds ausesthe loss of aerosol.6.1.2 The size distribution of the global aerosolThe median number size distribution of the global aerosol, inluding the oarse mode, isshown in Fig. 6.4 at different altitudes. The soluble modes aknsol and asol dominate thenumber onentration at all altitude levels. The median diameter of aknsol is around 0.02
µm in the boundary layer and dereases with altitude up to 3 nm in the tropopause region.Sine freshly nuleated H2SO4 partiles are assumed by E5/M-MADEsoot to have a wetdiameter of 3.5 nm, this leads to the onlusion that the diameter of the soluble Aitkenmode is driven in the tropopause region by nuleation. The hydrophili BC and dust Aitkenmode aknmix has the same sink proesses as aknsol, but, ontrary to aknsol does not reeive adiret ontribution from the freshly nuleated partiles, and keeps at all altitude a diameterlarger than 20 nm. The introdution of a nuleation mode into the model ould give aneven better representation of the aerosol size distribution, even though the agreement withexperimentally measured aerosol size distributions is already good (Fig. 5.5). The diameterof asol is roughly one order of magnitude larger than the diameter of the Aitken mode atall altitude levels analyzed.Fig 6.5 shows the aerosol size distribution in the lower boundary layer (around 300 maltitude) over the regions defined in Fig. 5.7 of Chapter 5. The size distribution of thesoluble aerosol, mainly oinident with the total size distribution, is relatively similar overthe industrialized areas, Europe, North Ameria and South-East Asia. There the externallymixed Aitken mode has muh larger number onentration than the aumulation mode,
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d [µm]Figure 6.4: Size distribution of global aerosol number onentration (solid line), of thesoluble modes aknsol and asol (dotted), of the internally mixed BC and dust modes aknmixand amix (dot-dashed) and of the externally mixed BC and dust modes aknext and aext(short-dashed). The blak lines represent the median values, the shadowed areas the 5%,25%, 75% and 95% perentiles. Using the limatologial monthly means of the diameter andthe number onentration of the modes, the size distribution in eah grid box and for eahtime step is alulated (64 boxes along the latitude × 128 boxes along the longitude × 12months). Suh size distributions are then disretized and the median and the perentile arealulated in eah size bin.driven by the emissions from fossil fuel ombustion. In partiular South-East Asia shows thehighest onentration of BC and dust ontaining partiles, of the same order of magnitudeof the onentration of soluble partiles. Over the Paifi Oean externally mixed blakarbon is limited to the Aitken mode, sine the only BC emissions are the small partilesfrom shipping. In Afria the number onentration of the externally mixed Aitken andaumulation modes are similar, sine the emissions of partiles in these modes are mainlydriven by BC from biomass burning and mineral dust from the Sahara desert, both in theaumulation mode range.6.1.3 Chemial ompositionThe hemial omposition of the simulated total aerosol is depited in Fig. 6.6, Fig 6.7and Fig 6.8 as annual means. The horizontal distributions at surfae level and the vertialdistribution of the zonal means are shown.Fig. 6.6 shows the mass onentration of the aerosol speies that are emitted only asprimary aerosol, i.e. BC, dust and sea salt. The shown onentration of BC inlude allmodes where BC is present (aknext, aext, aknmix and amix), while the onentrations ofdust and sea salt inlude only the fration in the aumulation mode, i.e. aext and amixfor dust and asol, aext and amix for sea salt. The emission regions are learly definedin the distribution of all speies. BC is onentrated over industrialized areas and overareas with strong biomass burning, dust over the deserts, and sea salt over the oeans. Theemission regions of dust are quite isolated from the emission regions of BC. While over the
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d [µm]Figure 6.5: Size distribution of total aerosol number onentration (solid line), of the solublemodes aknsol and asol (dotted), of the internally mixed BC and dust modes aknmix andamix (dot-dashed) and of the externally mixed BC and dust modes aknext and aext (short-dashed) at surfae level. The plotted regions are those defined in Fig. 5.7. The blak linesare the median values, the shadowed areas the 5%, 25%, 75% and 95% perentiles. SeeFig 6.4 for details about the alulation of the distributions.oeans sea salt is nearly everywhere the most abundant speies, over the ontinents it ismostly negligible in omparison with the other speies. Over the Atlanti oean between theEquator and the 30◦N the wind oming from Afria arries a large amount of wind-bornedust and BC generated by biomass burning, so that their onentration over that area ishigher than the sea salt one.The mass onentration of all speies beomes smaller with inreasing altitude. Theonentration of sea salt dereases very rapidly, dereasing of two order of magnitude betweenthe surfae and 800 hPa. Suh derease is related to the large size of sea salt partiles, whihlet them be effiiently removed by wet deposition. The vertial profile of the zonal meanof dust shows a large asymmetry between the NH and the SH, related to the asymmetriloation of the emission regions. This asymmetry is visible at all altitude, showing that theexhange of air masses between the NH and the SH is quite low.Fig. 6.7 shows the mass onentrations of the seondary aerosol speies, NH+

4 and NO−

3 .The pattern of these speies is less influened by the loation of the emission regions, sinethe preursor gases an be transported over large distanes before they are transformedinto aerosol partiles. As for primary aerosol (Fig. 6.6), the onentrations of all speies ofFig. 6.7 derease with altitude.Fig. 6.8 shows the mass onentrations of partiulate organi matter (POM) and sulfate(SO2−
4 ). These two speies are emitted both as primary and as seondary aerosol. POMshows high onentrations espeially in the southern hemisphere, related to the strong emis-sions from biomass burning. Partiularly interesting in the UTLS is the lak of high SO2−

4onentrations around 300 hPa: Even if the nuleation of sulfuri aid vapor is very effiientat that altitude (Fig. 6.1), the mass of the freshly nuleated partiles is too small for theformation of a loal maximum in the mass onentration.



68 Charaterization of sub-mirometer aerosol and potential ie nuleiBlak arbonSurfae level Zonal mean

DustSurfae level Zonal mean

Sea saltSurfae level Zonal mean

Figure 6.6: Horizontal distribution at surfae level and zonal mean vertial distribution ofthe simulated aerosol annual mean mass onentration of blak arbon (BC), dust and seasalt. These speies are emitted only as primary aerosol partiles. The shown dust and seasalt onentrations do not inlude the oarse mode.



6.1 Charaterization of the sub-mirometer aerosol 69Ammonium (NH+
4 )Surfae level Zonal mean

Nitrate (NO−

3 )Surfae level Zonal mean

Figure 6.7: Horizontal distribution at surfae level and zonal mean vertial distribution ofthe simulated aerosol annual mean mass onentration of NH+
4 and NO−

3 . These speies formafter the oxidation of preursor gases.6.1.4 Burden and life time of atmospheri aerosolThe most abundant aerosol speies in the sub-mirometer range is SO2−
4 . In the simulationdisussed above the average global burden of SO2−

4 is equal to 1.4 Tg, followed by NH+
4(0.4 Tg), POM (0.7 Tg), dust (0.2 Tg in the aumulation modes, but 8.3 Tg if the oarsemode dust is inluded), NO−

3 (0.1 Tg), SS (0.1 Tg in the aumulation modes, 2.5 Tg inlud-ing the oarse mode) and BC (0.1 Tg). These burdens are onsistent with those simulatedby ECHAM5/MESSy-MADE and by the other global aerosol model based on the GCMECHAM, ECHAM5/HAM (Stier et al., 2005; Kloster et al., 2008) (Tab. 6.1). Textor et al.(2007) present a statisti of the global burden of SO2−
4 , POM, dust, SS and BC based onthe values simulated by the different model partiipating in the AeroCom projet to assessthe influene of emissions on aerosol properties in global models. They alulated for SO2−

4a burden equal to 2.1 ± 21% Tg, for POM to 1.3 ± 18% Tg, and for BC to 0.2 ± 26% Tg.



70 Charaterization of sub-mirometer aerosol and potential ie nuleiPartiulate organi matter (POM)Surfae level Zonal mean

Sulfate (SO2−
4 )Surfae level Zonal mean

Figure 6.8: Horizontal distribution at surfae level and zonal mean vertial distribution ofthe simulated aerosol annual mean mass onentration of partiulate organi matter (POM)and sulfate (SO2−
4 ). These speies are emitted as primary and seondary aerosol.The values of the sea salt and dust burdens annot be ompared, sine their mass is mainlyin the oarse mode, whih is treated in a simplified way in E5/M-MADEsoot. FurthermoreSS is here emitted online. In general, the burdens simulated by E5/M-MADEsoot are lowerthan the values of Textor et al. (2007). The statistis alulated by Textor et al. (2007) isstrongly influened by some models whih simulate very high burdens. When omparedto measurements, as for instane in Shwarz et al. (2006), the models based on the GCMECHAM do not show a defieny in the onentration of aerosol. The lower SO2−

4 burdensimulated by E5/M-MADEsoot with respet to Textor et al. (2007) may be due to a differentrepresentation of the sulfur yle in the hemistry module, sine SO2−
4 originates predom-inantly from oxidation of the preursor gases. Additionally, the statistis of Textor et al.(2007) for the sulfuri yle is based only on three models. POM is mainly emitted in thetropis, where the onvetive loud overage is high. The lower POM burden may be relatedto the high effiieny of savenging in onvetive louds simulated by E5/M-MADEsoot. The



6.1 Charaterization of the sub-mirometer aerosol 71Global burden [Tg℄Speies E5/M-MADEsoot E5/M-MADE E5/HAM AeroComSulfate 1.4 1.4 0.8 2.1BC 0.1 0.1 0.1 0.2POM 0.7 0.7 1.0 1.3SS 2.5 2.9 10.5 12.7DU 8.3 7.8 8.3 21.3Table 6.1: Global burden of the aerosol sulfate, blak arbon (BC), partiulate organimatter (POM), sea salt (SS) and dust (DU) simulated by ECHAM5/MESSy-MADEsoot,ECHAM5/MESSy-MADE, ECHAM5/HAM (Stier et al., 2005) and by the AeroCom projet(Textor et al., 2007) (annual average). The AeroCom values refer to the average among themodels partiipating to the projet. The version of E5/M-MADE here onsidered inludesthe modifiations introdued in the parameterization of the savenging proess, as desribedin Se. 4.2.lower value of the BC burden is probably to be attributed to the fast ageing that MADEsootsimulates (see Se. 6.3).The average residene time of an aerosol speies an be estimated, assuming that souresand sinks are in equilibrium, asresidene time [days℄ =
burden [Tg℄soures[Tg/days℄ . (6.1)The residene time of externally mixed BC and dust partiles depends diretly on thedefinition of internal mixture (Se. 3.2.6), sine besides dry deposition and impat sav-enging, also the ageing into the internal mixture is a sink. Indiretly, also the total mass ofBC and dust is dependent on the hosen definition of internal mixture, beause nuleationsavenging ats only on hydrophili partiles. In addition to the referene run, where asoluble fration of x = 10% of the total mass of the mode is required for the transformationof externally mixed partiles to internally mixed, two simulations have been performed with

x = 5% and x = 50%. The residene time of externally mixed BC and dust partiles variesstrongly with x (Tab. 6.2), ranging from 3.2 hours with x = 5% to nearly 18 hours with
x = 50% for BC and from 57 hours with x = 5% to 138 hours with x = 50% for mineraldust. While the inrease of the residene time relative to the referene run is very large forthe externally mixed modes, the residene times of the total mass of BC and dust is not assensitive to hanges in x. Even though the mass of BC and dust that annot be savengedthrough nuleation savenging is muh higher, the total amount of BC and of dust stayroughly the same.Tab. 6.2 shows that BC is transformed into an internal mixture faster than dust. Thisis reasonable, sine dust partiles are larger than BC from biomass burning (Fig. 6.5), andtherefore require a larger oating to be transform into an internal mixture. Furthermorethe regions with high mass onentration of dust, i.e. the deserts, are haraterized bylow humidity (water is the main omponent of the oating, as shown in Se. 6.2.3) lowonentrations of other soluble aerosols, with whih dust partiles ould oagulate, andlow onentrations of SO2, whih ould be transformed into SO2−

4 and ondense over theexternally mixed dust partiles. On the ontrary, the soures of BC are also soures ofSO2−
4 . Also Fig. 6.12b leads to the same onlusion.



72 Charaterization of sub-mirometer aerosol and potential ie nuleiResidene time [days℄ Global Burden [10−3·Tg℄
x 5% 10% 50% 5% 10% 50%ext. mixed BC 0.14 0.21 (+50%) 0.78 (+457%) 2.46 3.94 14.0total BC 3.31 3.43 (+4%) 3.54 (+7%) 74.4 76.4 79.5ext. mixed dust 2.39 3.49 (+46%) 5.73 (+139%) 69.1 98.4 165total dust 7.23 7.46 (+3%) 8.03 (+11%) 209 212 232Table 6.2: Residene time and average global burden of the sub-mirometer BC and mineraldust in the referene run (x = 10%) and in two additional simulations with different definitionof internal mixture (Se. 3.2.6). In parenthesis is the inrease of the residene time relativeto the run with x = 5%.6.1.5 Comparison with ECHAM5/MESSy-MADEThe version of E5/M-MADE onsidered for the omparison with E5/M-MADEsoot inludesthe modifiation introdued in the parameterization of the savenging proess, as desribedin Se. 4.2. The residene time of BC and dust alulated with E5-M/MADEsoot are shorterthan those alulated with the version of E5/M-MADE. E5/M-MADE simulates a residenetime of around four days for BC and of around 10 days for dust, while E5/M-MADEsootof around 3.5 days and 7.5 days respetively. The longer residene time in E5/M-MADEindiates that the savenging, whih is influened by the arbitrary assumption about thesplitting between hydrophobi and hydrophili BC, is less effetive than in E5-M/MADEsoot.This suggests that the transformation time of 1 day used by MADE for the ageing of BCis too long, as onfirmed in Se. 6.3.2. The differene between the residene time of dustis larger than the one between the residene time of BC sine MADE assumes dust to betotally hydrophobi and therefore underestimates its wet removal. Tab. 6.3 shows the burdenof the different aerosol speies in E5/M-MADE and in E5/M-MADEsoot. The burden ofdust is lower in E5/M-MADEsoot, ompatible with the lower residene time simulated. Theburden of the other speies, exept sea salt, are similar. The largest mass of the solublespeies is ontained in the soluble modes, and they are only to a ertain extent influenedby the modifiations introdued by MADEsoot. Sea salt is diffiult to ompare, sine it isdependent on the simulated meteorology.Global burden [Tg℄MADE MADEsootBC 0.09 0.08DU 0.31 0.21SO2−

4 1.35 1.35NH+
4 0.38 0.37NO−

3 0.14 0.12POM 0.72 0.71SS 0.18 0.13Table 6.3: Global burden of all aerosol speies in ECHAM5/MESSy-MADE and inECHAM5/MESSy-MADEsoot (annual average). The burdens of dust and sea salt referonly to the aumulation mode.



6.2 Charaterization of the potential ie nulei 736.2 Charaterization of the potential ie nuleiIn the present study, the term potential ie nulei (PIN) refers to partiles ontaining BCor dust, either internally or externally mixed, in the Aitken and aumulation mode. For amore detailed disussion on the formation of ie rystals see Chapter 2. The magnitude ofthe number onentration is an important parameter for the haraterization of PIN, sine,in the ase of heterogeneous freezing, it may limit the number of ie rystals in irrus louds,hanging their mirophysial properties.In this setion the number onentration of PIN is disussed, together with their massonentration and size distribution, and the hemial omposition of the oating of the inter-nally mixed BC and dust partiles in the sub-mirometer modes. Dust is also present in theoarse mode, but, sine the number onentration of the oarse mode partiles is typiallyone or two orders of magnitude lower than the onentration of the Aitken and of the au-mulation mode, ranging from 10−2 to 10−1 partiles/m3 at 300 hPa, it does not ontributesignifiantly to the number onentration of potential IN. All horizontal distributions areshown at 300 hPa, typial altitude where irrus form at mid-latitudes.Similar studies about potential IN have not been performed to date. Models have notyet been applied to expliitely alulate the number and size distribution of PIN and ofthe BC and dust free partiles nor the mixing state of PIN. Hendriks et al. (2004, 2005)applied the ECHAM4 GCM (Roekner et al., 1996) to investigate the inrease in the numberonentration of PIN at 250 hPa due to air tra� with respet to the bakground numberonentration. Sine ECHAM4 simulates only the mass onentration of BC, these studieshave to make assumptions about the ageing of the ie nulei and their size distribution,in order to estimate the number onentration of PIN. They assume that all BC and dustpartiles from surfae measurements show a onstant size distribution. They further simulatetwo di�erent senarios for the airraft emissions. In the �rst senario the BC number-to-mass ratio is not a�eted by partile ageing, in the seond this ratio is lowered by e�etiveageing proesses. The results presented in the following an be ompared to the numberonentration of PIN from surfae soures alulated by Hendriks et al. (2005), whih isbetween 1 and 5 partile/m3 over the northern hemisphere and large part of the southernhemisphere, between 0.5 and 1 partile/m3 over the southern Pai� oean and between 0.2and 0.5 partile/m3 over Antartia.6.2.1 Number onentrationFig. 6.9 shows the number onentration of eah mode at 300 hPa. The emission areas an bereognized, but are muh less pronouned than at surfae layer (Fig. 6.1, Fig. 6.2, Fig. 6.3).The residene time of the speies in the UTLS is muh longer than in the boundary layer,allowing the air to beome well mixed and less bound to the loation of the emissions. Thesoluble modes have by far the highest number onentration at all altitudes, being the orderof magnitude of the number onentration of aknsol nearly everywhere 103 partiles/m3.While in the tropial region the nuleation of sulfuri aid partiles is most effiient around200 hPa (Fig. 6.1), at latitudes northern of 30◦N and southern of 30◦S this happens at 300hPa. In Fig. 6.9, indeed, a belt with a lower partile onentration, between 750 and 1500partiles/m3, is learly visible in the tropial area, while the extra-tropial values are higherthan 2000 partiles/m3.The number onentration of asol is one or two orders of magnitude lower than the one ofaknsol. Furthermore, the pattern is inverse with respet to aknsol: the number onentrationof asol has its maximum in the tropial belt and presents lower values at higher latitudes.This is related to the distribution of the soures of the Aitken and the aumulation mode



74 Charaterization of sub-mirometer aerosol and potential ie nuleiSoluble ModesAitken mode (aknsol) Aumulation mode (asol)

Externally mixed BC and dustAitken mode (aknext) Aumulation mode (aext)

Internally mixed BC and dustAitken mode (aknmix) Aumulation mode (amix)

Figure 6.9: Annual mean horizontal distribution of the number onentration of the sub-mirometer modes at 300 hPa. The two soluble modes are depited in the first row, theexternally mixed BC and dust modes in the seond row and the internally mixed ones in thelast. Note the different sales of the plots.



6.2 Charaterization of the potential ie nulei 75partiles, together with the onvetive transport that arries aumulation mode partiles tothe UTLS in the tropis. The externally mixed modes show the lowest onentrations amongthe modes: there are no soures of externally mixed partiles apart from the emissions ofprimary aerosols, whih are limited at altitudes up to 300 m for aknext and up to 6 kmfor aext. Even in the areas with the highest onentrations, however, the absolute numberonentration of aext is very low and never exeeds 0.05 partiles/m3. The onentration ofinternally mixed BC and dust partiles is also muh lower than the one of soluble partiles,but higher than the one of the externally mixed modes, sine aknmix and amix reeiveonstantly partiles from aknext and aext due to the ageing of the externally mixed partiles.At 300 hPa altitude the total onentration of PIN (Fig. 6.10a, left) varies between 10−2partiles/m3 over the Paifi oean to about 10 partiles/m3 over the major emissionsregions. The sub-mirometer PIN ontribute only a very small fration to the total aerosolnumber onentration (Fig. 6.10b, left): Over the largest part of the globe, PIN representbetween the 0.01% and the 0.1% of the total aerosol number onentration, reahing themaximum value of 0.5% over Afria, India and China. The possibility of alulating thisfration is one of the features of MADEsoot that is not available in any other global aerosolmodel. Between 0.1% and 1% of the IN is externally mixed at 300 hPa (Fig. 6.10, left),with a maximum fration of 10% over Indonesia. This maximum orresponds to a minimumin the total aerosol onentration, hene it is mainly aused by a lak of soluble and mixedaerosol, rather then by high emissions.The vertial profile of the IN number onentration shows a derease with altitude(Fig. 6.10a, right). The inrease in the PIN fration (Fig. 6.10b, right) above 200 hPais tied to the derease of soluble aerosol show in Fig. 6.1. The minimum at the equator at200 hPa is related to the extremely high number onentration in the aknsol. The same areapresents a maximum in the fration of the externally mixed BC and dust partiles (Fig. 6.10,right), related to the fat that, even if they are many, the freshly nuleated soluble partilesare too small to be an effiient ageing agent.The fration of PIN that is externally mixed at 300 hPa (Fig. 6.10, left) reahes thehighest values in areas with low onentration of PIN: The blue areas in Fig. 6.10a orre-spond indeed to the red areas of Fig. 6.10. This shows that, where the sinks are effiient inremoving BC and dust from the atmosphere, they at mainly on the internally mixed parti-les, affeting at a lower extent the externally mixed ones. The zonal mean of the externallymixed PIN fration (Fig. 6.10, right) presents quite a ompliated pattern: The boundarylayer, up to 850 hPa, shows the highest fration of externally mixed insoluble partiles, obvi-ously influened by BC and dust emitted at surfae. Above the boundary layer the frationof externally mixed PIN is higher than 1% only in the Antarti region, at the Equator andnorth of 60◦ N. The higher values above Antartia are related to the low PIN onentrationthat haraterizes the region, the ones northern of 60◦N are due to the wildfires in borealCanada and Eurasia that injet BC in the atmosphere up to 6 km (∼ 400 hPa), and theones at the equator orrespond to the very fast updraft due to onvetion that haraterizesthe equatorial belt, whih brings the emitted partiles very fast to higher altitudes. Thesepartiles are then desending following the atmospheri irulation at latitudes around 30◦Nand 30◦S, as disussed in Se. 6.1.1 in the desription of Fig. 6.1. During their transport,the externally mixed partiles age and are transferred into an internal mixture, and theirfration dereases until it reahes 0.1%. The areas with the lowest fration of externallymixed insoluble partiles, around 500 hPa in the northern and between 500 and 700 in thesouthern hemisphere, are the ones where the updraft of air from the surfae ontaining freshexternally mixed partiles meets the aged air masses originating from the UTLS.The fration of externally mixed BC and dust partiles near the Earth's surfae is shownseparately for the two modes in Fig. 6.11. Exluding the deserts, where ageing is partiularly



76 Charaterization of sub-mirometer aerosol and potential ie nulei300 hPa Zonal mean

(a) Total number onentration of potential ie nulei (PIN)

(b) PIN over the total aerosol number onentration

() Externally mixed PIN over total number of PINFigure 6.10: Fig. 6.10a shows the horizontal distribution at 300 hPa and the vertial distri-bution of the zonal mean of the number onentration of potential ie nulei (annual mean).Fig. 6.10b shows the fration of the total aerosol partiles whih is ontributed by PIN.Fig. 6.10 presents the fration of the PIN that is externally mixed.
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(a) Aitken mode (b) Aumulation modeFigure 6.11: Horizontal distribution of the annual mean number fration of potential IN thatis externally mixed in the Aitken and in the aumulation mode at surfae level.
ineffiient beause of the lak of ageing agents, the Aitken mode presents a higher fration ofexternally mixed partiles with respet to the aumulation mode. Between 10% and 50% ofthe Aitken mode partiles (Fig. 6.11a) is externally mixed at surfae in areas haraterizedby high emission levels, whereas for the aumulation mode partiles (Fig. 6.11b) the frationranges only between 0.1% and 10%. Sine the oagulation oeffiient is maximum when thediameter of the oagulating partiles are different, the ageing through oagulation of theexternally mixed Aitken mode BC partiles (aknext) takes plae mainly with aumulationmode partiles (asol and amix). The resulting internally mixed BC partiles are assignedto the aumulation mode amix (see Tab. 3.2 in Ch.3), ausing the higher fration ofexternally mixed partiles in the Aitken mode with respet to the aumulation mode. Theexternally mixed PIN fration at surfae level has very different pattern with respet to theone at 300 hPa (Fig. 6.10), where the distribution is muh more homogeneous.Fig. 6.12 shows the individual mass onentrations of BC and dust (Fig. 6.12a) and thefration of this mass that is externally mixed (Fig. 6.12b) at 300 hPa. While the number on-entration of IN is higher in the northern hemisphere than in the southern one (Fig. 6.10a),the magnitude of the mass onentration of BC is similar in both hemispheres: This is due tothe fat that the number onentration is dominated by small BC partiles originated by fuelombustion proesses, onentrated in the NH. The mass onentration, on the other hand,reeives similar ontributions from the small BC partiles from fuel ombustion and fromthe large ones from biomass burning, the main soure in the SH. The fration of externallymixed BC is lower than the one of externally mixed dust, for whih the time sale of ageingis longer (see Se. 6.3.2). Dust soures are indeed loated where ageing is not partiularlyeffiient. Additionally, the emissions of dust are supposed to be totally externally mixed,while 20% of BC mass is assumed to be internally mixed already at the time of the emission.The number onentration of PIN simulated here is similar to the one Hendriks et al.(2004, 2005) alulated assuming �xed size distributions for the di�erent PIN types. Overthe Pai� oean, however, the number onentration they alulated is lower than the onesimulated by E5/M-MADEsoot.
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(a) Total BC (left) and dust (right) mass onentration at 300 hPa

(b) Fration of externally mixed BC (left) and dust (right) mass at 300 hPaFigure 6.12: Horizontal distribution of the annual mean mass onentration of potential ienulei. a) BC and dust partiles both externally and internally mixed. b) Fration of themass onentration of PIN that is externally mixed. All distribution are shown for 300 hPalevel. Note the different sale of the plots.6.2.2 Size distribution of the potential ie nuleiFig. 6.13, whih is a detail of Fig. 6.4, shows the global median size distribution of partilesontaining BC and dust. The number onentration of the externally mixed BC and dustpartiles is learly dominated by the Aitken mode, with median diameter of around 0.01 µmat 300 hPa. The median diameter of the externally mixed modes does not grow with altitude,beause a sensible growth in size implies ageing and transfer into the internal mixture. Onthe ontrary, the median diameter dereases slightly with altitude: This may be related tothe simulated mode merging (see Se. 3.2.5), whih assigns the larger tail of the Aitken modeto the aumulation mode, when the median diameter of the Aitken mode beomes largerthen 30 nm. The Aitken mode median diameter is then shifted toward smaller values.Fig. 6.14 shows the size distribution of potential ie nulei at 300 hPa level over differentregions. The externally mixed aumulation mode has nearly disappeared at 300 hPa in all



6.2 Charaterization of the potential ie nulei 79shown regions exept over South-East Asia. A large fration of the internally mixed PIN inthe Aitken mode have grown suffiiently to be transferred into the aumulation mode, andthe number onentrations of the two modes at this altitude are similar. The differenesamong the regions are not as strong as at surfae level (Fig. 6.5), owing to the homogeneityof the UTLS. As at surfae level, the highest number onentration of partiles ontainingblak arbon, internally or externally mixed, ours over South-East Asia.6.2.3 Chemial omposition of the oating of the internally mixedpotential ie nuleiDepending on the hemial omposition of the oating, the freezing properties of the ienulei may be different. Möhler et al. (2008) have found that a oating of organi materialmay suppress the heterogeneous ie nuleation potential of atmospheri mineral partiles,whileDeMott et al. (1999) have shown that the sulfuri aid oating of Degussa soot partileslowers the freezing threshold. On the other hand, Möhler et al. (2005) have found that asulfuri aid oating over soot inreases the ie saturation ratio required for ie nuleation.The analysis of the internally mixed BC and dust modes gives information about the hemialomposition of the oating of the partiles. The main omponent of the oating is water(Fig. 6.15). Up to 200 hPa water represents more than 50% of the mass of oating in boththe Aitken and the aumulation mode. The water fration dereases to values of less than5% in the higher levels.Fig. 6.16, Fig. 6.17, Fig. 6.18 and Fig. 6.19 show the hemial omposition of the drymass of the oating, i.e. exluding the water omponent, for the internally mixed Aitken andaumulation mode, respetively. The zonal mean of Fig. 6.17 shows that the oating of theAitken mode aknmix is mainly omposed by NH+
4 and SO2−

4 . In the northern hemisphere andon a large part of the southern one NH+
4 represents more than the 50% of the dry mass ofthe oating of the internally mixed BC partiles in the Aitken mode. Above 300 hPa in thesouthern hemisphere the fration of NH+

4 dereases to 20%, substituted by an inrease in theSO2−
4 fration from around the 20% to the 50%. In ontrast, above 200 hPa in the northernhemisphere the most abundant speies, together with NH+

4 , is NO−

3 , while SO2−
4 representsless than the 5% of the oating mass. POM onstitutes in NH and at mid latitudes in SHless than 10% of the oating mass. Between the equator and 30◦S the POM fration of theoating inreases strongly and reahes 50% at 400 hPa. Here the major soures of POM areloated (Fig. 6.6), and a strong onvetive updraft frequently ours. The sharp gradientbetween the southern tropi region and the northern one is due the low air mixing betweenthe two hemispheres.The fration of SO2−

4 in the oating of the internally mixed aumulation mode withBC and dust is higher than in the Aitken mode (Fig. 6.18 and Fig. 6.19), sine the freshlynuleated small SO2−
4 partiles oagulate rather with the larger BC and dust partiles thanwith the small ones (see Se. 3.2.4). SO2−

4 is the major omponent of the oating in thesouthern hemisphere, while NH+
4 dominates in the northern hemisphere. NO−

3 representseverywhere less than the 20% of the oating mass, mostly less than the 10%. Sea salt iseverywhere negligible, with the exeption of the region between 30◦S and 60◦S, where itamounts up to 40% at surfae level.6.2.4 Thikness of the oating of the internally mixed potential ienuleiThe heterogeneous formation of ie rystals an take plae through di�erent proesses, asexplained in Se. 2.4. Depending on the morphology of the PIN, some of these freezing
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(a) aknmix (b) amixFigure 6.15: Annual zonal mean vertial distribution of the fration of the oating mass ofinternally mixed BC and dust partiles that onsists of water.mehanisms may be favored with respet to the others. The presene of a large number ofinternally mixed PIN with a thik oating may suggest that immersion freezing is favored,while deposition freezing may be favored if the PIN population presents mainly partileswith thin oating. However, more experimental studies are needed to prove the orrelationbetween the favored freezing mehanism and the thikness of the oating.Fig. 6.20 and Fig. 6.21 shows the ratio between the mass of the soluble material andthe mass of BC and dust in the aknmix and amix modes, respetively. A value of 1 meansthat the depited mode ontains the same amount of soluble and insoluble material. Thehorizontal distribution at 300 hPa and the vertial distribution of the zonal mean is shown foreah of the two modes. Sine the modal approah does not keep trak of the size distributionof the BC and dust ores, the shown results may not represent any existing partiles. Ineah mode, keeping fixed the number of partiles and the soluble to insoluble mass ratio,both the ase of partiles with thin ores and large oating and the ase of partiles with alarge ore and thin oating are equally possible. However, this study gives indiation aboutthe typial oating of an average aerosol population.The mass ratio of soluble to insoluble material in the Aitken mode (Fig. 6.20a) show aless homogeneous pattern ompared to the aumulation mode (Fig. 6.21a). Partiles areremoved from aknmix not only when they are removed from the atmosphere, as in the ase ofamix, but also when they grow into the aumulation mode size range. The area betweenthe equator and 30◦S is haraterized by high onentration of aumulation mode partiles(espeially POM) originated by biomass burning. The frequent oagulation between theexternally mixed Aitken mode BC partiles and the soluble aumulation mode partilesauses the ageing of the externally mixed BC and at the same time the transfer to theaumulation mode.Fig. 6.21a presents a band between the equator and 30◦S where the soluble mass in theaumulation mode is mainly up to three times the insoluble mass. The vertial distributionof the zonal mean shows that the amount of soluble material mixed with blak arbon anddust grows with the latitude. The low values above 200 hPa are aused by the transport ofpartiles with small soluble fration from the equator and by the slow ageing at that altitude.Overall, the mass of the soluble speies is never lower than the mass of BC and dust in theaumulation mode.
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Figure 6.16: Horizontal distribution at 300 hPa of the annual mean hemial ompositionof the dry mass present in the internally mixed BC partiles oating in the Aitken mode(aknmix).6.3 Ageing of blak arbon and dust partilesAs explained in detail in Se. 3.2.6 and Se. 4.3.4, E5/M-MADEsoot an expliitly simulatethe ageing of externally mixed BC and dust partiles to an internal mixture due to oagu-lation with other partiles ontaining soluble material, ondensation of sulfuri aid vaporand loud proessing.In most global aerosol models the transformation of BC and dust from the external intothe internal mixture is simulated, in a very simplified way, assuming a fixed turnover rate.In MADE, for instane, the externally mixed BC is assumed to deay exponentially into aninternal mixture following
cext BC(t) = cext BC(t0)e

−
1

τ
·(t−t0), (6.2)with an e-folding time τ arbitrarily assumed to be 1 day. The same deay law is usedby Lohmann et al. (1999) and Koh (2001), who assume an e-folding time of around 1.8
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Figure 6.17: Vertial distribution of the annual zonal mean hemial omposition of the drymass of the oating present in the internally mixed BC partiles oating in the Aitken mode(aknmix).days. The number fration of hydrophili partiles is assumed to be proportional to theirhydrophili mass fration. Dust is supposed by MADE to be always hydrophobi. Thestudies onduted with MADEsoot and here desribed allows to prove if this e-folding timeis reasonable.6.3.1 Effetiveness of the single ageing proesses on the mixingstate of blak arbon and dustThe influene of ondensation, oagulation and loud proessing on the mixing state of blakarbon and dust partiles have been investigated in this work by mean of three sensitivitysimulations whih are disussed here:
• COAG: the intermodal oagulation is the only ageing proess. The ondensation ofsulfuri aid vapor takes plae only on soluble partiles and on internally mixed BC and
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Figure 6.18: Horizontal distribution at 300 hPa of the annual mean hemial omposition ofthe dry mass present in the internally mixed BC and dust partiles oating in the aumu-lation mode (amix).
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Figure 6.19: Vertial distribution of the annual zonal mean hemial omposition of the drymass of the oating present in the internally mixed BC and dust partiles oating in theaumulation mode (amix).
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(a) 300 hPa (b) Zonal meanFigure 6.20: Annual mean horizontal distribution at 300 hPa (a) and zonal mean vertialdistribution (b) of the ratio between the soluble and the insoluble mass in the internallymixed BC partiles in the Aitken mode (aknmix).

(a) 300 hPa (b) Zonal meanFigure 6.21: Annual mean horizontal distribution at 300 hPa (a) and zonal mean vertialdistribution (b) of the ratio between the soluble and the insoluble mass in the internallymixed BC and dust partiles in the aumulation mode (amix).dust partiles. Externally mixed BC and dust partiles savenged by loud partilesare assigned to the externally mixed modes if the partile evaporates;
• COND: The ondensation of sulfuri aid vapor is the only ageing proess. The exter-nally mixed modes do not take part in any oagulation proess. Externally mixed BCand dust partiles savenged by loud partiles are assigned to the externally mixedmodes if the partile evaporates;
• CLOUD: Cloud proessing is the only ageing proess. The ondensation of sulfuriaid vapor takes plae only on soluble partiles and on internally mixed BC and dustpartiles. The externally mixed modes do not take part in any oagulation proess.



6.3 Ageing of blak arbon and dust partiles 87The ondensation of NO−

3 and NH+
4 resulting from the gas/partile equilibrium is ative inall three experiments. Al other aspets of the simulations are exatly the same as for thereferene run. The results shown in Fig. 6.22 and Fig. 6.23 represent annual means alulatedover a 5 years period after one year of spin-up.Fig. 6.22 and Fig. 6.23 show the fration of aumulation mode dust and of total BCthat is externally mixed. To estimate the effetiveness of eah ageing proess the area loseto the soures has to be analyzed, moving away from the emission area horizontally for thehorizontal distribution and vertially in the zonal mean. The analysis of the surfae levelalone would lead to a negative bias in the estimation of the effetiveness of loud proessing,sine the loud over of the lowest model level is quite low.Both in the ase of dust and of BC, the experiment COND learly shows the lowestfration of externally mixed partiles. In the ase of dust the soure regions are learlydefined. Looking at the Sahara in the horizontal distribution (but any other region wheredust is emitted leads to the same onlusion), there is a very strong maximum over thedesert where the fration of externally mixed dust is over 90%. Moving west in the diretionof the Arhipelago Azores, the experiment COND (Fig. 6.23b) shows frations between40 % and 60 % of externally mixed dust where COAG (Fig. 6.23a) still shows more than90 % externally mixed dust and CLOUD (Fig. 6.23) more than 70 %. The analysis of thevertial distribution leads to the same onlusion. The ranking between oagulation andloud proessing depends on the region: While west of the Sahara desert and north of Indialoud proessing seems to be faster, the other emission areas seems to favor oagulation.The larger effiieny of ondensation is even learer For BC (Fig. 6.23) than for dust, bothin the horizontal distribution and in the vertial profile. The only region where oagulationand ondensation are of similar importane is over the Gulf of Guinea, but the reason ismore a lak of fresh emissions in the area, rather than a high effiieny of oagulation. Theemissions from shipping an be reognized in that area, and BC from shipping emissions ismore aged in the experiment COND than in COAG.Globally, the effiieny of eah proess with respet to the others an be estimated fromthe global burden of the externally mixed BC and dust and their residene time alulatedby means of Eq. [6.1℄, reported in Tab. 6.4. The residene time is a good indiator foromparing the effetiveness of the respetive ageing proesses, sine ageing is the only sinkof externally mixed BC and dust partiles whose magnitude hanges among the three testsimulations (the other sinks are savenging from impating droplets, ie savenging and drydeposition). On the global sale, ondensation is the most effiient proess, while loudproessing the least for both BC and dust.Note that what the three experiments show is not the absolute effiieny of eah pro-ess, but only the effiieny relatively to the others. Coagulation, ondensation and loudproessing are not independent from eah other, therefore the omparison among the threeexperiments has to be interpreted only qualitatively.Total burden [10

−3·Tg℄ Residene time [days℄COAG COND CLOUD COAG COND CLOUDext. mixed BC 10.9 6.00 58.6 0.61 0.33 3.26ext. mixed dust 119 92.7 187 4.12 3.21 6.45Table 6.4: Total burden and residene time of externally mixed BC and externally mixedaumulation mode dust in the three experiments COAG, COND and CLOUD.
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(a) Exp. COAG: only ageing by oagulation.

(b) Exp. COND: only ageing by ondensation.

() Exp. CLOUD: only ageing by loud proessing.Figure 6.22: Annual mean horizontal distribution and zonal mean vertial distribution of thefration of the aumulation mode dust that is externally mixed in the three experimentsCOAG (a), COND (b) and CLOUD ().
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(a) Exp. COAG: only ageing by oagulation.

(b) Exp. COND: only ageing by ondensation.

() Exp. CLOUD: only ageing by loud proessing.Figure 6.23: Annual mean horizontal distribution and zonal mean vertial distribution ofthe fration of the total BC that is externally mixed in the three experiments COAG (a),COND (b) and CLOUD ().



90 Charaterization of sub-mirometer aerosol and potential ie nulei6.3.2 Transformation time of externally mixed blak arbon anddustMADEsoot does not need any assumption as Eq. [6.2℄ on the ageing of BC, sine this isexpliitly simulated, hene MADEsoot allows for a diret alulation of the e-folding time
τ . The so alulated τ an be used to evaluate the onsisteny of the assumption of τ = 1day, and ould be used in future appliation of the aerosol sub-model MADE to reah amore preise representation of the mixing state of BC and dust. MADE is less detailedof MADEsoot in the desription of aerosols but for this reason also omputationally lessexpensive.From Eq. [6.2℄, the e-folding time τ is in eah model box equals to

τ =
cext BC(t0)

cext BC(t0) − cext BC(t)
· (t − t0) (6.3)

=
burden(t0)loss∆t

· ∆t, (6.4)if no externally mixed BC and dust are emitted during the time ∆t. Burden(t0) is theburden of externally mixed BC or dust at the beginning of the time step, loss∆t the mass ofexternally mixed BC or dust that is transferred to an internal mixture during the time stepand ∆t the length of a time step. To ensure that the alulated τ orresponds only to ageingof BC and dust, all other possible sinks (dry and wet deposition, transport into other boxes)have to be exluded from the alulation. The burden is the amount of externally mixed BCor dust mass before the ageing proess is implemented, i.e. before MADEsoot is exeuted,and the loss is the differene between the amount of externally mixed BC or dust before andafter the exeution of MADEsoot during the time step ∆t. There are neither emissions nortransport soures of externally mixed BC and dust during the MADEsoot. Suh a alulationexludes the loud proessing from the transformation time τ , even though it is present asageing proess: Given the results shown in Se. 6.3.1, this approximation should not have alarge influene on the estimation of τ .On the global sale, integrating the burden and loss of BC and dust of Eq. 6.4 over thewhole globe and averaging over the whole year, the transformation time τ is about 2 hoursand a half for BC and 36 hours for dust. However, suh a rough estimation of τ is misleading,sine it is strongly dominated by the boundary layer, where the ageing proess is muh faster.This would lead to an overestimation of the effiieny of ageing for emissions, as for instanethose from air traffi, injeted in higher layers. Fig. 6.24 shows the vertial profile of theglobally averaged tau for externally mixed BC and dust. The global transformation time
τBC of externally mixed BC is below 4 hours up to 750 hPa. Above 750 hPa τBC grows toreah the value of 50 hours at 200 hPa. The global transformation time τDU of externallymixed dust is at no altitude lower than 20 hours, value whih is reahed between 500 hPaand 600 hPa. The lowest layers are strongly influened by the high mass emissions over thedesert. Fig. 6.22 shows at this altitude the lowest fration of externally mixed dust partilesboth in the experiment COAG and in the experiment COND, exluding the region above300 hPa. Above 300 hPa dust partiles emitted at surfae level have been transported overlong distanes and even slow ageing proesses have had the time to at in the model layersbelow.The vertial profiles of Fig. 6.24 provide only a very simplified piture of the time sale ofthe ageing of BC and dust, sine τ shows also a very high geographial variability. Fig. 6.25presents the transformation time for externally mixed BC in the lowermost model layer, i.e.up to about 100 m, in the 16th layer (∼ 800 m), in the 11th (∼ 5.5 km) and in the 8th (∼ 10km) layer. In the lowermost level (Fig. 6.25a) the minimum values of τBC, up to one hour,
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τ  [hours](b) DustFigure 6.24: Vertial profile of the transformation time on the global sale of externallymixed BC and dust. The transformation time shown here is alulated from the annualmean of the burden and of the loss integrated in eah layer over the whole globe.our over the areas where the main BC soure is biomass burning. Biomass burning emits,together with larger BC partiles, a high amount of POM, muh higher than the amountemitted by fuel ombustion (Kloster et al., 2008). This may lead to the faster ageing ofaumulation mode BC partiles from biomass burning. Shwarz et al. (2008a) have arrivedto the same onlusion by measuring freshly emitted blak arbon with a SP2 in urban andbiomass burning emissions. The maximum values are over the deserts and Antartia, butthey are not partiularly signifiant beause the onentrations of BC over those areas arelow. Europe shows values of τBC between one and three hours. The values for the modellayer around 500 m (Fig. 6.25b) are similar to the values alulated in the altitude rangebetween 200 m and 3 km. Higher than 3 km the time sale of the ageing proess grows quitefast, being nearly everywhere higher than 6 hours at 5.5 km (Fig. 6.25) and than 12 hoursat 10 km (Fig. 6.25d), the level at whih airraft emissions are injeted in the atmosphere.A omparison with the transformation time for BC alulated by Riemer et al. (2004)for the region of Karlsruhe has been performed. The model box where Karlsruhe is loatedovers the area between 47.4◦N and 50.2◦N and 7.0◦E and 9.8◦E in the T42 grid used byE5/M-MADEsoot. The τ in this model box has been alulated from the results of thesimulation with x = 5%, whih is the threshold used by Riemer et al. (2004). They foundthat, during the day, τBC varies between 1 hour in the morning and 20 hours in the afternoonbelow 250 m, and is below 2 hours above 250 m up to 1.5 km. They alulated muh highervalues of τBC during night time. A vertial resolution as fine as the one of the regionalmodel of Riemer et al. (2004) annot be ahieved with E5/M-MADEsoot, that divides therange between surfae and 1.5 km in only 5 levels (0-65 m, 65 m-230 m, 230 m-540 m, 540
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(a) 100 m (b) 800 m

() 5.5 km (d) 10 kmFigure 6.25: Horizontal distribution of the annual mean transformation time τBC of theexternally mixed BC into an internal mixture at different altitudes.m-1020 m, 1020 m-1680 m). It is also not possible to distinguish between day and night,beause it would imply a more frequent output over the long simulation time that a globalmodel needs, with a onsequent very large need of disk spae. The value of τ alulatedwith E5/M-MADEsoot is equal to 1.6 hour in the lowermost model layer, between 4 and 5hours in the model layers between 65 m and 1020 m, and more than 6 hours in the highestlevel, with muh shorter τBC in summer (below one hour in the lowermost level and up totwo and a half hour in the higher levels) than in winter (between 5 hours in the lowermostlevel and up to 10 hours in the highest), in agreement with Riemer et al. (2004). Taking intoaount the large differenes between a regional and a global model, and the weakness of aglobal model to haraterize regional effets, a diret omparison with Riemer et al. (2004)is diffiult and would imply a more preise knowledge of the emissions and of the boundaryonditions that they used in the model. Anyhow, both Riemer et al. (2004) and this studyhave found time sale of less than the one day assumed by MADE.The pattern of the transformation time of dust τDU (Fig. 6.26) is similar to the one ofBC. At surfae level τDU reahes very high values over the deserts and dereases very fast
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(a) 100 m (b) 800 m

() 5.5 km (d) 10 kmFigure 6.26: As Fig. 6.25, but for dust.in the surrounding areas. From the deserts a high load of dust is risen in the atmosphere,making the burden of externally mixed dust very high. Additionally, no other speies areemitted over deserts and the relative humidity, and therefore the aerosol water omponent,is low, making the loss of externally mixed dust lose to zero. This auses in some grid boxesvalues of the transformation time of hundreds of days, that biases strongly the global meanof Fig. 6.24b in the lower layers. The minimum of τDU of Fig. 6.24b between 500 hPa and600 hPa orresponds to the level at whih τDU is not influened anymore by the high valuesover the deserts. The dust emission regions are surrounded by areas where the transformationtime has a strong desending gradient in the lowest level. Suh a high transformation timeindiates that nearly no dust partiles are aged while they are lose to the emission regions,but they have first to be transported to the neighboring areas, explaining the high globaltransformation time for dust as shown in Fig. 6.24.The transformation time also shows a seasonal variability. Fig. 6.27 and Fig. 6.28 showthe transformation time τ for BC and dust respetively in the lowermost model level duringJune, July, August (JJA) and Deember, January, February (DJF). τ has been alulated
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(a) JJA (b) DJFFigure 6.27: Transformation time of externally mixed BC into an internal mixture at surfaelevel during summer (June, July, August) and during winter (Deember, January, February).

(a) JJA (b) DJFFigure 6.28: Transformation time of externally mixed dust into an internal mixture at surfaelevel during summer (June, July, August) and during winter (Deember, January, February).
by means of Eq. [6.4℄ using the burden and sink of BC averaged over the whole analyzedperiod. North of 30◦ N and south of 30◦ S τ is shorter during the summer (JJA in the NHand DJF in the SH). This may be related to the higher prodution of sulfuri aid whihharaterizes summer. In the tropial region the variability between summer and winter isnot as high as at mid-latitudes and in the Arti region. The Antarti region does not showany variability, sine it is haraterized by low aerosol onentrations during the whole year.Overall, it appears lear that the simplifiation of a onstant turnover rate for externallymixed BC is an exessive simplifiation. If the seasonal variability is not so large to beneessarily implemented in global models, the geographial dependene is very large and



6.3 Ageing of blak arbon and dust partiles 95should not be negleted in any model aiming to implement different mixing states of BC anddust. Globally, the assumption of an e-folding time of one day for the ageing of BC seemstoo high in the boundary layer, while it ould represent a good approximation in the UTLS.





Chapter 7Summary and outlookA detailed investigation of the formation and limate impat of ie louds requires a om-prehensive haraterization of potential ie nuleating aerosols. The aim of the presentstudy is to investigate the properties and distribution of potential ie nulei (PIN) on theglobal sale. In partiular the number onentration, size distribution, hemial omposi-tion and mixing state were studied. This was realized by developing and applying the newglobal aerosol-hemistry model system ECHAM5/MESSy-MADEsoot. The newly developedECHAM5/MESSy-MADEsoot is to date the only existing model whih is able to resolve themixing state of blak arbon and dust partiles and to keep trak of the soot free parti-les, while providing a good desription of aerosol in the upper troposphere and lowermoststratosphere (UTLS). Furthermore, in ECHAM5/MESSy-MADEsoot aerosol and hemistryare oupled: ECHAM5/MESSy provides MADEsoot with the onentrations of sulfate, ni-trate and ammonia in the gas phase, and MADEsoot alulates the equilibrium between theirgas and partiulate phase. On the other hand MADEsoot provides ECHAM5/MESSy withthe aerosol size distribution in order to alulate the heterogeneous reation oeffiients. Theoupling between hemistry and aerosol is not a ommon feature of global aerosol model. Allthese harateristis make ECHAM5/MESSy-MADEsoot an appropriate tool to investigatethe population of potential ie nulei. In the following the different work steps as well as theahieved results are summarized.MADEsoot as a box model. First the aerosol mirophysial model MADEsoot has beendeveloped as a box model, i.e. the mirophysial ore model not implemented in the globalmodel. MADEsoot was developed starting from MADE, an aerosol mirophysis modelwhih desribes the aerosol population by means of three log-normal modes. MADEsoot,instead, makes use of seven log-normal modes: two modes (an Aitken mode and an au-mulation mode) are dediated to externally mixed blak arbon (BC) and dust partiles,two to internally mixed BC and dust partiles, and two to BC and dust free partiles. TheAitken modes desribe partiles with diameter roughly between 10 nm and 100 nm and theaumulation modes partiles between 100 nm and 1 µm. Additionally, partiles larger than1 µm are assigned to a oarse mode. MADEsoot simulates the partitioning between the gasand partiulate state of water, nitri aid and ammonia, the ondensation and the nuleationof sulfuri aid, and the oagulation between partiles. Furthermore, the desription of thestate of mixing of BC and dust by means of different modes allows for an expliit simulationof their ageing proess, i.e. the transformation from an external to an internal mixture.Implementation of MADEsoot in the global limate model ECHAM5/MESSy.The box model of MADEsoot has been implemented in the ECHAM5/MESSy global limatemodel. In addition, ECHAM5/MESSy has been modified in order to provide a more reliable



98 Summary and outlookdesription of the aerosol in the UTLS. The modifiations introdued involve mainly thedevelopment of a more preise parameterization of aerosol savenging in ie louds. Further-more, the parameterization of the aerosol savenging has been modified in order to aountalso for the loud proessing as an ageing proess. Externally mixed blak arbon and dustpartiles are taken up by loud partiles and are transferred to an internal mixture whenthe loud partiles evaporate, sine soluble matter aggregates with BC and dust inside theloud droplet or ie rystal.ECHAM5/MESSy-MADEsoot has been ompared to surfae and airraft measurementsand agrees well with the observations at all altitudes. ECHAM5/MESSy-MADEsoot wasthen applied to study the global sub-mirometer aerosol, with partiular fous on potentialie nulei in the UTLS.Charaterization of the total aerosol. The horizontal and vertial distribution of thetotal sub-mirometer aerosol mass and number onentration has been analyzed. The resultsare in agreement with the same studies onduted with other global aerosol models. Themajor results are the following:
• The highest number onentrations of the total sub-mirometer aerosol are reahed atsurfae level over the industrialized areas by both the Aitken and the aumulationmode, and over the areas haraterized by strong biomass burning by the aumulationmode. Additionally, the externally mixed aumulation mode partiles shows highnumber onentrations over the Sahara desert, where strong dust emissions our.
• The most abundant aerosols in the atmosphere are soluble partiles. The highestnumber onentrations of purely soluble partiles in the Aitken mode are reahedbetween 30◦N and 60◦N in terms of annual and zonal means. These onentrationsrange between 200 and 500 partiles/m3 at 900 hPa and between 5000 and 7500partiles/m3 around 300 hPa and 200 hPa, orresponding to the altitude of the UTLS.The high values in the UTLS are related to the effiient nuleation of small sulfuriaid partiles. The soluble aumulation mode partiles show the maximum numberonentrations (between 500 and 1000 partiles/m3) in the tropial region at surfaelevel and between 200 and 100 hPa. This is related to the high emissions from biomassburning and to the growth of the freshly nuleated Aitken mode partiles into theaumulation mode, respetively.
• The horizontal distribution of the number onentration of the externally mixed BCand dust partiles is strongly related to the loation of the emission areas, sine theyan be emitted only as primary aerosol. Externally mixed BC partiles in the Aitkenmode show the highest annual mean onentrations of more than 1000 partiles/m3over the industrialized areas of eastern China, India, north Ameria and Europe. Theorresponding aumulation mode shows high onentrations between 200 and 500partiles/m3 over India and eastern China. Also over the Sahara desert high onen-trations between 20 and 50 partiles/m3 our. Above about 500 hPa the numberonentration of externally mixed BC and dust partiles beomes lower than 0.01partiles/m3.
• The number onentration of the internally mixed BC and dust partiles is similar forthe Aitken and the aumulation mode. This is related to the fat that externally mixedAitken mode BC partiles frequently oagulate with aumulation mode partiles, andthe resulting internally mixed BC partile is assigned to the aumulation mode, so thateven if the onentration of externally mixed BC and dust aumulation mode partiles



99is lower than the one of the externally mixed Aitken mode partiles, the onentrationsof the internally mixed modes are similar. The number onentrations of the internallymixed BC and dust partiles both in the Aitken and in the aumulation mode showmaximum values of more than 2000 partiles/m3 at surfae level and derease withaltitude.
• The size distribution of the global aerosol is dominated by the soluble Aitken andaumulation modes. The median diameter of the soluble Aitken mode amounts toabout 0.02 µm in the boundary layer and dereases with altitude. The derease isrelated to the inreasing ontribution of small freshly nuleated partiles to the numberonentration.
• The most abundant speies in the sub-mirometer range is SO2−

4 , with a global burdenof 1.4 Tg. The total burden of BC is 0.1 Tg and the burden of sub-mirometer dustis 0.2 Tg. While the onentration pattern of the primary aerosol speies is stronglyrelated to the emission areas, the pattern of seondary aerosol speies is more spread,sine the preursor gases an be transported over longer distanes before they aretransformed to partiulate matter.
• The total burdens of all aerosol speies alulated by ECHAM5/MESSy-MADEsootare similar to those alulated by ECHAM5/MESSy-MADE and by ECHAM5/HAM.The total burdens of SO2−

4 , POM and BC alulated by ECHAM5/MESSy-MADEsootare smaller than those alulated by global model ensemble studies in the frame of theAeroCom projet (Textor et al., 2007). This is probably due to the simulation of theprodution of the preursor gases in the ase of SO2−
4 , to high savenging oeffiientin onvetive louds in the ase of POM and to the more effiient ageing simulatedby ECHAM5/M-MADEsoot in the ase of BC. The values alulated by Textor et al.(2007) are biased by some models whih simulate very high aerosol burdens. Onthe other hand, when ompared to experimental data the models based on the GCMECHAM5 does not appear to simulate too low aerosol onentrations.Charaterization of the potential ie nulei. The mass and number onentration,the omposition and the size distribution of the population of potential ie nulei (PIN) hasbeen analyzed, both in terms of the horizontal distribution in the UTLS and of the vertialprofile. Suh a detailed haraterization of the atmospheri potential ie nulei is to datenot present in literature.

• The annual mean zonally averaged PIN number onentration ranges from a maximumof more than 1000 partiles/m3 at surfae level in the northern hemisphere to a min-imum of less than 0.01 partiles/m3 in the Antarti region. Exluding the Antartiregion, where also the onentration of total aerosol is very low, the minimum PINnumber onentration is reahed at the equator at altitudes between 250 hPa and100 hPa, with annual and zonal mean values between 0.05 and 0.1 partiles/m3. At300 hPa the highest number onentrations are reahed at mid-latitudes in the north-ern hemisphere, with annual mean values between 5 and 10 partiles/m3 over easternChina.
• The potential ie nulei represent only a small fration of the total aerosol numberonentration. In the UTLS, PIN represent nearly everywhere less than the 0.05% ofthe total aerosol number onentration. Only in areas haraterized by strong emissionsand fast onvetive updraft, PIN represent up to the 0.7% of the total aerosol numberonentration in the UTLS. At surfae level the fration of the total aerosol that



100 Summary and outlookontains BC or dust ranges between 10% and 50% at latitudes where the major emissionareas are loated.
• Nearly all PIN in the UTLS are internally mixed with soluble material. The ontribu-tion of externally mixed PIN to the total PIN number onentration is mainly lowerthan 3%. The regions with highest frations of externally mixed PIN orrespond toareas with low total PIN number onentration. This is related to the higher loudsavenging effiieny for internally rather than for externally mixed PIN.
• The fration of the total dust mass that is externally mixed is higher than the one ofBC. Over the desert the fration of externally mixed dust mass an reah 20% evenin the UTLS, while the externally mixed BC fration never exeed 5%. The longertransformation time of dust is aused by the larger size of the partiles and by the lakof soluble aerosol over the deserts.
• The global size distribution of the externally mixed PIN is dominated by the Aitkenmode and shows the maximum partile number onentration at diameters of 20-30nm in the boundary layer, and around 10 nm at higher altitudes. The internallymixed BC and dust partiles have a bimodal size distribution with maximum numberonentrations at diameters between 30 and 40 nm for the Aitken mode and about0.2 µm for the aumulation mode. The internally mixed PIN in the Aitken and inthe aumulation mode show roughly the same number onentration, exept in thetropopause region where the aumulation mode shows a higher number onentration,due to the higher age of the internally mixed BC and dust partiles that reah thataltitude.
• The oating of the internally mixed BC and dust partiles in the troposphere is mainlyomposed of water. The relative importane of the other omponents has a largegeographial variability. Globally, NH+

4 and SO2−
4 represent the highest fration of thedry mass of the oating, but also NO−

3 and POM are important in some areas. In thesouthern tropial region POM an represent up to 60% of the dry mass of the oatingin the aumulation mode.
• The soluble to insoluble mass ratio in the internally mixed BC and dust modes is muhhigher in the aumulation mode than in the Aitken mode. This is due to the fat thatthe internally mixed Aitken mode partiles result only from the ondensation of gasesor from the oagulation with the few other Aitken mode partiles, that arry only asmall amount of soluble mass. The aumulation mode shows the lowest ratio between3 and 4 at the equator and the highest in the polar regions, where the soluble massan be up to 10000 times the insoluble one. The highest ratios in the Aitken modeamount up to 50 and are loated in the northern hemisphere.The ageing of blak arbon and dust partiles. The effiieny of the individual ageingproesses, i.e. ondensation, oagulation and loud proessing as well as the time sale ofthe transformation of blak arbon and dust from the external to the internal mixture havebeen investigated.
• The ondensation of vapor onto externally mixed BC and dust partiles is the mosteffiient ageing proess. The ranking of oagulation and loud proessing varies spa-tially. From a global perspetive, however, oagulation seems to be more effetive thanloud proessing.
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• The transformation time sales of dust and BC amount to some hours at surfae andseveral days in the upper troposphere. Hene the results of this study suggest that thee-folding time of one or two days assumed by most aerosol models for the ageing ofBC is too long for the boundary layer, while it ould be a good approximation for theupper troposphere.
• The transformation time sale shows a very high geographial variability, that makesa global generalization impossible. Furthermore, the transformation time sale showsa quite pronouned seasonal variability, probably related to the seasonal yle of theprodution of ondensable ompounds.OutlookECHAM5/MESSy-MADEsoot represents a highly appropriate tool for the investigation ofthe properties of global atmospheri aerosol and potential ie nulei. The new features ofMADEsoot an be used in the future to investigate the influene of partile emissions fromspeifi soures, e.g. air traffi, on the atmospheri abundane of potential ie nulei. Themodel an be applied in studies of aerosol-irrus interation and of their effets on limate.This study provides a detailed haraterization of the bakground population of the potentialie nulei, sine airraft emissions have not been inluded yet. With the implementation ofairraft emissions in the system, new simulations an be onduted to estimate the inreasein the onentration of the potential ie nulei due to air traffi with respet to the senariodesribed in this work. It is not lear whether the blak arbon exhaust from airraft havealready aged in an internal mixture after the typial time step of a global limate model(Kärher et al., 2007). Therefore different senarios should be onsidered, one where allairraft-emitted blak arbon is internally mixed, one where it is externally mixed, andadditional senarios with ertain frations of internally mixed BC ould be onsidered.The ability of MADEsoot of determining the number onentration of potential ie nuleiould be exploited by the oupling with a irrus formation model. The estimation of theamount of soluble material in the internally mixed BC and dust modes an give indiationsabout the mehanism of nuleation of ie rystals.ECHAM5/MESSy-MADEsoot an also be used to investigate the influene of the mixingstate on the aerosol radiative foring. This an be ahieved by omparing with simula-tions performed with ECHAM5/MESSy-MADE, whih ould not resolve the mixing state.Furthermore, the oupling between aerosol and radiation ould be improved with the intro-dution of a ore-shell parameterization for the absorption of solar radiation.Even though the aerosol size distribution is in good agreement with the experimentaldata, its representation in MADEsoot ould be further improved with the introdution of anuleation mode for the freshly nuleated sulfuri aid partiles.





Appendix APrognosti equationsThe prognosti variables of MADE and MADEsoot are the number onentrations of eahmode and the mass onentrations of the single speies in eah mode. The proesses thatplay a role in the evolution of the prognosti variables are:
• gas/aerosol partitioning (g/p), i.e. the partitioning between nitri aid (HNO3) andammonia (NH3), whih are in the gas phase, and their partiulate phase, nitrate (NO−

3 )and ammonium (NH+
4 ), and between the gas and partiulate phase of water.

• ondensation (ond) of H2SO4 and organi material on preexisting aerosols;
• nuleation (nul) of H2SO4 in fresh aerosol partiles;
• intramodal oagulation (oag i,i) between aerosol partiles belonging to the same mode.It ats only on the number onentration, not on the mass onentration;
• intermodal oagulation (oag i,j ) between aerosol partiles belonging to two di�erentmodes;
• partile growth from the Aitken modes into the aumulation modes;
• aging of BC and dust partiles from externally to internally mixed (only in MADEsoot);
• all those proesses whih are simulated by other sub-models than MADE and MADEs-oot, i.e. transport, emissions, wet and dry deposition for the number onentrationand, additionally, hemistry for the mass onentrations. These proesses are inludedin the term R.The prognosti equations in E5/M-MADE and in E5/M-MADEsoot are here reported. Inthe prognosti equation of MADE the sign of eah term is expliitely written. This is notpossible in MADEsoot, sine some terms an be positive, negative or equal to zero. Thereforethe terms arrying a negative sign in the MADEsoot prognosti equations are those that angive only a negative ontribution.A.1 Prognosti equations in MADEPrognosti equations for the number onentrations
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• Dust (DU)
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A.2 Prognosti equations in MADEsootPrognosti equations for the number onentrations
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∂CSO4amix
∂t

oag i,j

+
∂CSO4aknmix

∂t

growth
+

∂CSO4amix
∂t

aging
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• NO3

∂CNO3aknsol
∂t

= R(CNO3aknsol) +
∂CNO3aknsol

∂t

g/p
−

∂CNO3aknsol
∂t

oag i,j

−
∂CNO3aknsol

∂t

growth
∂CNO3asol

∂t
= R(CNO3asol) +

∂CNO3asol
∂t

g/p
+

∂CNO3asol
∂t

oag i,j

+
∂CNO3aknsol

∂t

growth
∂CNO3aknext

∂t
= R(CNO3aknext) +

∂CNO3aknext
∂t

g/p
+

∂CNO3aknext
∂t

oag i,j

−
∂CNO3aknext

∂t

growth
−

∂CNO3aknext
∂t

aging
∂CNO3aext

∂t
= R(CNO3aext) +

∂CNO3aext
∂t

g/p
+

∂CNO3aext
∂t

oag i,j

+
∂CNO3aknext

∂t

growth
− ∂CNO3aext

∂t

aging
∂CNO3aknmix

∂t
= R(CNO3aknmix) +

∂CNO3aknmix
∂t

g/p
+

∂CNO3aknmix
∂t

oag i,j

−
∂CNO3aknmix

∂t

growth
+

∂CNO3aknmix
∂t

aging
∂CNO3amix

∂t
= R(CNO3amix) +

∂CNO3amix
∂t

g/p
+

∂CNO3amix
∂t

oag i,j

+
∂CNO3aknmix

∂t

growth
+

∂CNO3amix
∂t

aging
• NH4

∂CNH4aknsol
∂t

= R(CNH4aknsol) +
∂CNH4aknsol

∂t

g/p
−

∂CNH4aknsol
∂t

oag i,j

−
∂CNH4aknsol

∂t

growth
∂CNH4asol

∂t
= R(CNH4asol) +

∂CNH4asol
∂t

g/p
+

∂CNH4asol
∂t

oag i,j

+
∂CNH4aknsol

∂t

growth
∂CNH4aknext

∂t
= R(CNH4aknext) +

∂CNH4aknext
∂t

g/p
+

∂CNH4aknext
∂t

oag i,j

−
∂CNH4aknext

∂t

growth
−

∂CNH4aknext
∂t

aging
∂CNH4aext

∂t
= R(CNH4aext) +

∂CNH4aext
∂t

g/p
+

∂CNH4aext
∂t

oag i,j

+
∂CNH4aknext

∂t

growth
− ∂CNH4aext

∂t

aging
∂CNH4aknmix

∂t
= R(CNH4aknmix) +

∂CNH4aknmix
∂t

g/p
+

∂CNH4aknmix
∂t

oag i,j

−
∂CNH4aknmix

∂t

growth
+

∂CNH4aknmix
∂t

aging
∂CNH4amix

∂t
= R(CNH4amix) +

∂CNH4amix
∂t

g/p
+

∂CNH4amix
∂t

oag i,j

+
∂CNH4aknmix

∂t

growth
+

∂CNH4amix
∂t

aging
• H2O

∂CH2Oaknsol
∂t

= R(CH2Oaknsol) +
∂CH2Oaknsol

∂t

g/p
−

∂CH2Oaknsol
∂t

oag i,j

−
∂CH2Oaknsol

∂t

growth
∂CH2Oasol

∂t
= R(CH2Oasol) +

∂CH2Oasol
∂t

g/p
+

∂CH2Oasol
∂t

oag i,j

+
∂CH2Oaknsol

∂t

growth
∂CH2Oaknext

∂t
= R(CH2Oaknext) +

∂CH2Oaknext
∂t

g/p
+

∂CH2Oaknext
∂t

oag i,j

− ∂CH2Oaknext
∂t

growth
− ∂CH2Oaknext

∂t

aging
∂CH2Oaext

∂t
= R(CH2Oaext) +

∂CH2Oaext
∂t

g/p
+

∂CH2Oaext
∂t

oag i,j

+
∂CH2Oaknext

∂t

growth
− ∂CH2Oaext

∂t

aging
∂CH2Oaknmix

∂t
= R(CH2Oaknmix) +

∂CH2Oaknmix
∂t

g/p
+

∂CH2Oaknmix
∂t

oag i,j

−
∂CH2Oaknmix

∂t

growth
+

∂CH2Oaknmix
∂t

aging
∂CH2Oamix

∂t
= R(CH2Oamix) +

∂CH2Oamix
∂t

g/p
+

∂CH2Oamix
∂t

oag i,j

+
∂CH2Oaknmix

∂t

growth
+

∂CH2Oamix
∂t

aging
∂CH2Oor

∂t
= R(CH2O, or)
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• Partiulate organi matter (POM)

∂CPOMaknsol
∂t

= R(CPOMaknsol) +
∂CPOMaknsol

∂t

ond
−

∂CPOMaknsol
∂t

oag i,j

−
∂CPOMaknsol

∂t

growth
∂CPOMasol

∂t
= R(CPOMasol) +

∂CPOMasol
∂t

ond
+

∂CPOMasol
∂t

oag i,j

+
∂CPOMaknsol

∂t

growth
∂CPOMaknext

∂t
= R(CPOMaknext) +

∂CPOMaknext
∂t

ond
+

∂CPOMaknext
∂t

oag i,j

− ∂CPOMaknext
∂t

growth
− ∂CPOMaknext

∂t

aging
∂CPOMaext

∂t
= R(CPOMaext) +

∂CPOMaext
∂t

ond
+

∂CPOMaext
∂t

oag i,j

+
∂CPOMaknext

∂t

growth
− ∂CPOMaext

∂t

aging
∂CPOMaknmix

∂t
= R(CPOMaknmix) +

∂CPOMaknmix
∂t

ond
+

∂CPOMaknmix
∂t

oag i,j

−
∂CPOMaknmix

∂t

growth
+

∂CPOMaknmix
∂t

aging
∂CPOMamix

∂t
= R(CPOMamix) +

∂CPOMamix
∂t

ond
+

∂CPOMamix
∂t

oag i,j

+
∂CPOMaknmix

∂t

growth
+

∂CPOMamix
∂t

aging
• Sea salt (SS)

∂CSSaknsol
∂t

= R(CSSaknsol) − ∂CSSaknsol
∂t

oag i,j

−
∂CSSaknsol

∂t

growth
∂CSSasol

∂t
= R(CSSasol) +

∂CSSasol
∂t

oag i,j

+
∂CSSaknsol

∂t

growth
∂CSSaknext

∂t
= R(CSSaknext) +

∂CSSaknext
∂t

oag i,j

− ∂CSSaknext
∂t

growth
− ∂CSSaknext

∂t

aging
∂CSSaext

∂t
= R(CSSaext) +

∂CSSaext
∂t

oag i,j

+
∂CSSaknext

∂t

growth
− ∂CSSaext

∂t

aging
∂CSSaknmix

∂t
= R(CSSaknmix) +

∂CSSaknmix
∂t

oag i,j

−
∂CSSaknmix

∂t

growth
+

∂CSSaknmix
∂t

aging
∂CSSamix

∂t
= R(CSSamix) +

∂CSSamix
∂t

oag i,j

+
∂CSSaknmix

∂t

growth
+

∂CSSamix
∂t

aging
∂CSSor

∂t
= R(CSS, or)

• Blak arbon (BC)
∂CBCaknext

∂t
= R(CBCaknext) +

∂CBCaknext
∂t

oag i,j

− ∂CBCaknext
∂t

growth
− ∂CBCaknext

∂t

aging
∂CBCaext

∂t
= R(CBCaext) +

∂CBCaext
∂t

oag i,j

+
∂CBCaknext

∂t

growth
− ∂CBCaext

∂t

aging
∂CBCaknmix

∂t
= R(CBCaknmix) +

∂CBCaknmix
∂t

oag i,j

−
∂CBCaknmix

∂t

growth
+

∂CBCaknmix
∂t

aging
∂CBCamix

∂t
= R(CBCamix) +

∂CBCamix
∂t

oag i,j

+
∂CBCaknmix

∂t

growth
+

∂CBCamix
∂t

aging
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• Dust (DU)

∂CDUaext
∂t

= R(CDUaext) +
∂CDUaext

∂t

oag i,j

− ∂CDUaext
∂t

aging
∂CDUamix

∂t
= R(CDUamix) +

∂CDUamix
∂t

oag i,j

+
∂CDUamix

∂t

aging
∂CDUor

∂t
= R(CDUor )



Appendix BTehnial details
B.1 Calulation of the ondensation oe�ientsCondensation of sulfuri aidThe mass onentration of sulfuri aid gas evolves following the analyti solution of theequation

d CH2SO4
(t)

d t
= P − L · CH2SO4

(t), (B.1)where P is the prodution rate of H2SO4 in the gas phase, whih is given externally to theaerosol sub-model, and L is the loss due to ondensation. The solution of Eq. [B.1℄ is
CH2SO4

(t) =
P

L
+

(

CH2SO4
(t0) −

P

L

)

e−L(t−t0), (B.2)assuming that P and L are onstant during ∆t = t−t0. The hange in the mass onentrationof H2SO4 due solely to the ondensation of gas (∆C ond.) is
∆C ond. = ∆CH2SO4

− ∆C prodution
=

(

P

L
− CH2SO4

(t0)

)

(1 − e−L∆t) − P∆t. (B.3)The loss oe�ient L is alulated following Whitby et al. (1991). The loss of H2SO4 inthe gas phase is equal to the gain of SO2−
4 mass in the aerosol modes. If M

(k)
i is the kthmoment of the mode i and G

(k)
i the orresponding growth oe�ient, we have:

L =

Nmodes
∑

i=1

∂CSO2−

4
,i

∂t
= ρSO4

π

6

Nmodes
∑

i=1

∂M
(3)
i

∂t
≡ ρSO4

π

6

Nmodes
∑

i=1

G
(3)
i , (B.4)where the relation between mass and third moment from Eq. [3.10℄ is used. G

(3)
i an befatorized in a size-dependent fator Ψ(D), where D is the partile diameter, and in a size-independent fators ΨT (Whitby and MMurry , 1997)

G
(3)
i =

6

π
ΨT

∫

∞

0

Ψ(D)ni(D)d D. (B.5)The size-independent omponent ΨT of the growth funtion is equal to
ΨT =

Mwps(Sv − 1)

ρRT
(B.6)



110 Tehnial detailswhere Mw is the moleular weight of the ondensing gas, ps the saturation vapour pressure,
Sv the saturation ratio of the ondensing speies, ρ the density of the ondensed substane,
R the universal gas onstant and T the temperature. The form size-dependent omponent
Ψ(D) depends on the regime of the gas, whih is identi�ed by the Knudsen number Kn(see Se. 2.1.1). Ψ(D) has two asymptoti forms for the free moleular (Kn > 10) and nearontinuum (Kn<1) regimes:free-moleular: Kn > 10 → Ψfm(D) =

παc̄

4
D2 (B.7)near-ontinuum: Kn < 1 → Ψnc(D) = 2πDvD (B.8)where α is the aomodation oe�ient,c̄ the mean moleular veloity and Dv the di�usionoe�ient. The asymptoti expressions for the growth rate are:

G
(3)
i

fm
=

6

π
ΨT

παc̄

4
M

(2)
i (B.9)

G
(3)
i

nc
=

6

π
ΨT 2πDvM

(1)
i (B.10)Whitby et al. (1991) shows how the armoni mean between the free-moleular and the near-ontinuum expressions gives an expression of the growth rate that is omputationally e�ientand preise enough also in the transition phase between the two regimes:

G
(3)
i =

G
(3)
i

fm
G

(3)
i

nc

G
(3)
i

fm
+ G

(3)
i

nc
(B.11)The loss oe�ient L is alulated substituting Eq. B.11 in Eq. B.4. The growth of SO2−

4 massonentration in eah mode i due to ondensation of sulfuri aid (MSO4,i
ond. in Eq. 3.14) isalulated through the non-dimensional oe�ients Ωi

∂CSO2−

4
,i

∂t

ond
= Ωi∆Cond. (B.12)

Ωi =
G

(3)
i

∑Nmodes
i=1 G

(3)
i

. (B.13)The size-independent fator 6
π
ΨT is anelled in Eq. B.13.Condensation of organi gasesThe ondensation of organi gases into seondary organi aerosol is alulated analogouslyto the ondensation of sulfuri aid. The amount of ondensing gas CSOA, however, is notalulated, but given as an external �eld to the aerosol sub-model. Therefore
∂CPOM,i

∂t

ond
= ΩSOA

i CSOA (B.14)
ΩSOA

i =
G

(3)SOA,i
∑Nmodes

i=1 G
(3)SOA,i

. (B.15)B.2 Calulation of the oagulation rateThe rate of hange of the kth moment due to intermodal oagulation between partilesbelonging to the mode i and j is de�ned as
Ck,ij =

∂M
(k)
l

∂t
, (B.16)



B.2 Calulation of the oagulation rate 111where l is the mode to whih the resulting partile is assigned. FollowingBinkowski and Shankar(1995), Ck,ij is alulated as
Ck,ij = +

∫

∞

0

∫

∞

0

Dk
1β(D1, D2)ni(D1)nj(D2)dD1dD2, (B.17)and the rate for intramodal oagulation is

Ck,ii = −1

2

∫

∞

0

∫

∞

0

(D3
1 + D3

2)
k/3β(D1, D2)ni(D1)ni(D2)dD1dD2 (B.18)

+

∫

∞

0

∫

∞

0

Dk
1β(D1, D2)ni(D1)ni(D2)dD1dD2 , (B.19)where D1 and D2 are the diameters of the oagulation partiles, ni(D) the number distri-bution of the mode and β(D1, D2) the funtion desribing the oagulation proess, whihdepends on the regime of the gas. The asymptoti expressions of β(D1, D2) for the near-ontinuum and in the free-moleular regime are, following Friedlander (2000),

βfm(D1, D2) =

√

3kBT

ρ

(

1

D3
1

+
1

D3
2

)

(D1 + D2)
2 (B.20)

βnc(D1, D2) = 2π(Dv,1 + Dv,2)(D1 + D2) (B.21)(B.22)where kB is the Boltzmann onstant, T the temperature, ρ the partile density and Dv,ithe di�usion oe�ient of the partile i. As done for the alulation of the ondensationoe�ients (App. B.1), the oagulation rate an be alulated as the harmoni mean betweenthe two asymptoti regimes
Ck,ij =

Cfm
k,ij Cnc

k,ij

Cfm
k,ij + Cnc

k,ij

(B.23)
Ck,ii =

Cfm
k,ii Cnc

k,ii

Cfm
k,ii + Cnc

k,ii

(B.24)





Appendix CChemial reationsThe reation list does not report the reatants whih are abundant in the atmosphere.C.1 The hemial mehanism of MECCAGas phase reations
• O2 + O1D → O3P + O2O2 + O3P → O3

• H + O2 → HO2OH + O3 → HO2OH + H2 → H2O + HHO2 + O3 → OHHO2 + OH → H2OHO2 + HO2 → H2O2H2O + O1D → 2 OHH2O2 + OH → H2O + HO2

• N2 + O1D → O3P + N2NO + O3 → NO2 + O2NO2 + O3 → NO3 + O2NO3 + NO → 2 NO2NO3 + NO2 → N2O5N2O5 → NO2 + NO3NO + OH → HONONO + HO2 → NO2 + OHNO2 + OH → HNO3NO2 + HO2 → HNO4NO3 + HO2 → NO2 + OH + O2HONO + OH → NO2 + H2OHNO3 + OH → H2O + NO3HNO4 → NO2 + HO2HNO4 + OH → NO2 + H2O
• CH4 + OH → CH3O2 + H2OCH3OH + OH → HCHO + HO2CH3O2 + HO2 → CH3OOHCH3O2 + HO2 → HCHO + H2O + O2



114 Chemial reationsCH3O2 + NO → HCHO + NO2 + HO2CH3O2 + NO3 → HCHO + HO2 + NO2CH3O2 + CH3O2 → 2 HCHO + 2 HO2CH3O2 + CH3O2 → HCHO + CH3OHCH3OOH + OH → 0.7 CH3O2 + 0.3 HCHO + 0.3 OH + H2OHCHO + OH → CO + H2O + HO2HCHO + NO3 → HNO3 + CO + HO2CO + OH → H + CO2HCOOH + OH → HO2

• SO2 + OH → H2SO4 + HO2DMS + OH → CH3SO2 + HCHODMS + OH → DMSO + HO2DMS + NO3 → CH3SO2 + HNO3 + HCHODMSO + OH → 0.6 SO2 + HCHO + 0.6 CH3O2 + 0.4 HO2 + 0.4 CH3SO3HCH3SO2 → SO2 + CH3O2CH3SO2 + O3 → CH3SO3CH3SO3 + HO2 → CH3SO3HPhotolysis reations
• O3+ hν → O1DO3 + hν → O3P
• H2O2 + hν → 2 OH
• NO2 + hν → NO + O3PNO3 + hν → NO2 + O3PNO3 + hν → NON2O5 + hν → NO2 + NO3HONO + hν → NO + OHHNO3 + hν → NO2 + OHHNO4 + hν → 0.7 NO2 + 0.7 HO2 + 0.3 NO3 + 0.3 OH
• CH3OOH + hν → HCHO + OH + HO2HCHO + hν → H2 + COHCHO + hν → H + CO + HO2C.2 The hemial mehanism of SCAVHeterogeneous reations
• O3 → O3(aq)O3(aq) → O3H2O2 → H2O2(aq)H2O2(aq) → H2O2NH3 → NH3(aq)NH3(aq) → NH3N2O5 → HNO3(aq) + HNO3(aq)HNO3 → HNO3(aq)HNO3(aq) → HNO3CO2 → CO2(aq)



C.2 The hemial mehanism of SCAV 115CO2(aq) → CO2HCHO → HCHO(aq)HCHO(aq) → HCHOHCOOH → HCOOH(aq)HCOOH(aq) → HCOOHCH3OOH → CH3OOH(aq)CH3OOH(aq) → CH33OOHSO2 → SO2(aq)SO2(aq) → SO2H2SO4 → H2SO4(aq)Equilibria
• H2O ⇋ H+ + OH−NH+

4 ⇋ H+ + NH3HNO3 ⇋ H+ + NO−

3CO2 ⇋ H+ + HCO−

3HCOOH ⇋ H+ + HCOO−SO2 ⇋ H+ + HSO−

3HSO−

3 ⇋ H+ + SO2−
3HSO−

4 ⇋ H+ + SO2−
4H2SO4 ⇋ H+ + HSO−

4Liquid phase hemistry
• SO2−

3 + O3 → SO2−
4HSO−

3 + O3 → SO2−
4 + H+HSO−

3 + H2O2 → SO2−
4 + H+





Appendix DAronyms
MADE modesakn Aitken modea aumulation modeor oarse mode (sea salt, dust, water)MADEsoot modesaknsol soluble Aitken modeasol soluble aumulation modeaknext externally mixed blak arbon and dust Aitken modeaext externally mixed blak arbon and dust aumulation modeaknmix internally mixed Aitken mode with blak arbon and dustamix internally mixed aumulation mode with blak arbon and dustor oarse mode (sea salt, dust, water)Chemial ompoundsCl− ChlorideDMS Dimethylsulfide = (CH3)2SDMSO Dimethylsulfoxid = (CH3)2OSHNO3 Nitri aidH2S Hydrogen sulfideH2SO4 Sulfuri aidNa SodiumNH3 AmmoniaNH+

4 AmmoniumNO Nitri oxide or nitrogen monoxideNO2 Nitrogen dioxideNO−

3 NitrateNOX Nitrogen oxide (NO + NO2)OH Hydroxyl radialSO2 Sulfur dioxideSO2−
4 Sulfate



118 AronymsOther aronymsACE-1 First Aerosol Charaterization ExperimentAEROCOM initiative for the omparison of aerosol modelsbb Biomass BurningBC Blak CarbonCFL Courant-Friedrih-Levy (riterion)CCN Cloud Condensation NuleiCR-AVE Costa Ria Aura Validation ExperimentDJF Deember-January-FebruaryDU mineral DUstE5/M ECHAM5/MESSy Aerosol limate modelECHAM ECmwf model - HAMburg versionECMWF European Centre for Medium Range Weather ForeastsEDGARv3.2 FT2000 Emission Database for Global Atmospheri Researh version 3.2Fast Trak 2000ERBE Earth Radiation Budget ExperimentEURAD European Air Pollution Dispersion model systemff fossil fuelGEIA Global Emissions Inventory AtivityGEOS DAS NASA Goddard Earth Observing System Data Assimilation SystemGCM General Cirulation ModelGFED Global Fire Emission DatabaseGISS GCM Goddard Institute for Spae Studies General Cirulation ModelGLOBE-2 Global Baksatter ExperimentGOCART Georgia Teh/Goddard Global Ozone Chemistry Aerosol Radiationand TransportGSG Graphite Spark GeneratorIMPROVE Interageny Monitoring of Proteted Visual EnvironmentsIN Ie NuleiINCA Interhemispheri Differenes in Cirrus properties from Anthro-pogeni EmissionsIPCC Intergovernmental Panel on Climate ChangeJJA June-July-AugustLACE Lindenberg Aerosol Charaterization ExperimentLCF Long wave Cloud ForingMADE(soot) Modal Aerosol Dynamis model for Europe (for soot)MADRID-BC Model of Aerosol Dynamis, Reation, Ionization, and Dissolutionfor Blak CarbonMATRIX Multionfiguration Aerosol TRaker of mIXing stateMESSy Modular Earth Submodel SystemNH Northern Hemisphere



119NME Normalized Mean ErrorNMB Normalized Mean BiasOC Organi CarbonPEM-Tropis A/B Paifi Exploratory Mission-Tropis A/BPIN Potential Ie NuleiPM2.5 Partiulate Matter with diameter smaller than 2.5µmPM10 Partiulate Matter with diameter smaller than 10µmPOM Partiulate Organi MatterQMOM Quadrature Method of MomentsRH Relative HumidityRHD Relative Humidity of DeliqueseneRF Radiative ForingSCF Short wave Cloud ForingSH Southern HemisphereSOA Seondary Organi AerosolSP2 Single Partile Soot PhotometerSPEW Speiated Partiulate Emissions WizardSS Sea SaltTC4 Tropial Composition, Cloud and Climate Coupling ampaignUCN Ultrafine Condensation NuleiUTLS Upper Troposphere - Lowermost StratosphereVOC Volatile Organi CompoundWHO World Health Organization
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