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Zusammenfassung

Wal dbr@ande sind eRunCe Heaeuptsgouhewdrez evnanddéo hs ehisk off ér
absorbierendem Parti kel tyDur cihn Vdeti kaAlttmoamphFo
Wal dbrandaerosol schichten die obere Troposph?&re
kann, da die Lebenszeit von Aerosol pbrées&eAnbeéeint
befasst sichimiéerdpg Cbara&hwarzem RuC in Waldbr
und oberen Troposph?2re anhand von Messdaten, di
Chemistry (DC3) FImidgzeeugyeewaeckkhznmpbhiwearcBegparti kel ,
di eseén Wal dbrandaerosol schichten gemessen wurde
unt er schi edl iAnhheann d H °ehienne.r Fall studi e vom 11.
RuCmassenkonzent rCgtjigemens s\eamin wuiWwallesh r avred alemo s ol s ¢
in der freien Troposknnh?2H%heu ndxehmll dr ivsocnh ed awag e8s t
ent hal ten RuGCpMa 4 9 ekdeirha nndiutr ¢ dé ime2sOsdene t vBaBn0 % i6es e r
RuCparti eckeweUmemanaptangmmMdme dieaml mei sten di es
war die KonzentrgatiC&m \adnre ePBanhrathilbk,e lbahusf cziieDri tee

Wal dbrandaerodokesthi dbteaberen Troposph?2re gemes
Ru Crptai kel ei genschaften vonkoenn®Aare hic.hit e wumueie er h
Wal dbrandaerosol schicht a okfmd éHi°vheerhrea e nT,r ogpioes p H &
Gewitter nach oben transportiertnweaederianDideenrVer |
Schiwehitstei mef geri ngerhd aAgs wsaisec hiumgAusfl uss von
beobachtet wur de. Auch erh°hte Ozonkonzentra
Wal dbrandaerosol schicht nicht 2icrh eHawmp tAad fwwinrddemne n
des Ambosses transportiert wur de und sich
Wal dbrandaerosol schichten i n der obedemen Tr org

Massedhmi andur enhInérBned wkilse waemren WHl dbriaindaer deol schi

mittl E&remosph®€&t @@a%der Ru Cpwaarrteiining le r n geime s ht .
Massengr°®Cenverteilung von RuCparti kel n war n
Wal dbr and a e rnoashoel zsuc hii ccehrt teins ¢ h sondern gl eicht au

RuCpartiWadIldibr amdaerios oldeahiacktdreean Troposphare,
Gl ei chgewicht sveDasi | Merrgh 2 RRiurCtheauktessine nundt i @d

4. 0B6g/pmb in der freiehngdghpepposphiice obhaagtqd IrdpPDS
bis zu zweiuChrdisasitee | Trdaewrsport ausgewaschen wurden
Ausdehnung der Schichten konndre ca&iimnke ndi Scsheirc hnturi
RuC in Gr°oecemMgrenuhagvasem Awhtdeinemgli chen Flugze

in der oberen Troposph?2re entspricht



Abstract

Bi omass burning is the | argest natparmrdli cd @urnogeeol
at mosphlaegees containing biomassthaeroppgrbahavepobpt
an increased atmospheric | ifeti nmd owmaissh bauamiemh
were measured duwreicng vtehel Daep @ond Chemistry (DC
SP2n the free andTwppeanserspoaspkerehow the prope
bi omass burning layerslht 20f2erkenomas ©kbadeimag !
and Missgamrial ai t8de cont aj nepOghjooufBd | caorngcee n ttrhaitcikol |
bl ack carbon particles. Bi olnTa, s s2 Oblu2r,n ionvge rl akKyaenrssa sn
were |l ocated in, tthheeutmmpkIr.t iTthoed emamslserseé ze di stri bu
particles and the rBCho@sshhpensndhdeaet wehhat!| dbhd

a | arge thunderstorm on the previousl dagi ngyashbou
conclusion that the | ayer was not transported in
stratospheric air in the ankim ateéegitoane Blbatlki aal

with a mass nie da baon? OdDinlabnde B B Lo6@F t he particles be
Concentrations of | arge particles, possibly dust
| ayer scmMp Bticomlass burning | ayeB8)i marceaHd ggu ojff & re nt ro
thin, several hundred meters thick, but Than hor
estimated tot al a mobui not maosfs bblruaechkd ddga rbhasyné ¢ m ©orer e s
to roughlggwdianeéy gl obal Blvd ak i oaar Bam symEpamisctl resp os
bi omass burning | ayers showed ad eneamnmalsys comrzet ants
mass medi anbdbna me2tt@dn tine mi ddl e. tTrhbagpaoXemd ral)t i on s
theBBTI|l ayers were elevapprphl., Twhide¢hl vowenunesB@bOO er &
|l ayeB36ng/MHmpibn cont r(ansgt/prmplw i4n Obhe middhdi trbobpespha
two thirds of bMeack reamrobveerd aurrtiingl s ansport .
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1 l ntroducBli aakbd@om Wil dfthesAt mos phe

Wi fdhase al ways bfeearoan hiumpmnrst,amti | di(Bbemamdet he

al . )W 0a<x ainrefsl uence tphleatisf@cdé yé¢ltat deirg ati me ssplLercv i
(e. g. Cl ewel Irireth@lidigrtifigy di mmeeman)hbhadgde,aven
destructive wildfires can threaten the |ives of

(e. g. Coheksp2@0@l 'y bl ack carabnodn ad nsiot ¢ferldonnd wtror nat fof
influence human health as it is |linked(Nta@ham i nc

et al;Jangsémm et Tak. jn20Lence of wildfiressheon hui
i mportance of fores@. §girét mphag8Bmamd | Rdli irei Z2R0h5= g

humans can influence the sizeBowaanheetsal fregdgoéan

As mhimrat ur al ssandcél atkCOwi bdihmnfpleasemce eshe car b
releasing | arge amounts of caBdbwmard rethFalgheea@ 0D
shows a gl obal map of the tuortnalfragc ad dro nWemfi sasti oa
Widlf irreelsease huge smoke plumes cand ap adea.ingg c blenkdarregaee
and Mer)Rueg t2dD0tlheir potential to act as nucl ei

formati one.od. cBowgisa?).Tbei eemt sal on @Dlbarge amour
par tiincfllesencésadihat ERemnthudget Be)Bylsatcrko nt,a r2b000n6 h a s

rosienceeisponsi bl e foremadtedofl iitgtihet Bae rsas mpd s ppme r e
strong absor@@tgonMed$ ingl).l@dme ywar milng fofo®dct of t h
by bl ackskarvdemond most i mportant awaldaas nsg nfidcatror
order ofasnhhgntcoaoadenmaretiif glbe dEtPaG,g.r2i Onlg3

Emissions (g C m~2 year 1)
GFEDA4s (averaged over 1997 - 2014)
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http://www.globalfiredata.org/

Partioctlkesence the atmosapkerwhemet t bepmyhzapen e t pd
transporttoeedg iaolnsso fianr a wdey. gf.r oA PAtPh @ u2rQ Lrsbgpuarrict@incs|pen ro

properties | ike hygrocsaondhhp@ingiet W uan d(eo.l dagh@sglailerdad reqoti
2009aVertical transport has apnaritnifclluee nriceesiodnears chee t
with incre@aengchEhettBidBeti me of black carbon i
houros several weeks becauseomn her e gOwriveah t & e eGh arelf
1988ertical transport brings particles from the
influencing the vertical digsh a iibruftli wean cod @farttri an
on particle composition, concentration and 1|ife
procéosenderstand the | ife cycle of aerosol

Bl ack occacrubrosn i n strongly vabryi abhlree ec omradéermrtsmatéi amagy,
thamgpver the remgteSPhwafNteevenbl  mR2ggoiOhpambuped
regieng. Subramanjikeconndet edl). dllowedvigdd 1 1 a&a ompari sons
measur edenrtasngen of gl obal aerosol model s have sh
carbon in the wupper tr ofgKooscphh egte; Sdyh wap2z0t0adt a af a ¢t
indicating that relevamandep osiateise@soto fwevdr triecpale s
moddIins.order to identify and i mprpateh wayes uinrdtea sttha
troposhpihserveogr bt aims to quantifyahetactti tfaebeomt | al
The fodwss omereeni ssi®nisn frioen ave nitdnf adreeldny h 2@ mBeée Rk e ¢
wi || i nvestargaite Ibil am&kssabbrning | ayédmsubnnghen:
characterization of |Vattthiect einrnsd rzddatsaen doofimbeiemg est ¢
wildfires in (@.ghaBgr bg)rotmmadfeolml 20OK 5Scar bon fro
coul d neclreaase Tme tfhier d us@aseon in the western Unit
Westerling elthealearl200part of the theeoseasoancad
thunderstorms with overshootiagdtop$l| udmde petnre:
troposphei &MagXoclhoanmogne €20sta@i nder st or ms aan d cwiulr d faitr
same itni mhe same region, they can influermraneeeach

of thunderstorms on the transport of Dblack carbo

1.1 Sources and Sinks of Black Carbon Particles

The maigf ogo Wwrlcaec k cianr btohne paatrneoi scpbheesrues t,mmainhlpgmc es s
i ndustry,ast rad fr feiad g g rnde 10 hiiausrsreidn, g a Net@ hl él y stahrefsaec es.ou r
are | ocat e@s uvartf atchee Boanrltyh a i rdd rraefctt | g miitnt ol .achke dar
Fi gaisruemmari zes all these black carbon sources anct
particles and the atmaspherebbdacw@lolmdaen)pmpar marR
Opre bi omasiss bamemi g the | argest contri.buBuorrnsi ntgo
forests, woodl armds eand mat 23 6E@eniltatt & ad b a r 2y0e0alr



(Schultz ))twhlch R60mord ohanhenteot al emi tted bl
that Bpedr et ). Wil l. ddnir0=ls3 ons ar e diemdgreesd dfr otmh es ali werl
Wooster g,t easlt.i,ma2t0Oe0s5(voafhetr h&Vef ie)hhnda&dnij s@DafA f ac:
burning Meadetati amd.l Me Hhhieet ¢ d 2 GthdoiEgs BI78c k car bon
emitted into the at mybpbbraswnolkiDi nate from ope
(EPA, )ZM12 is similar to the total blacKraddban n
emi ssi boweoveer ,from a | alrig,e wvaindbeulpy i soff r esamiat d & § r ewh

are more confined in time and space.

Black Carbon (BC) Aerosol Processes in the Climate System
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e . 22 == =5 =
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FigareSources and sinks of @®| athkhofsmpihimmoBompd)rdti cdle.s

Wil dfires emit also (a. @i dAndmngaage ;AakhadgiMbe)l easlp.e, 2 D28
bl acakr bon par twidlddfs aee eimogssd ona mi xt urTehse swei tcho ot
emi tted substances are ot herCOpramdu cottsh eaf taambeu sc
mat erials, with the | atter tofqdeg. f baad.emimleidk @ A ¢



industrial and traffic emissions, wildfire emis:
These variations can be str ongO¢Sn o dtso gaf fadc.t,
The strong | ocal and seasonal variations of wil
exceeding anthropogenic CO even W taweaasanwi fThas
20DP0 Rati os between the concentration of black ¢
source of pollution or ageing processes. Depend!
| i kevasrQy as fossil fuelorceentgai rKsa urhamyaen <sul fadt. e tii0

The main sink for black carbon particles are dry
carbon can I ead to a dark cover of surw@cegs | ik
Hansen and NazaVNeeankaemox@®04 mechani sms for black ¢
and precipitation. Bl ack carbon particles can ac

by wa@hagut Ogren and Choeawd sprnoc €1s9s8i3ang and washout

concentration while they have only little effect
particles in tcromcdexgpewitehs oadchrert heref ore give v
hi story of the black carbon popul ation in an airtr

1.2 Influence of Black Carbon on Climate

Climate effecparbifchéackancthboemddufskedteceon with
sol ar aandli atrfidoderme citnt er acti on Whitlhe ctl he&admajamdi tay |
mass i n theeauwsterso sgppheael i ng effebl adkecthobthepsaca
counteracdi naadsicimwl aecteb @i gl R@Q®,)yRRI0gI3 conodntrati
bl ack car bnatnh ep aarttmocsipetise Hei kphaahivagteds t he observer
decreaseélelhei on of gdnltihglyt ab &c k otcuart fegumda,d odvuee at ot
the strong absorption of sol aRamamatathamnanda@a wi
2008 This direct et meaciihednearegiysshplargient otf hd hae ef f e
radiation inteRiagBmidoasdiémet ehfecofof black car
is strongly influenced by the aandt itthued é& boofln dtahheg ppea
Del Ge n)i Loi, gab2s001rOb i ng c@dretdi d Ine ¢ hleo pr o xairmmiaiyg tolfe c 1 ¢
surroundnicirgggasarpabi | ity of dHansteon teatkieh lu.pa mibd B@ b
20DpBhican | ead to inhibificil @ou do fbdus Intoluel ¢ loo umd t d ma p lo
form |lavepornade sooner ilInf al owvaatneds ghoM d& @ignleeartb o
cacnhange the c¢cloud regime, e.g. from §tamatgacimul
et al).Bl a2c0kl 5¢c ar baornmi cnagu sceadn wal s o i ncreaseandne st
suppress turbulengMIliconxt e BodundRIOW61 ayer
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oledg. SprackRlThe eumblr, c?»0¢t kancttdantgcbouadf cpadieinc

mosphere under nedtoludt md b guBieAf epamgeparticl e

avily pmodveurt eGlh orreegti oé lou de2iGaly6 ) he dbbiroahvegtl e

Vi racrmmauvas el amgear ismereasing cl oud.lcnovtelre afnda zcol r
giGomcal ves ®Boumdt.htelf &2at Into)spheri chewabmnc¢i ¢ gsecacfhb

I nteractions with <c¢clouds pamnt iadlseos ,|tetmldi obteoi na rwea

mec hanipsamtiicr telse ad mp.spbBemaea,Seti ndlel d 208 Bakdi s,

carbon particles eamifitefrl] benng trleenowleidmdtreom t he

are deposited on a wesrnyow iogrhti cger,o utnhde y elsepaedc itad I ay

whi ch may enhanc(e. gnowaansdni aglabdlpananrekoal 20020

The influence of bl ack carbon on c¢climate <can

al

Wil dfirkes major natural contcamuabsotohdhgeki Ta

intensity dhiefegdeay . clSiomanee).Joekeval uat2a20tlhe effect
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the atmosphere, it is therefore necessary to kno

are not only affected by sources and sinks, but

1.3 Transport and Vertical D istribution of Black Carbon from Biomass

Burning in the A tmosphere

Gl obal model s tend to overestimate the rBC mass
and | ower stratosphere, | i ke compari soasmbeéeeéeiween
ensembl Gchiwawg e€20kHI.ac k20cla3r bon emitted from wil
over | arge distanbaemoahdetoldhwghR@tDd4da tRdAesian f o
pl ume can be transporstpehde rac rwa stBhuinnhmrelg7ntodreaywise p ovr th,e |
|l i ke ageing and both wet and dry rembealdionhange
di fferences in climate forcing, and cloud actiyv
making aerosol transpor(@. ea.n AMPR,r t2a0nt5 t opi c of r

Lomrgange transport of forest fire aeirmtseodsifvreolny N
exampn et he -l ITORPRTcTa(Mpaizghd Yftodragenptk2n@@®7T t i tude. Mo
t helseyemweransported over the Atl ant ik rwsirtyiunef f i
measurements in a biomass burninglolsay eert, ianh b h(e2 0u
found a biomasskmuahi hgudeayevregtfFrladdm i dan a dirdmi e
Dahl k°ttershaw ame a s(@r0cdragingilrem 01 dwenutphpger t roposph
and | ower stratosphere that Cwaadar aosifper ti @d ad v el
carbon content of this upper tropospheric | ayer
emi ssions of &llakk&l ceavibaotni omrti cles in this | ay

for agle@spartic

Bl ack carbon mass concentrations in the atmosph:
abowmtg”inn remote regions tpi nsehveearvaill ymipcorlolgurtaends rpe
bi omass bufenigng Spclhuwmag.sz | ent tdle. noZ2®@hzc k idtce mbossp her
abundant in the | owermost troposphere, decreases
rea@ahesgsratospheric baonfggkguatole\(Echhewa rrza peotp nadls. g,
201)0bThis decrease in concentration reflects tha
and reach the free and uppertheopespldenedmyi mer o
the atmosphere increases with increasing altitu
residence timeeig. thet adlmdbspmer €} r amar ail s 0Sdhwsma
cl i ftaatres et and).Myhre, 2015

Vertical transport of biomass burning emissions
heat seebéathe burning fire induces pyroconvect
tropotkplger &r omm e®t rmdr. ,v €r0tliOc al tlraatnesdp otrot . nmeetcehoarn



Promi nent exampl es of met eor ol ogi cal systems t
at mosphere are | ow pressur e siynsvtoelnvse acnldevitdhaifmodrenas
can influence conxrecdhtgiazea odi,s tmiixb intgi et adfe bl ack
I n |l ow pressure systems, war m, moi st air i's tr
convey@r gbhelHar,s6ohdmmléf®.3varm, c2Ott8yossbehestropo
vertically i n pabaoyutant wiompdoarytsa nan dr ol aep oirn ttoh et hter au
tropo&Egharat ¢t al ., 2004

Thunderstorms transport air tnhaes spelsa nwed ratrigcaabl ol uyn dea
reach t heantdr oipno psacunsee casewi ¢héemst hba@etoaeBhoher &
Br aham; Enmadndu8e 1).,I nl % %hde tropi cs, t hunder st or ms ar e
stratospihphes@hetree gex cFraenyjEetopalcal 20GlLHmder st or ms ¢
transport biomasshéuuppeag EmgpchApthsedandtri ®lse,r 2
al . ;ReabDdlet)lanl .t,he20Onlosr t méedhahemuspbBes@ot of t hun
reach the tamadp oga wase olnoawelry Baslrshob otap b dr ELni uNoarntdh A
Liu, ;S2006mon &efThalk.js2@160 a region of wildfire
study the influence of thunderAd 020nE2 owadehan tirmat
yved@mlly et wkips oRd dperdeat opportunity to study th
and ehsnhdr ms.

Bl ack ¢ar tbommass bwarsrhiengmaglnumeess eaeobkr alopifcel d
ARCTAS (Arctic Research of the Compositiaod of t
ARCPAC (Aerosol , Radi atiog, Apotli €¢eCddo®neretssad si
Arctic and {(Shpeacwenaatne redo @ o. ,elt2)@allB.o,t h2GC ampai gns ¢
bi omass burning | ayers and tB@RTAS n(fQuuaenntcief yoinn g h
of BOReal forest fires on Tropospher i ccaonxpadiagnt s
201 1Caintmcthaal yzed ageing of bopleatdf drimRalphauomeeh walt
201lBi omass burmo mtgalipirignete £ oncentr at i oanlss oo fo brsBe vpe:
over Texas dSucrhiwnagr zTeexBA DS k maB O B8ahlker e 20@8di ffer e
properties between biomass burni ng édshrhd ki°ntd gt reite
(204 cussed in detail rBC in a biomasgamgrni ng
transport from Canada to Europe mAllsutrlesd@dust mdi
focused either on abivemasdhlkuld miweg @INnWmens ddl e tr

| aytelrast | wet edhei npppoer tropospheéerye.pymbcloomwercd s tomat

far only twortcacrer praeapeéertsi eepof rBC in biomass b
Dahl k°tter aefayalor (e201ltdh)e (d2044seti of bupmasstboy
|l ayers presented in the present work can i mprov

burning | ayers.
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1.4  Questions and Outline

The present work airmsrtactotrydy| @dad maa@amspamne i BG) |
fond both in the | ower and in the upper troposph
both | ower and upper tropospheric biomass burnin
i nvestigate black carboaentprapertuess.i nTHiasyecan .
understanding of the vertical transport of Dbi ome
and mixing state dEfncoluandRCdigbmans paburicileg .| ayer
altudes throughbothtbéeoseoposphdr éar away, from t
brings upoguetshhéd omrsoper t i e st hoefr atnhsepsoer:tl apyaetrhsw aaynsd

A What are the properties ofomaBG |grayeamisnldes tihe ste
depend on altitude?

A Are the rBC pmaasuwred pirmpMayy pemdsehtime i Y@12 or

bi omass burning | ayers or do they differ fror
A Which vertical transport processes can bring
wemodseatveand do these processes influence par

These questions wi |Iblasbheed aoms weiree d ait mm espeitG oavevgeudi t ri evd
clouds an@DCBigeni dtcampai gn in 2012, focusing on

The next four <chapters of thigi Vvaens iosvearvad ear gdr
physi cal background of aha& ganearstur@éensgat isp toif o mr B
procesBlres measurement campai gSh,ngD@3,Patrhte cd cer eS oion
(SP2nd dat a tamalsy aire men 8. t ©lpdgehsewwosf acnhda patiesrd Ut ss e s
of the measurements, focusing on t Bhe &uthmmeer igauess t

t hesis and the main conclusions.

Af tasthor ti eow eafv t he physical b aicrk go BaipdadeZgiftveerhr e  me
more detail s othhéemee lNdemsewrrael mesnittsuati on and t he me

of t hfei eDICB campai gn, dur i ng rwh iséhhol washrgte dgaft at hnviesr ec

(@)
o
=]

tdaeisncsr i pti omis amfd alailgrbmehthieo SPRr obadumnes towoci
ur anceeamds ftabpeg | riBG noafs s ¢ o0 nc ehtarpaict éi mosne smevaistuhr
rt degdri gtaitan ewfal uati on met hods used to pro
pCleapitsédrarts with ttwe destchradttpudémrseosfent t wo di
mass burning | ayéufénfelazshiadeide @saramgeD&ERpl e f o
ning |l ayers iandhi2d(@xeh afr)d@sro apmh earkea,@mp lIbé 0 ma s s
nNing luayenr itmotiheep K enrcehd.pspuaminta ai t el hrer wdt i ons

mass burning | atyoerch amaddze dtuhrée ngr OL8r t i es of

o 9 O »

c
—

© O T T T O (7] Q
—_ c
o -~

articles, especially size and rminkitnge ds tvgpteehri esn



focus on duettaedt &P.j4cT hod Icahsatptpear t 4gb itshide dd kapg

to the discussion of the gdhég damdetsheiom,i wfelrt e rta
of upper tropospheric biomass burning | ayers. It
burning to black carbon in the upper troposphere
bwring | ayers and stratospheric air. The thesis ¢

in clhapter
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2 Theoretical Background

rosol s pamnrty raml @ mpomrmany atmospheri® mpadicatsisea

T >

dget by absorption ahddsevatuali pgrbofcbkesacanat

—

theicghoprhyctickdsisamat,eadli ad prtopceafl he & 1si aolkiil zi etsy

d comppaitiohesnmakes it necessary tomompbamamet e

teraction betwdéan epani i @alnads sarede loifghptarti cl es
teraction hwei tpha rlaibdgcHtet yand o actThiss cd maipdt eorr d ecsec

t

e
u
0
n
i nformation on par.ti ®éaes wriemenand sopfp dbppaerntt hbedsce ds i
n
n
he firsthpaphyasdtoantil gthipag tdfcd¢eeseecomld part of th
n

a overview of vertical tr8@8nepermoetr opeatibsers i 0N
wil dfires, are |l ocated at the grouamae, rearn tsitcalbutt
particles and trace gases which can be found al
vertical di stribution of +thesesdihhaicre aifpfeectesonrr
I nteractionesbandeehypactaicprocesses during tran

concentration of aerosol

2.1 Physical Properties of Aerosol Particles

The tAerimsescscri bes a suspension of(Hsolddsjl [@F&ROisd lzes
of these particles ranges from aggl omerates of n
ot ens of iincrdo Mdnedrevs de r amge eofs epiazead wadt hnt besi
Nucl embdceomt ai ning the vergmshah & e mweemiwid @ Ibd sn gb eplaa w
bet werem dmMdm]l 0O b emuimatkieoovne r i ng t10ehOn,a Cagrdmd @ @
aerosol having a Q@n(thimedsed o0hl)Imd O &1t han 1

The compoesriotsibdnvimals else pendi ng on their source and
The most abundant type (e0.fg.aeDeorstod,anmi éntaese!l fi rso BsOel
oceans wmhawbrigenérnadaet earth, foll owed by dust fror
| arge odedédiret mort he ke h §Pari oSspphearroa;dd hawal, d 2¥t0 2al . ,
Mi neral dasé¢ ¢@aafp osibsosmiait eg i al sanldi kd spu ati inkge mat e
hema(@@iokel i k an)dThlowlguhst 1989t he most aburbdarctk abs
carbon domi nat és otr idPiGd@Enr).d2n0olt Bhyegrig hatb sao r b ism @ waner 0 s «
car Momosm¢gl | er). eAs at hei 200&8me suggests, brown car
car bon, the sixth el ement in the periodic tabl e.
and therefore appear st lbd alcikg It tob & heasmbhquiraaoa! exrfeg t vhh i
depetvdleinch makes t hien ncaotl eorrieavh saoamegaerd (Mow s me |l | er
et al)., 2009



A variety of foefitmiet it@msn &) ha ke aftae abpotanil, c abl a sperdo poenr
measur ement met hod or Bloadmel tPieht gz,op &0 ERh ¢adtme,re m2adtl
fis otdte scal bekdadisomf apianritnigc | es produced. blgt ¥y e mlyu st
unspecific about thednati wdethferteh o®s eP entadzt a libde | euts ea
(20dB3cuss the various definitiAasdioff &t ack waadb
met hods produce different resul ts, it i s also n
guanRKaltlyowisreggc drhmendati ons, bll aa ks dcuacrebdo ni nnteaansduer sec
a Single Particl e BRactf eRhrcedb maot eaosr ¥, 8BPraecvki actaerdb oa
r B his i nclautdegfarobnllayckt hcar bbeot hat | sydiolpigihglt has
temperatur eK ®cbwadz 46)00tale.r, i276r uments t hat me

properties, |l i ke the Particle Soot Absorption F
carbon. ,Thear efsorceruci al t o consicheri quuleat maiyf fgd rve
di fferent results, which GlReulrechenmeafdlaecoad i m
2013

Bl ack carbon particles are found mainly in the
small spherul es of gr apkiGtnfec. gma tHeeriidaeln nwitthh i daita nae
a short time after emission, they coagul ate to f
(e.g. van POppeBl aectk alafrbe@dbmipar ¢d cf eem f ossil fue

found mainlmode boéakeomAdl@&@@at er while bobtséhmowasr bon
| arger par fei.cgl ®c Mwaarne t@drsstad bi, | .0dBmladati| € 0dé&mpou
condense on the black carboheadrtbclitéde dotlilagpsaea
aggr eigmttoesa mor e (ec.ogmp aeclte csthraopne mi cr oscop.dhéemages
mi xing state of bl ackwcaommeh upaohbscladoubal It hws hi
popul ation as they acqui r(e. g¢.oaWo tngld.i dehreisaodg. caogazt®il
can change the surface properties of the particl
act asr cloedconde(@esgti ®e MoutMaeahe eakli.n,g IAN®I . , 2
mor phol ogy of bl ack carbon particles is therefor

guantity when measuring black carbon.

Fi gaisrheows exampl es par miixfiteey esnft Hlypel-ab&drolr dn nwi t
substBntcersnal mi xtures contain diFfifgeirredndf tt)y.p elsn to
mi xXtoaaescbaomagene oeusso nppaorsteidc | o f diFRifgedtreemti ,cocha e ¢ r i a
i nhomogeneous par,tifcdresexodmplhe parnei dlyep®i goateed
4, ri gBxdernalccomr xtidr easi r masses containomgi di ff
particles are emitted into an air @ags aMernaadyer
al . [),i20kB1 source emits (digfeKendotegpesal of pattacl
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Wil dfires emit not only black cmad bomngarmiudc Ut ¢
particulleate madhwrektnavery 20dR2ense wildfires, t h
causes particulate matter from the ground to be
whirled up can be mexednergtogt $ejoam métk efaoluinudén2 0 0
signatures of soil dust particles i nalSsdefrowmmd fic
bi omass burning(NpglsiammadsigMeartaCy ps 2Weltdween dust an
aerosol occur also off the western coast of Afr
emi ssions froWecentenml). Atraka, 2011

Ce© O g ©

(@
PN @ ®

External Mixture Internal Mixture Internal Mixture

Homogeneous Particles Coated Particles

FigdamMé xing state of parti cl-alss ocromitnaglamhaydge ealbasl asrolm
Bond and BeXgstrom, 2006

Ahomogeneéahses mogiemteerursa | mi xt ur ea bod o rabbisnogv ibithémtge rainadl
par tdarnfeteend in some dust particles coalpocrd md
guartz and abgdge.rg.i nkgan dldenr Coexditdeetls. b1 20 KW 9car bon pai
typenoemneaggar t.i cTlhees absorbing btaagked awmibtsim rdamdogmn ¢
mat efThias type of pfacund | é8 pioogprudsapi oalk!| wE&. aged b
Dahl k°tte) et al ., 2014

Acqui roiantg nag cof a di ff eabé mtc k npmaaretdpiccabl p egriatinihecsh@a g e c t
tobight scatter(Baogwamnzd ea)iosweartpeiri 28se08bbi Fhagg et al
Ohat & .et).28Mh6 | e pure Dbl ack car bomappeacrotmec lheysd raorpeh i
when coated with hi khkgdoeo.ga.nhbltese)sa2tbdODance

Even i f the coating mateq ibalordnmn nlgl, adthheic cabbsimendpp a ro
bl ack car Bom4paritghctl)esi st enhancedcbypm@moed tobannsd
part(ecgesSchwarShiertaiawa ;Md2VWe0d8khb, n @ 0 tOWhil I. ¢ L2 dgle s
assumeshekbrmodel with a bl ac ka bcsaorrbboi nnlya bcto&a®t & hndgr, a
et al angledldyek ereakntéedOt®?) dence of internall)
that do nott heorcmescehred itconcdek



2.1.1 The Lognormal Aerosol Size Distribution

In a polydisperse aerosol, as it is wusually foun
Particle size iasfeaecti,mpesphpbaht hbacobbér gapéendbesni
parti ¢l g.siHod mamer, e f2f0eldt of particles onergdiat.
Bohren and Hu&arfgeamn,cpadn© Oa8lcd oesmore efficiently get
tact ad ommlucdckidroplet(e. gndKieedemypoibakestanal MP° h2

2012 At mospheric processes |like ageéng. c@ahicima ngte
200%a@ar t heseirnteasorspucritalditea siidpeanttiipfayp u hQiamo@amer o s
particle size distributions found i n attonmoasrpdhser i
| arger si zes, the | ognor mal di stribution has pr

volume and malesgdi WhiiTbusi g & iotadhuec ensost commonl vy
par amet eraezraotsiooln sfiozveh idcithshteér sil bougtnioor nsa, | di stributic
summary of the more delt aidlse a nk9 klaarnnai t i.eot Wéay f. o W @2d0
size distribution of aerosol foll ewg .a Hlimgsor e

Previous studies have found that a |l ognor mal fu
processes on an or i giineanl d.y Brom\oid e dipdehr @ @9 Isla pset ro fb u
particle size distribution in an atmospheric pol
of several | o@ng@r mahi tfikiywcati oamls. , 1972

For Il ognormal |l y dpasrttridfoatkidee pacoNoéereppatiiemhats
falthethe infinitedidhonb|ltbbée désamaeamat eri zed as

Q0 0 o
Ql 0 pcti foyo

(2-1)

where the counCMhetharnhsdabmetehdeoudgaea aok .o fT hteh g edbinse

devi aaSipoap( ehsoewm tsg arotnigcv aer ysiizneshheeaampbkel of a | c
numbedi stzébuti oB0nnahd a GCGBB ocfhbivgBTlme usef ul nes
of the |l ognormal size distribution does not only

at Isdrzeen,l sibihhte neasy convertidbialmetrys dt weuentb eme dis:
vol ume (Blat mhsand )ChhoeatHahtockh® 29 conversi on dmr cou
di amdMM®r s (

000 60 @ (2-2)
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CMD MMD
100 0.14

= Number Size Distribution
= [ass Size Distribution —0.12

— 0.10

— 0.08

50 —
— 0.06

dN/dlogD /a.u.
‘n'e; gbolp/p

— 0.04

— 0.02

— 0.00
8 9
1000

o -

10

Diameter D /nm

FigreExample for the number size distribution (

sampl e owWwi prrtoghesmal |y distributed particle si

The equation for the mass size distri buwian can
t MMDand the total Mpmlatssi s oamlcemtpassioml e to conver

dirsitbuti on directly to a | ognor mal mass size di s
Q0 0 - Qiu"

e = Q aawd’ (2-3)

Ql R pc“l foYo Qa ap

The corresponding mass sizedidststirh btuiB®imgbirdreos b & wn
red. CMD and MMD ar e mar ked as vertical |l i nes.

calculated by integrating the respective lognorn

2.1.2 Scattering and Absorption of Light by Small Particles

To measure partiofemeinzeremehar gechai igety i s emp
scie@cgs Baumgar;Kmé k aetini g.letl,na2t0nlils2 Gstludy, t he mee
size and particle mass is based on the interact.i

i .tehhe scattering, absbypeaoh padtemiesion of 1i g

Li galtl ifng ont o e cpardtairgyl a aidndudesn 9 nt o, awHi cdh r e
depends on incoming r ad.iThd iiomciiggghatn traarnt iad Iseo thyep et
partidlrenamneérred into, ahokBleehemlypei odl emreirmgyi pl
described Anmohe sdesteaitl ech.descr i pgdtuilsnt ocBb%i8he)s t o



and Huf f mbewxt(lhd®®kKByg on aerosol Mmeadsrckh®lOOg nt reic hat
al. (ad@®bk)at the scattering and absorption of I ic

<

A simple aptpirmatcd dplma tdfcfleec ti nb fal tbeeka nt hoef sonfegrhgty r
the incoming and outgoing radiation. Thdihntens]i
W/  mibs the energy per time crossing a pl alnhee per pe
surroundingwamledirum,n t he pasti ©If p &g Imdlsepcehrdieg e . i r
directeomar gamfdf ltlhxe i ncoming radiation diue taet he
exXxtingui s hlehde art eed ioaft ieonne.r gy t hat ies paciiitcermad band
separ atsecdatiwetroeadand saop b he rati o of the scatter

-

ate relative to the incidentalilreadadi heaceCGhtatsemnuinm
oabsorptionCaoaibessasmcbhmgacmthis@®mn cross section, t
sectCixoncan be i ndrea g rsdftaaibhwea & htahe i s dJdRhest ®datbtye rtihn
cross section redttresr ¢ad itmteo | aligfh tdlit ehealtit g lBtn SSCE ant s«
a certain solidhandi ef esentfi alnd@¢estar  dngferests.i
dqi s usedntiengrtetaedd over t fheetwhBl)datil iid adndglndg iofal
scatteringCg&ross section

. A Q6
0 o) ,anm (2-4)
5 ®
0 (2-5)
5 B9 ©_ 5 5
0 0 (2-6)
Though the scattering, absorption and extincti ol
i denti cal &t ogetohnee tprairct iccrloess section. The relatio

and the geometri cadsccartosesr isnegeIdifef nadiiseoncqgapl Qb gaxrd & fhf i

is defined in analogy.

6 3 6
5 and v T (2-7)

C

Similar to theecctxitam,ctiloea exbissction efficiency

absorption efficiency.

. 0 0 0
Y 5 (2:8)
The scatteringsand €aha@ngdepeomd con materi al, s haj

particle and the waveSienncget ht hoef rtehlea tii apdna almehttweleing
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Fo

wa

vel emfgt hhe i ncident l i ght deter mixiess dfhtee nopus e
stead.

¢ ¢ (2-9)
rticles much | arger than the wavel>eagltih ionft ot hte
ometrical regi me, t hex<xd) hadrs sciadd edf thlee Raiyt e
termedi ate regi me, where particle sizedl)s, the
call ed tFlroeg Mieag yr d qirme. and very small X, the
oxsi®vas can be simplified, whil e for (Mihee Mi e
PpBBohren and Huffman, 1998

r particles much small er than the wavelength

vel ength and scatteringleand ealbdaropt iddi enmeantfsifi dormnsa

(e. g. Kul kajBéi mg @amal | 0ltthan the wavelength of
the same phase of tsheoselidadyarta@imgny netiatt evaivieg an
therefore indepedemti |lofi npamiitelsé mahapebvol umes
the absorption cross section mustDilmenpgiopaser trieqm:
proportionality factor, which must depbndi oa. whafk
absorption cross secst.i on must Dbe proportional to
In the Mie range, these assumptions do not hol
scattering and absorption cHoors sa speacrttiiscnt eb ewsdinkep &m
and refractheeMardek]I equati @ansslkcawMbei c®OBY e
spherical particles.

To calculate the scattering and absoFipgdmoea for
spherical shape is often assumed for simplicity
simple sphere approximation pas tbebassumaddedd
consists of a spherical core with a dborc®atticgh
regime is a special xCaksemond e sMa leee®ahceaalrcyl efso ri ns mahlel
regi megattheri ng and absorption efficiencies are
0 Yo L_P and 0 TG)"OGZ(—S (21D

g a C

whemes ctohnept ekractive index relatTheedlo pgdret safr
refractdevsec hhondeestuch t he I ight i s sl owednpvaherd pas
vacuum. The, campbekatpadt wi t hde hrer ialbessortphie oda g e

el ectromagnetic wave in a medi um.



Optical i nsutrreu npeanrttsi cnheeassi ze by detecuismagl t geall
t hat i s scat tTehreed ilgyhta spairtcieclpa.ovi dédbel dghecbobbr
usually does not measure the totabob@padtrwaghke el
par @i cploei nt Tlhod wdatwtered | i ght t hat reaches the
mat eFormalt he memstursdnmermt woartkhtei $ i ght namu rl caes eirs  a@an
the scatteringoméetecthilhetof Wamads Aandackvaari dze t c
the directionGywydelt he20d bhaEopdreaaimscadmmect or geomet
of [tihgehtscattaeasedyl i ghitglGidmeme isever al aabbssoorrbbiinngg a

particle types in the size range of interest for

E;I\J
\
n

Scattering Signal of Spherical Particles e -

10 —| Absorbing Materials
Hematite (2.7 + 0.05i)
o | — Volcanic Ash (1.73 + 0.43i)
10 7| — Ambient Black Carbon (1.9 + 0.8i)
— Fullerene Soot (2.26 + 1.261)

1
10 Non-Absorbing Materials

—— Ammonium Sulphate (1.51)
102 - — PSL (1.59) =

10°

10™

Intensity of Scattered Light into the Solid Angle AQ /a.u.

1 O-B T T T T I T T T T T T T T
5 [ T & 9 2 3 4 5 [ T &

Optical Diameter /nm

FigbreRative intensity amfm)s catetne rbegyd al askcEBtAdeir g mtg
the | aser beam for a variety of atmospheric and

mat eri al s.

Theange sofzet par ametalrs fohodvwBieiemabewt 0. 15 to 3,
transition from the Rayl eigh regime to the Mie
regi me power | aw, which changes, depending on r e

regi me atesl arger si

2.1.3 Emission of Light by Small Particles and Incandescence

So far, the interacltiigvlats be ¢ sve enfbraanpfaasnt i dX tgéd rtannadl
Partact aasl sao sour ce ofadealaa@tornoma ghree ttihcé ema lf r oand iaa
body of matter wi tKkhF oar tpeanmpteircalteusr ei na btohveer nba | equi

radiation is wusually in balance with the ,absor bc¢
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refr aarttoirgl s taereep ahteuarceesd hit gher t han Admbiheritr tbeomgd
point, refractory particles emit meadadwer almalxe maunmo u
possi ble energy emitted at a cert aiempdeamaty ed pargtt ha
irradiBén)ce s gi van ldgwaRAlafibdkanc kSe ilMf0ell d andn&andi s
depends only dofthbéaet bmpdgr af umass.

5y ¢
8 fY —gr— (-1}

Herhe s P& aoac kKsitsa mBto,|st zcmoamsnti asn tt haen ds p e e d Foofr |siegvhetr a In
example temPleamtkvesi skt fg@divere iimt egr at(Zlolonovef equ:
al | wavel engotthasl geimiesssitvlee power of a bl ackbody,
the temperatB8oéthbByanhlescBnhetant,

oY ., Y
(1%

The maxi mum temperature a particlwi chnevapohat s.
materials | ike metals or black carbonshbhavdet peiak
the Plahakl surmeo the spdatpmpaloxri anddeh! gT h3a8i0tsh el ma
emi ssion of electromagnetic radiation at visible

At incandescencabsoifp@irsd cbrgl ¥y hei §P2 measures h
37§03 XKESchwar z &t Tahle. ,eniOt0t6ed t her mal radiation f
curve Kj 4Bi@u.rTdhhe figure also bapws uvubed whoel emgt
measur emantcated as a | ight blue shading. Violet

narrowband detector, whichdide®eocvdes with the ma
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Fi gudr eWaviedemgndent spectr al radi ance for differ

area corresponds to the bandwidthinft heh eadhR2r o0ac

narrowband detector is restricted appeoxi maesl y
I n the real wor |l d, bodi es of matter are rarely
|l ight absorbing black carbon. The deviation of t

described byl tThhte eamiissdivvittyy of t enMate@lkindan d nK avma

(200p/ggi nt ed out, can also depend on particle size

To heat a particle to its boiling point and evap
| o,s smadund yt o heat conductainodn tthoe rtntad peeemcressredi g

heating particle @488 =.ededrtiomeach3OBpidgunatieonal . (2
5 o0cno 0y veo 2 [0 ci oy Ty v o1
V] W' w w o 00 s T 6(,0066 (21}
I 1 (I IV \%
The absorbed energy (term |I) is used to heat wup

I11). As so@ntasmplkihsatipearregarclteh®oft hbet empenandri a
| ose energy due t o Ic)aradaudomailsosni rfs €hde el msg(B-1£% M

The terms that are critical for determining whet
gain due to absorption (term I|I) and the energy I
effi cQawemscyrel ated | i nearalays tsth ewWwhe 24 P@toiha leen raadli
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Huf f manSt ei@BeBn s ),ett had .a b s20prd®bBeodr tteindereagwo | ume of t he

The ratio between term | and term 1|1 t herefore i
of the particle. The | ar getrg uhfa @Qlehretraetfibosr.,es malke! |
pacltes, the heat | oss due to conduction is domi n:

The particle size threshold above which absorpt

possible | owempadet ed tei a mnliuvircrei dib ionlcaasnedre scenc e

Term tiWe idihhétewemarremal aemi adidaunep tt ioo néh et enapr et ri actl ver
being war mer t héaJn( stehee aslus(?rl geifnudeibrdgosnal irsa ddieatteicotne,d
by the incandescence detectors i f thteo emdmpeedt ur
within t dbea ndevh edg thoni 8 gt htehrama It heemi ssi ons are indep
detected signal in the incandeskencaclei dedgegltoracf i
t he wavelltemgtah ed emitted thermal radi-he pemg wei ¢
detectorR&,enasnd itvieesypdap'acel e

YD thf - 6V Y_Q_ (1%
However, experiments indicate that tsh emadsest ercéd telde
than the surface. This might be an effect of th

al so on paMdtieldie andeKlomsbsof § 208 mal | Whyirlaemheé q ea tpiao
(21 %assumes that the emiMctiokis asRawed(tiI Ad)yi naah
of particles with very irregul adi rsenatpiesnall i kep gmn

A charact er@lsatw c( ed@l R lilamancetktnladr t mhat iad,i onlsdi p bet v

i ntegrals over gttvwo bdinfdfse rdeempte nvdasv emlnen emper at ur e o

the function is integrated over.
.y (215
0O aéi Yoo Q¢

. - 0_Q_
This is wvalid for i deal particles only, wi th an
i deal parti cl edse pweintdhe nat t vieaavi esledinogitthyat i o wi I |l al so

the narrowband and théesbrdoadbadcduceatvedepigihdets o
emi ssoweirtlyappi ng wavel epngbah baFlidgsiawéeca h bé uehscdami

the bmrdadldbtaect or bandwi dth and violet | ines for t
The col or ratio can be used as an indicator for
rati osdi hflecabht i ncandese einrceantdcampeamceal rteesmp Arsa tt
the material , the ntaotleorri arlast,i oa sdisfh oewngS fbeept hwseresne e &

al . ,;seawarz gandalfor 2006 kdxiedesihe, d2DfL&rence i



bet weenrbbobamac&ndami ner al dust or volcanic ash car
di fferent materials due to the (Heoiweear)iHo e2elvidle s ¢ e n
the efficiency of incandescence is very |low for

component of miner al dust .

2.2  Vertical Transport in the Atmosphere

The previous stehcet ipmyssideceasic rgrbeeidee t deé st ogftbiytard i s
properties, which do not only depend on particle
partiselxperhancedphlerreerhsp arttm processes are also r
and vertical di stribut Wonhot haeeasehbbtliaocnkt bcka rabtom
aerosol sources areEapthwiedi attheepys drikhe g PBoum
carbomnd above itmhathel emaldl e and upper troposph:
transport to $ewemhalt hiyped toft udertical i brahspgor
sectioneikpl lanmawinm@alkwt 6 0o and , okl Ima (EBB®ABYel. (1994)

2.2.1 Stability of the Atmosphere

The atmospheric stability is an indicator of the

For the calculationshyhlearoes,t aitd ccemauiidermhed utmg ke gi

mas-jgy, acting on an air parcel is bplanced by the
TN

T_(}( Q 2-1p
According t ot tehremddymsamilcasw, otfhe change of iintern

the difference between heat addedHdlot arh ea nsdy sH aekn
20)1L1Bn adi abamioc hpatcesseschaamlgean d ett we eBtuet rheeruaprdgry
changes due t o chaanndg epsrpw snb Ut reentpeerr actaurrbee | f eash baw
t menodynamics can be written in this form:

L0y 0ag Ol iy i
& y—2 8 f

21
06 00 00 m @1y

Hercd,s t hehegptecaff idcry aianRits ddres tgfaost cdonmes egiurdé i on
of eqg@ayi beatle definition of diThe pefentemab pemp
usudloihw a.

YRR -1 B
The potent idatlh e etmepnepreartautruer e an air parcel woul d

the referenei sprceosnssuerrev elde vien al | adi abati® proce
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i nternallf eamneragiyr. par cel is dgospbhhcedsatdiabatti bal
of potenti al temper atsurmeor egetoet fhiemess hwhoeytahnat ro uind i
whet her it wildl continue iTBewagrbircaletagmraditentt

tempeirattuherefore ahegootdatdiecs cgti pliiTedrilyefoft t he at

Tabll eCriteria for stabil@dygpoédat mompHel)i eansamat

T_,_n statically ste

T a

T — .

— T statically neu

T a

T — . .

— T statically 1ins

T a
I nstaatically stable anmosphappenventital omaot acoc
mount ai ns, can force the airA tsa artiixea, |when aibtl ef |

be dynami cald.wygvidnrstti acbaél&rwlinn dt hsihs case, vertical n
dynamics i n Anhee xaat nmpolsep hfeorre .r api d vertical moti on
is the warm conveyor belt ( VECR).,5 edRet skdoeBs b e d b @ .

convection, the vertical motioderstanmsenst abl e a

2.2.2 Vertical Motion in Low Pressure Systems and the Warm Conveyor Belt

In the midlatiudes, dynamic instabilities in a
extratrop(Hodlt omy alnadhHeaks grle®RwWw tBe systems consi st
and cold air, Waepnar antoe dtbywifrr ontses ahead of the
to the upp¢er. gt.r Hpabwhaemm 18 §.8alg8ge@wsl 3an exampl e
extratropitclal t cgcmaper wpat hwa@sse haf t)aljhri2cakOotaesa m i
mar kt hhee mbhagr gongsamigwoeamwanéd movi ng, t he war
cold conveyor belt (CCB) and t he Tdhoew nswarrednsgi tnht roufs
is correlated with (Bihhdee rs terte Sadrn.dyn g2fOM@GEhss nrdagiwcedy o hay €
air upward r elcaatni vted ayc faf latsitt vadse wohietyv he@y sop Spahs e
20D

=



Fig&reSchematics of air pat(hwamsSchubnhzex20@lroPRE
permi ssion of American Meteorological Society, 1
through Copyright).Clearance Center, 1 nc.

ThWCHEBs ascent i s associ atperdecwiptiht adli higdu zfé gprurdeadtbidonn
causvieng deposi t.Mahsaf psheawchi @82801he tr anstphoert of
North American Arctiup ttlhoat99mMn s twalsl aekmowvardbdm,om |
the upper durocopospgHonWWweCBphotepditsgin the northern
western sides of the Atlantic and Pacific ocean
(Eckhardt )dtn alh.e, s2a0mer months, thunderstor ms, é

frequent

2.2.3 Convection

The term convection desbuopeancyleeenersi clalitsmet iaod
secii oes oaveshvdretw oh t he Emagiue | a ffldodudzde) ,( 2whli4c)h

gi ve boteht aa Ineadegatndd dexscr i pti ons of atmospheric ¢
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I n an instable atmosphere, an air parcetstpathi s
Over | abnidl,i zdaetsitoan of t he at mosphere i s Aofptagmcedau:
of wditrh t e Mpiefrilaseiraes | ong as it i s("ywahremelro wehsatn Itah
of air war rms cegpddanidaatsihceahlélfytéolhpe of t he t hedmalngr e
condensation | etvhed , tdht ehteenalpeevrealt uwhee rreelac b @ sf ot sa tdie
st arhtes.r ell easefdr dmtteme demdecadmopgp awratt ef uThadper a ¢
maxi mumtade, to which these thermals can rise, d
I n the case of té&lkaltlhewamnehd sovrelcyt | @int, i thied ght s md | Iteh
tropo,s pedlegog of t he .Tbhoeu ntdyapriyc dlaycelrouds t hat form

cumul i or strReepumaohwvachieekshroughout the whol ¢
boundary | ayer(etg. tBeutt a oa)WWhethhedr rliiagqmnivelceenzh anc e
suppressed in the atmosphere is determined by ¢t}

energy TIC&REEs he energy gained by a parcel of a
conve(cbtRtne al t itthued gb anwchoeenlees thou otyhaentl,evel (lbZBrer o

where it has the same (Hompernat®wrled as the surroun
66000Q AL Qa 2-1

High values of CAPE indicate an unstable atmosph
more | ikely. Before the air parcaln riemavehr(ess gotnh d aly

Carl son et Tdhle. enk98%¥ needed ttloe rd ecrev etcot itvhee iLnFhd |
Hi gh val gaens porfe vGlInN cmo nwaesd i @ofnl,m ietyteenCAIPE]L at i t udes
be stored and then releagadswel JveTheEtroageroenve
storms can puedwsce |atrmgenghai l and occasionally
thunderstorms can even penetrate the tropepause.
stratospheéerag.eXfareayhmpaet aé . tr@pPiléd&s, t heyattrhesplae mgie
scal e sf lioemouu@m ibriit h t he | ocal convec@Arakawhatnst
Schubelj Ab o ult9 7T14% pihwalder st or ms reach above the tr

c

| ocated (Loivueranldanzd pseet ). 2005 2007

The devel copmem®tc tcoane abcee ldlescri bed i nFitg®lee phases
first stagegevaltvgwemismagw cthhe vadg tstt r ong Tipartadwern inn g
cloud can continue to qreaw rwant koduroiydacnecgy alchese d thieo
oftere dtevieh of wthlee et t hpopleea sfdoorammda,n iaonvdases of
strong updrafts witlmsardeoueires lcd ootuidng ttheep condens
and ice crystals, which redghilg9sr & ehlre@i o alnidn dh ad d
precipitagusotnoffroormesTeododndr aftpr ass potuatt edmwit t



t h

e

updrafts inside the c¢cloud and | ead to a weak

Fig®r.e

10,000 ft.

Towering Cumulus Stage Mature Stage Dissipating Stage

Figué®e St aogfes t hunder st or (nf r deavtd lobhpanhe ntWe at her $

http:// www. weat her. gov/jetstream/|life

This describes roughly the evolution hoofdransi ngl
environment wiitsh tlhew tsytpd awria,t htt Hhiush d eir s dvtolreatl e eckd re n t
kil omen eftavorable metwiotr bl bggbwadCrAP Bwitdnddn gphisa r
convectidrveélblp catSaparsepér scelorms often produc
hail and can daleleproes uilgidr yha dgohé bdea mhegwee |l opment of s
driven by vorticity dynamics andUpdoahos!| lahh wanyee p
so strong otrmitngneawley particles are | ifted up bef
cloud radavagbseamsi mgt me radad ocaidho Rags ad i lowml é ni s
|l ead to tornadoe foffenamaionSu@ped rcdafett .basor ms occur
Mi dwest, where the hot, dry air from the desert
Thi s st rfatviofrisc athieonf or mat i olnn oan se mrwidrgositnmewnm dy ewGAtP
and modertetee gusaarf,r ont cansbnitrméwtfeerimsxt hémo ¢ dre
origi rcColnvercea.i ve cell s developingMesgscabee@ohyvet
Syst(evits®E)nh. MCS i sedhédyacbédi zmoue t b&pkhadndd rli0adrgg e
areas of convecti ve (Manddd osxt),Aals9pB0or Mmi pr egppi bhtt ba
squal | whieme the convective cells form a curved ¢
Whil e squall l ines form under a var i emes oosfc aaltemo
convecotnpMeerxms preferably in the ascent regions o
convergence zone and occurs more frequently down


http://www.weather.gov/jetstream/life
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complex forms in tihretikdt®omoioam sandvi d¢dntlhas maxi mu
time in the edaypycambrpanmgméobers.for the three di

described h€&ak are | isted in

Tab2 eTypes of wihumndegrmpdtcarl msscal e, duration and u

al | three thunderstorm typepausefremi bouyndatp t

producing overshooting (Dapgs ifmtoon tElea nlaewe r2 0Rtdrdat
Hori zont alDurati on Updr peedsS

|l solated Th{~1&m ~1h ~16@a 5/ s

Supercell ~1&®6&m ~1-1 % ~1e10n/ s

Mesoscale C[{~10DO0 &0n ~6-1 % ~1-2 0Gn/ s

System

A specific case of convect iyoaw raselonciitamitesd e & ehg \bti

source for the rise of (BnommrepaaPplfotphhet  hem

role in vertical transport of pollutantlge.an.d has
Fromm et;28B., 2005
Bi omass altumsiomg can also be |lifted into the uppe

studi es tofu ntdreadamitmeelgnsonbi wima hssibowenddirgeae et al . |
Huntri eserReeitd adt.). Hol2.68,p d2t0sl 5f or t hunderstorm devel
t hseu mme md ri tmieemins plhier eand )Lhut h20h6rt Hérren G emait s PH e
in the US arhe faanvoar etah ewhdi eomegl otphmemd e r osftwa & ths fo
overshooting tops, due to the geographic and me
condaucneasur e menhte redautgoa i mmocesses associaetitesd omi tF
this meaaumpamegmt t hat provi chede mestc rd btea fi oar tthhei



3 Met hods

This chapter g¢gi vwest ammansdu e e iné atg emé ti mbEBhei sf isrtsutd yp a
of this <clIBapfdtienrt,r osdeuccteisont he ai rcraf't measur ement
in this wor kAswetrtee axwarilefe dintviesti gating refractc
instrument use®i hgl enmeBRauteci &, Soitse dPeldsectianbédtdeai n(
foll parmng 3s@atiivamg details on calibration proceoct
The | ast parstecdsfi, 8tnhe sc rcihlags etrhe data anal ysi s me

3.1 Deep Convective Clouds and Chemistry (DC3): Campaign Overview

The Deep Convective Clouds and ChemistryMa&yampai g
and Jwhz2 in the U.S. Midwest wiptbbadrede maiasanr &mte
to study ddhetpt pc:o/n/veewcvi.ieconl . uc aThedmbj et dvepr of et th

c@mpaign was to investhgami eadlyaani eddececap i ywead t ipd ro c
in the mialiampn audest he scientific understhaeding
upper tropdobphépnpeugéUWpsabintomared maratntaff iwater and
the UT and the chemical reaction3henthheefakeshbr
participated,tihe NDAE fctatnppsa:i/g/hwww. nasa. gov/ eenters
8/ indeégx.thhtemINSF GV andwetehe BPhRi ppkdosnitudl Eaan dr arnegneo
sensing i nsteatuanetnitesn fofr ttrheeced gashasndenrdtmpam ii mlfd
both fresh aGrdothrgds d d o me & bi ke me gtosod ¢ £, radar s and
detectioproeit wedkwgal ubabl ghti npuanhioong adhpaiwgag et he

range of model s and operaavanhbablseat ehl itthee oDbCs:
(http://catalog.erolsuppartedubddc B -c;cadmpahaty pocllaasn.n i n g
main DC3 campai dmft d ak®redBoftrho m hB2&gd A8 At he NSF GV
pr esenftl iagphett i on base in Salina i nFokKantsharse e( Kn&)e
the MPAdIRFomLYPjeoiinldal eladhpai gn, conductbetgwe8&n rMasye a2z
and JuWwunesulmary of the whalbecéamBadghnpetamdd ¢an0n
Huntrieser. et al. (2016Dhb)



http://www.eol.ucar.edu/field_projects/dc3
https://www.nasa.gov/centers/armstrong/aircraft/DC-8/index.html
https://www.nasa.gov/centers/armstrong/aircraft/DC-8/index.html
http://catalog.eol.ucar.edu/dc3_2012/
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Figuabe Picture of the DLR Falcon in front of the
under the wings and inlets on the roof. The | ar¢

<

out si de o060 wbhoeu nadi arrcyr alfaty er .

The focuaudygf bttlaiok dcdatraboancqui red on boRirglpod t he
Al together, the Falcon conduct20d]l 26| dfdl Hibgshet d bet w
i 1| ustFri gtudadanki g2 eDue tofthghtothutdaéi anrcraft of
flighthahdouoé, the flights (130beweprfea fnfeeendheodf efnort a h
baselimabSaacnkdDuri ng the campaign, the Falcon perf
the operation badiesi an &éa hobpacarweet@aoerd tdorhetah le,a sitah @ n
Falcon had to refuel at a different airport betw
by the Falcon during theb3dBCB8hcampargmnl|l agbtl| nsimb
objetThéevEalcon fl i glt-dkii gguteb eard | c mragniegdt ibryg aof t he
mont h and day, foll owed by a IFetrt efrl i ggrhu rmaei rneetai snug
mases influermuedtheythi odasol umn govesspbednaageasa
fires



Tab3 eLi st of Falcon flights during the DC3 campa

i nfl uencerde mehnet smeoansTuthlee 4 ea st | icohtusnn oifn dtihceatreBC ada

measur ed wintdh dtahtea SPA2ps due to | aser overheating
FI i ghtFIl iQlhjtecti ve [Bi omBisrsnp Iingmes [SPRat a
Numb e fires Avail abi
1205248Transfer flid full f11
1205248Transfer fligd full f11
120528Transfer f1lig full f1
12052¢Transfer f1lig full f 1
12052¢Transfer f1lig full f 1
120527Transfer fligFires at Great{full f1li
120527Transfer flid full 11
120529Whi t etwat dy fijWhitet®watdy Fir|full fII
1205290K/ TX thunder no dat a
(overhes
12053(Whiteatdy fiiWhite®watdy Fir/full fli
12053(0OK/ TX thunder ma jdoart a
(overhes
12060%convection o\ maj or ds
(power f
12060%convection o\ maj or dse
(power f
120604convection oVJFires in Canadfull fli
i n WY
120604Agedhunder sto|lFires in CO full 1
from CO
1206034Aged thunderdFires in CO full 1
from CO
12061Jconvection oyjLittle Bear anfull fli
12061Jconvection ojLittle Bear anfull fli
120613convection oJyLittle Bear Fi|lfull fli
Fires
120614Aged thunderdLittle Bear Fi|lfull f1li
from CO/ KS Fires
120617Transfer fligHigh Park Firefull f1li
120617Tr anfsifieght full fli
12061§Transfer fligHigh Park Firefull f1i
Fires
120614Transfer f1ligdg full 11
120619Transfer f1ligdg full 11
120619Transfer f1ligdg full 1

Since the main target of this campaign was study
around the anvil region of thunder stToabfsendThe t
described iHumbrieesdet.aefhiadh.st(2dyl 6fagcuses on t he
that were measured during the DC3 campaiagn. For

the major fires from which Tthlee imilpghdssh oowsi gailnatteh
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flight tracks corr eslTmpddl kiAsngptoesfealt hef l oglat sflighe
the Salina/ KS opeRiaglizoen base is shown in

60

50

Latitude /°N

40

30

-120 -100 -80 -60 -40 -20 0 20
Longitude /°E

FiguteMap of all flightShdwmiagetales®CBhe ampfau @ln
transf elrhef lliogchatls .f 1 i ghts BrguBédown in more detail

Longitude /°E
-106  -104  -102  -100 -98

<
-

Flight number
— 120529a
---- 120529b
— 120530a
--== 120530b

120605a

120605b
—— 120606a
—— 120608a
==== 120608b
—— 120811a
----120611b
— 120612a
—— 120614a

Latitude /°N
36

Figu2eeMap of | ocal flights of the DC3 campaign.



As a resear ch tda crraanfgte, botf h BsteFnasleasmu r e met eor ol og
wind speednandgreissecti temperatur e, and rel ati v
(Gl obal Positioning System) coor dihreatFead zbbomd wtalse
equi pped wi tsh tasw rmermga refmeint i nstgasnedetsed d toitemp ar
Tabdlasmmd al so described i nHuhertampgiFgttr alher 2@ B& |
of |l argecgumpakibelclge mpuht s, si hoawvedi gpardoebre st hfeo rwi pne
det entaimatEyS SIPO@E or war d Spatt ePrimplgleaMe a sl rei ng Syste
Boul der / Co)laok 2 SBRO G o SvAar d Spatt eForimddgesorpMeats ur e men't
Technol ogi es, B o)ualP C A S/COON aogrsa dvoe, CASIA ty Aer,osol S|
formerly manufactured hy BPRPail diec l/ € o Meocana dnoa; i nngl Sa8 ynse
Dropl et Measurement Techroad oman easi, U HBSAEWEN-Mir aiCo | or ¢

Sensitivity Aer @solpl @pedMeracmaeteanent Technol ogi es,

To provideamaples for, twaddrcaavon ni ntnoes ttrluememdabi n vi a

inlet on thel &angeobl aokdi®mpett he nf iriroMmitf g itfidEhei swi ndo
i nl et gneddeds decel erate the air flow when dr awin
Sidiestri buti ondécgr eashiamg itnfgpe oamount o fT hpa rutpipcelre s
cuotf f of the aer os.o80mdrelpeetn dliinegs(Faae d arl)odubo@hil dye rlo s o |

instrumentation ithelPE€COohe nBati mni ac € dadogPeseAhrs, TSI
(Condensat$Sione PHAndalikcdPaet Solot Absorptibobwo PBBC® mM
(Optical Particle Cowm8R@&, nGt emmar Gé c mxkmagol)ol oett P h
Measurement Technol ogi).esDatBao utladkeern/ e |ltohn et difoeg cl LAS A oe
stuldwo CPCs and two CPSAesr wefufes stea sntowdlyi dAietokeenrt .
t hheatlmnuder ,AGewasd oi R5®dgr ated into the i nlteot of o

studywyohan i |l e aerosol

The optical instruments, the OPCs and the wing g
t hroamghaser beam. Though these instruments all/l
wavel engt h, the measur emédrmte mreipradeine ei ©of albwaTks

particle size for known detect ors greeofnrea crtyi vaen di nac
SP2 also uses this teehnaqguer yf oparmeiacsluas ,ngb wton
measuremé@nparntfi alBe mass by detecting the emittec
the condensation particle counters (CPC and CPSA
a |l ow boili-Bgt pooinhtandes ebde qauneonlt | cyo ncdoeon seeds soon tth
Particles with only a few nanomet eres liamr gei 2ea ogirgd
beourtyedn optical detector.
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Tabdt e Selnescttreudmelnt ati on of C¥HherDELReFdDlat an fdoamwinn g n
more details, see. Hufntmo eassqepleirentidtatl ies t g2iOvlebnb f or c ¢
aerosol inl ¢én euddotfi oampploi ¢ehe | isted instruments
provided by the Falcon measurement system.
Il nstrument Measured SpeciesfNomi nal Si
or Detldanii
Wi ng Station
Forward Scatter|Sizesolved Parti/23Dm
Probe (FSSP100)
Cabin Instruments behiOfdf -2A@m¥ s ol I nl et (U
Condensation Pa|Tot alkVoNan il e Par>5nm
(CPC) Concentration >10m
Condensation Pa
Anal yZ€BBA)
Condensation Pa|Tot alVoNlan il e Par>10m
Analyzer (CPSA)|[Concentration
Ther modenuder
Single Particle|Black Carbon Mas/ 8& 8mm
(SP2) anMi xi ng State
Cabin Instruments behind Rosemount Trace
CO Analysator A|CO 2-10pphb
UVOz o-pkot omet er |Os 1-70®p b
CLD Ecophysics NO, xNONO 26 00mDMt
modi fications
Rosemoumptr oiviildeetds sampl e air for trace g@ascmbasur ¢

(smal |
O3,

a

LOLHS0tdh e

wi de

Absorpitd@amndnSPadme alisRE3SP 2
Homiedi faii e d

SP2s, one
(Schwar z &t
resollutddhanc h maae

measut haeg
lanl .t,hi2s01s% udy,

or atnhgee adnrbcerfiadfdtmm P e The
ni t Ny sxaladlQ deBaebd. Eh@C8wa s
i (Dt fdeering i

B0BOEk

only

me agaly edpdaiacse wer

rangsiofu édainfdf eeenot ei sensing

was

d

backscatter

equi pped w

part of a system
aihe, oto study hu
ata from the dry

and

dnenp oal nadr i z a



aer osol extincmi(dai r atet 532IBurt oh008et ). al .,

High Park

Fi gu8MODIfS re map0 ftoo JWMbrge Bl 8u.e Thect bse@mal &r gest
DC3t hHi gh Paokt h)he WBalk ¢wes eand the (kiathe. Bea
(http://rapidfir-eiskcimagécyhfaisaemgaps cggi

As the 2012 fire seasofJowdsy mdrtdaRC 3t e2alsipsa it dim n w:
influenced by mAaingl 8l easrhgoewiwifgirdMiD Do e mat e Resol u
| magi ng Speotnr drhaediTemeatae daf nod Aghuea wshaotleel Iciatnepsai g n
i mpression of the ubiqui tyy dofy fciornedsi(H d eornisin gogf D €280. 1c
201lmay be a reason for the increased wildfire a

influenced the DC3 measurements are maghé&e& with

Huntrieser gevteatsomd 2046a8)l s on the three | arges
peri od. Th-BaWhy t wwhderr e, ti hiNee Wllei xtiaichod Boear Hwpg hd P
wi | dfni rGcohoaelaldocounted among the | argest and most

st@t édi.story


http://rapidfire.sci.gsfc.nasa.gov/cgi-bin/imagery/firemaps.cgi
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Tabst eLi st of the three | aragdkspt evd |fdrfam eku dbturring sneg

Fire Area B|Ti me BurninComment s

Whitewa~12lha Started92d1 merged from Whit e

Bal dy H byi ghtning fire on May 23, I
95%ont @ainnegMe xosd af st ory
Juk$012

Little |~18]thla0|St arted by most destructive
Fire Juhge ol Me x iscachi st or vy

90% contain
Ju@dé, 2012

Hi gh Pa~35jhla0|St arted by second | argest wi
JuBe 2012 stAisetory at that
100% cont ai
Jul,y 2012

The plume fromMatl dg Whiltddwateerwas probed intensiyv
both days, the conditions werkmsamiiFhwdeiet het he
WhitefRat dyf iwirel d he Gila Wil deroasspetttasadley &y i &
the only Il arger fire in thile agmakatplthme bfergo m nti |
in theiwmagel 4ste® greyish cloud, extends far down

and Okl ahoma over a&mdi st ance of about 1000
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Albuguergle s

Figurde MODI S i mag)®2s0 1@f sMaywi n\Mh iBtad vdayt ewinl dfhier eGi | a
Wi lrdeegs i n west.dmre NMNdeawckeximoke plume is clearly
Falcon measurements on that day were performed i
nort her(MASEROSaDS .S Wor |l d vi ew s ctreenepnesrhaottu rwa tahn ofma Iria

https://worldviéw. earthdata.nasa. gov/

Later during thelOQcawipladfginr,esafweerre Jmoree frequent .
Mexi co pr oducedmepasuunmmeesd tdhuarti nwgereevery fl ight of t
Pl umes f rsomalsleevreirfaflt @eenaksdot he maeagdireemenber ned
North and MiddbpedAmatiyaduri ng t(hseeiesgebl@decend part o

3.2 Measuring Black Carbon Particles with a Single Particle Soot
Photometer (SP2)

Quanit mtghye i mpact of bl at¢tk keaomniheas enfforsprh ewielqdufiidreesd i
reliabl e mellsaial npeaarttbibcrdvieas i ety of measur ement t
devel oped and i mpMovsm, lalverr), BhHted Sftyieme asur ement s
carbon were made by c®.ldg.ecH)ialnlg, pb&3*6G oi eag ohef chhs
pr opevhteinegparticles are deposited from &iarseadont a
measurements of the optical properties of bl ack
i nstruments | i KHantsteen ledb haallt. hmeltP=8r4t i cl e Soot Abs
(Bond et) allTheyltm@@sure the changleen npdritgihdl ¢ 3 aarsen
onto it and compare -Anglte Ab <d remt(R edtnzlalre t)eot@h@@G: Mu


https://worldview.earthdata.nasa.gov/
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based on the same technique, but uses sever al

scattering pafetigc!l ¢a cROdIf ciadibtagenr@®d OBe as u rpeomsent s r
sampl ing anal ylsoiasd eadf hi¢i &l ttitepa lbitygb | e@ mpeapomuats VYol
part(ecbesBirch)iamdom@aen,itnu96 h organic and bl ack

Anot her way to deal with the i shs uoet hoefr bsiuabss tdaunec et:
a heated inlet whicfE.mgemBwed swdlsatbiblae Rp aratriBdIfe
high melting point and measuring the number conc

applies to dust and seatsalnt owhiach ocan , mele ewcp ad
e.g. Weinziler!| et al ., 2009

The optical properties of aerosol are also used
space. Active r emotle dsaesntsriunnge nttesc, hong nqoulvei sd b tltibkeeu r ¢
with a | adiere.s Tahel aser pul se as 1|ight source an
resolution of time, frequency and polarization

altitudes GroC). etThaly. ,ar20lu>edawedeloy @asrpboooedi
(Schamn, )2d2 from space Wil toAalrtoisdo d\&@iAtLh O®r {f hogon
Pol ar)) zanhi othe (CCAABPS&SOO I Lidar and Infraréd Path
sat eHtltigs:c/f/pvevow | ar)c.. nasa. gov/

Passive remote sensing techni dqRieenser feot), aclixseempdied 5
sunlight as | i galetr osolr e otperméasud e ke the aer os.
of passive remote sensing techimitege @ taimsal tchwmiimned h
detect blmaclk oar mamber concentrati ons lail kenet hva t

refractive index. or the size distribution

Ot hegitim techniques rely on the heating of bl ack
measure black carbon i nde@teonadaondssttoi lemematshuerre ss ut bhse
prewre wave induced by a heat ed(Aparottitlcll®da ssd t. h a \
induced i ncssemdesteang | ight absorption of parti
evaporation temperatur e, refractory particles er
Thihas been used fpul sneadnyl ayseearrss twad tsht udy parti cl
procéd®fd eadee g . Ec k pMeel ttho,n)., WRi797&4 t he puduesedi 4 aseed t
quantify particle enscemnbdmmeracti ahlilgyh acvoanicleanbtlreat$i
Phot ometusres( @aPZ)onti nuot $ el anmis mglfoader k puedarishudrre ;1 gat |
concentStaetp hoennss )eltt adet,ec2®B03mai nly panotdieg!| evshi icm
makes it a suitable instrument to stDhDdg bbadck sc
capalbifl imepsuring small $R2anits tdleso oWwi ¢ 8ICy mased ft
content ien gi ckeascpoarneasn ét sabwe s@@iaBiesi ausSkt uedti esl .b,y
Sl owi k et am@r os(s208t7 )sdalow t2@&10)t he SP2 measures


https://www-calipso.larc.nasa.gov/

concentrations very wel |l a&mitxh ovdpty shcenitmpga rbiinags enda sbcy
with a fractal shape to more compact particles w
sa heir fractal shapMdotceokil apns & d&oldedbdohr @@lRel ket)c easl s. (
show tHaete&P28 well most typllsyodvambakeineT Hadnac k oc

onlbyl ack c arobtondettyepcetaergeaef fcbesengbkperated with th
assysel et faund (2012)t mrl cobnva bd fyf edcurdsv e hade nSsPi2t yc o mb
i ncandescence technique with optical particle di
mi Xxing state (@do reBtC )ga.omi 280n@ & r compari son bet wee
di fferemnaboredeupestoaclthhza2@ha?2bprd knowl edgel ionfi ttshe
and detection efficiency is crucial for compar a
setup of the specific SP2 used to obtain the daf

i nstrument and t hreilri mintfd ueemda ed eotne adteiteerc td fof i ci en

3.2.1 Instrument Setup and Alignment of the SP2

ThePRQontwdo nBMPH ot omul twiptlhi edri ftfuebreesnjthdeepeoct abbmé i | t
thermal emadtatdi by t he santdebhedemei@asgrpamgt sclae t er e d
for opticalThpearctointploen esnitzsi nogf. Fti gdus @®di can she wseé¢mh
SP2 instrumdnt heThasteddmmenehack opticalarmd omikr,r @ro
in the |l eft .ahd tagkt bonansipsuysp olfasaenr 8OnBobt vi si b
bl ack optical bl ock) and anhmdwdAGHeglgbhal epl evf
surfaces on the |l aser crystal and the output cou
i n tdree O cJf80c h waalz. ,e)tPlDd Omeasur ement chamber witt
mounted movable in thé@hmi 6®8Rehofisihg apsbcabnbho
acqui,sivtiisoinbl e behindNdmtctiudetileet boudil ogki s a punm

sample air through and pushing the sheath airflo
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a sheath flow and focusetd chambert wWwheemt ¢ eamnr
t he Gaulsasd arm tlsenatmse dma x i Praurnt iicnlteesn siistcyaheet abeg!

ich i s detected ,apy a&hael acabhetephogodRIGBEO) APD)

cludé mbet v mii bftreodd iignhcta nd eTshced nfgo yprard a tcd etsar s

to the measur emeFiitgudhea mber as shown i n

gh gai ngnofarbemed!| Is f our dRitgeictenr st wo ee xsdampine | ma |
e nNreBEQ@ particle with coating, absotbhengipghttiac
at {fedrmirkcpgprde ¢ e s@lbil ta ckentad cst csrtsart t o rise as s

e | aser beam, foll owirng nttheen sGatuys spiraonf isl hea p eWhecefn
arts to heat wup, the coatingwievlhpveateassiamg pd
e rBC core of the particle keeps absording | ¢
candescence, seen (aslamdr inae (bDawihirheéd dbsoadbandi
bsequently, the incandescing partidekcetecmstepo®r at
seline. The purely Isasaetrt ebd anrg wpraalttierl ed parsd ets

attering signal represents the Gaussian shape
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scattering particle that p.@Bhoevn tahe Itdxeerhilgdramg al

t he h&@nnel SP2, tbBé ghawsgaihowchaenaslame signal s h
The signals are the scattering signal (green,
incandescence signals (blue: broadbandk)Thed: nat

spl it sdiegneaclt oirs enhanced to properwli detras the
effect t hatsatthuer ad eetde cetvoern ifsor particlé®sdavteddt iwdn

I i mi t

As the evapordtitdhre tr8@Gperat o deh ttyhei SPI2IKY i msa au
(Schwar,z 2%0 @dKki and ; Motnedkoi, &md)/Kotnhdeo ,p a2 0tli0c!| es e
radiation at wavelengths in the visiWwlehrapgkecal
fil(tkeGésj cilmighe det eadc¢ttieormdofl aser | ight. One detect
detector, sampl es -8l0iDg(hdg h d win tikre gl Budee®i sefc 0 @O det e
téh narrowband incandescence d(eR@6&t3d@)rr,e shtarsi catn tahded
wavel engt hs t8ddma{ shamvwgre korfg W@k iinng t wo i ncandescer
that are sensitive on two slightly different wa"
rati o, whi ¢ h icnadni chaet ous eodf atshean emper at(ugee adl swmhi
chaptadr 2
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The scattering signal of the incandedaaisreg aratmi
i ntensi,t yhoprweovfeirl,e onl y dJdmndteinlt i dwamar dthieom pdti aratl s .s
particle is not as straight forward as the rBC c
by the decrease i 6 <«ivamalr adue nt.o Ftohre rpeadspmsctdreu c t i
height from the undisturbed signal Gaotée ahol @2/
have introduced a met hod cafliltegd tlhte ulseeasd itnhge EXague
| aser beam i nt ensailtsyo ptrhoef islcea t twehreirdigp og iag ritamdg Pphaa g
fiat Gaussian function to the undisturbed | eading
eft pragdilp Ebe fitted Gaussian represents the th

particle i f it would Siiontc ee vaa pGaruastsei a nn ftuhnec tliaosne ri
parameters basaenMiiditen, ameaa kp eppks ihteiigrh,t , t he peak h
theorgneopbynt of the signal i fOft dtéhocot hpar ameeer

—

he Gaussjoannl yf utnhcet i penak hei glist sdceaptetredrsi si@cecirba . p
baseline can ber edceagaedghbaiiede f awdn aheer the partic
The wdalpéends on the | aser belmemssaunmet hddpaanh poet <
ensembl e contagpiomiang relpoatphodeahdong particles measur
within sThertposi méon of the peak i s -siedresnittiifviesds pv
det fGamret )al fou2z20e@fve méhtya A®ddvemtemdts al so detect s
| aserTHda ghdsi ti on of thehaabdneakkered thdefgdamreen
recor dpeodi nit5s0 ev ey h Owa hoar iDZAcdi tBdlgLBaer e rel ati ve t
si-dependent t reirggg etrh ep osiingtn,alwhget s | arger than ¢t
position rel at iTvhee tto atclelesi dsiafmevine b ena mo rpd-eeg g evii t h 5

points.

The scattering signal at dtehreaf vooadm ttehre osfi ginhael |tarsaecr
with t-hiet LEOs convwviep teablwe t dalac uleebtke d mavii t Wi ¢ heo
Bohren and MHuy faasy milmd@ Sghhoenroegse-infemm sdess ci ng parti
incandescing particles, the conversion table for
The coating thicknessfits pbah Hei glwhdathle mheathse oL
eqwal ent di ameter, calculated from the measur ed
with a bul8&@Ggmsity of

While in the first SP2 versions, one signal wa s
t apyo signals from each detectoa fWwathDabbled el 81t he
the names of the channel s &md talrei rusedr riens poerxdi r
The amplified signal is referred to as high gai:
extra amghif isc gtniadrs. are tapped in turns, reduci
chanmehm OB. 2 0sThed4,8§®2it was used dywasigchaes ®dCS c
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Channel Pramary Calbration Assumplion Quaniity Derived from a What has to be taken care of
& Measured Single Detector for good performance
Time dependent Signal from Detector Quantity {Range of Defection)
Channel 0 Peak Hesght S -Calbrabon for purely «Ake-Data look-up table “Opbcal size of purely «Gaussian shape of laserbeam
Scattering Detector scdlerngpﬂhl:les = forseverdrdmchve ) scatierng parbicles « aser power stable
C&ﬂxdnnfa:torforlie—tdﬂes mndices of non-absorbing {detection range: about 150— -Baseline below threshold
. . O & 1 ) c[:g:sxﬁnon Paints /— aerosol mmk:.s w‘m PSL- Noise bes )
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" /—\ Scattering Signal R
« \ m
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! ITme 02 sl “ s orten vt fow
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<Densily from mass {detection range: 0.2 — 55 fg) for sufficient laser mtensity)
measurement «Baseline below threshold
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vs20 — Broadband Peak Height %:r “Mass Equivalent Diameter «Calhration with low uncertamly
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- Channel e density of 1800 kg/rm) nmoblﬂtﬁves ]
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measuremend «Calibration with low uncertamnty
1450 Ly 3 - "_ - I
- ™ Incandescen i measurement objectr for
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i Peak Height Channel §2: {100 — 400 num for an assumed “Properties of measured material
- g’ — Hartmband Granne fensity of 1800 kyim) sandar to calbration material
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s = Time [0.2 ps] - Nar;whanc;?mnnélu:eak H::;m [de]
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Combination of Quantities used Assumptions Calculation Derived Quantity
Detectors
Scattering and =Pasition of signal peaks =Coated pariicle: Maximnum =Delay Time = Peak Position from | =First guess on mixing state
Broadband of scattering signal occurs Broadband Incandescence
Incandescence Deteclor before coaling is Channel — Peak Position from
{Channels 0 and 1) evaporated, (before Scattering Channel -4 L | Jneosted Particle
maxinmum of incandescence 3 oo '.‘% oo Chonne
S-gl'ﬂ) E‘-soo ~ i ia19(‘21haanr:ecletl
=Uncoated particle: %00 -==- Channel 1
Maximum of scattering and g_m |
incandescence signal occur Time i Laser Beam (201
at the same fime
Broadband and *Peak heighis =Different materials have =Colour Ratio = =Material of the ncandescent particle
Namowband different colowr ratios Broadband - 125 x
Incandescence Deteclor ) Peak Helght B A : * Volcaodsh
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goms . PR 2 * @
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Incandescence Deteclor | .posiion ofthe pariicle in the =All parficles move with the =Calculation of the opfical size +Mixing state ofthe particle
{Channels 0, 1 and 3) laser beam (from Channel 3) same speed with look-up tables for Mie-data of | _\/oume fraction of refractory black
= Diameter of the mcandescent | -Fwrsi part of scatter signal coated spheres and core size carbon
core {from Channel 1) nol influenced by from broadband channel —
evaporation §3 oo |
509 Peak Height ) I i
for Optical Size™ | *, §§
—l‘ Scattering Channel
500 = Leading Edge of the
Scattering Signal S
1000 - LEQ:FR
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Temet hod for fitting the | eading edge can be ext
byaborde et &aédmptéd Odle2ta)t he opti cal size of the

onset of iDbeahlnkdtstceerd eestcaraibbiem{ 28 & 4dnet hvoe particl e
from the scfatdoeoatiendy paratciec loes . I'f in a mixed par
the whole particle and | ocated -abssebtogtbeati mg
does not allwafytshie® v apdeatreBhC ec vorfe ttihbelh scatters | i
core is completely evaporated due to incandescen
Sever al studi es heasvte tbheee np eprefrofromranmecde toof tt he SP2
procedures as wel/l as the rfefperroednutc i R &% s ft Bys tod L hmgen
the intercospsihi sbnabf had a (hbghtdéyedi aksseB 01

the need for a good odl itthreatiinosnt raumte ndl itgn maecnhi e\
res uwlatboo.r de etalas how 2tOhla2tb )scciafnf elraevnee sSIPi2ght |y di f
efficaendtihes | ower end,whfi cthh eh adreet etcot i boen kmaonwre | n
cocnentrationdi mMeas@hledB8®Y sl deit £co fcamheddrfdrmenm up t
and even mor e faoneoti naltirgumed twee ltlh.at

Schwar z etdiaslc.us(s20In0at)heir study sever al ways to
efficiencylhefy tshewSRPhat the incandescence chann
i ndependeinnt enfsiltaygseas | ong as the intensity |ie

heating and.Ai sdandeagscewad uati on of sufficient |
DLR SP2, which wielclBi @mh2ea drde ecemmalnded steps for ¢
Tab8l e

While the datapargm ahe D8 mamn f ocauectaifronshi s
calibration include also data from other campaig
of calibrations over ti me ahdl ibsetthweefecna lldiibfrfaetrieonnt

can be foundTiabllehdlagPpp«&€adiibr@ti ons before Janu:
wi t h-cthtaen n4 | SP2, those aftehamnmies peirmsti owith t he
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where they are described in detail here.

Cal i brtaetp or] I nfl uenced Me Chapter
Par ameter

Laséi gAment |Det encftHiioc;i ency |[3. 2ALli §nment of

Coat hngkimess Sample Flow Jet
Laser I ntengDetection Effi (3. 2Z.a2 i bamd | Det ¢
Detection Limi{Li mbff sthe | ncan
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Lami nar Fl oyPartontenCrati (3. 2Cal PRbr atLi oa
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FI ol e ment
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—

Opti cal Si ze; Sample Flow Je
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Split Detectl|]Opti cal Si ze; 3.2Spl Bt Detect
Coat hngkmess
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r BC MasssSBirzbuiLi mot st he | ncan
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Counting Ef f|lDet e titmiotns 3. Za2i barad i Dent ¢
Limbt st he I ncan
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For the alignment procedures and <calibrations d
were used as reference. For optical opfardiifcfl er edne
standard siPSdaseweoemesedal syspensl abbeof monodi s
a very narrowamnsd zkedddmpttipd alo ¢ i Brihoesst comme®m’siLy use
standar dnherhea,s 220 0sh aind adidz el acfc a2 dbobng to the NI ST
of Standards and Technology)pacelnkkbdaseenappdiedt
cal i bwaast ippenr f or med withF&Obul eeepaesoobterpiaanlt bvwihtehk
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known density and the r ecomméModeedk ic aalnidb)rRabtei doon, nPe
standard particle sample was Aseoetsibbuivkbedrenedsosot |
pol ydi sper ssei;geilltechied tf®@ebaialhe bapeécohic setup fo
alignment or dalbllamsecadoi ohyl desedi bad in the corre

3.2.1.1 Alignment of Laser and Sample Flow Jet

The |l aser beam is reflected on both sides of thi
cryst al and on the out gutmecacsuwpleand ndgnu BtlehaenbeEmc uir n
that the |a&Caaursstheagp®e 18 i 8 needed for the SP2 meas
can be adjusted. The adj usd ammiieadls| ento nivhdomo e da e
replaces the | a9oéropopwe®i gapded reirng ltelfed al.i gdment

well aligned | aserwidghows G tsas inct a hesui |t ayr ndsi hsht er ei bbeuatmi
camera. Exampl e Fingdugekse falrhee sGaouwsns iiann s haapecofalt he
parameter for determining the optical size of in

Figurel mafgetslise |SaPs2er , taken with the beamJmuamer a
21 201la2nd a,baABr (D0 tp#iti gnment .

To ensure that the sample flow passes the | aser
i ntensi ttyhei ssafmpured,fl ow jet has to be aligned pr
top méastheememmhicchha miseamabni te@Fd gL &ami.&dlr enl i gnment
t he measur eime nmb ecehdhamrbde ramwdh i b &c lswwappadritd i | R&SQwn si z
so thate tfhleow adhp ddNsesdeesr tihre di Therengnpbsi bf ohbese
are recorded and the optimum chamber position is

maxi mumwsi gthad sposi ti on where the sample flow | et
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intensity calculated from PSL measurements at d
dashed klsi nteh emaarct ual |l aser current vabeewed®&onttben
nomi2n0badm PSL piaze iaheé the optical diameter cal cul
hei.ght

The togFimpda®thooMs t he results of foturatdividreeg eme c e
after adjusting the output coupl eshbowntghee oaptciimes
champesiti olhh.sl8mWwedr e( 07. 02..20041.420 140 .almBdl 02108238 . 201
(09.09. 24 ) ating a slight dwaisfott ibre Icaanprenpgas iet
adjusting the chambrerSepotsethh eernl 2a6oltSe, Vs il@PORLt | Dhe
(February 2014 alignment ) aotudeantbheer ,amosdtT G28408/20 we

al so applies to the optical size, i f the drift i
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mi ddIFei ghidsndedtwiscef equi val emt ofxoars etrh ep ol vaesre,r ai nt e
esponding position of ,Theobb@mphethteowqpevalie
l' i near relationship bet wenenP SlLc aptatretriicnlge ss i agnnde

i ngsl awaesd dalooru an i ndependent measur ement . )
tions in the | asesrthidmmpui d toesnl t henl aber s an
ht in the cent em @fartthelriessveet tid@egnVasr2 2 0@

esponding chamber position.

her i mportant point to note is the increase
ance fromFitoetdmeammbent erze distributions,
entoanhMMO®SL pard idilfefseraantt hproesi ti omndasmed he |
i catthd i tnepsF ipgnin&ldh eo fme aswe e ee ma dteh ed uali inggn me n't
st 20, 2014 witbh.otHAedbmaamscreament bemade awi t h
posi tieobhed af t hmarlkaelemhddeeda nd raxvemtashuanus | i n

L9 eFor comp&tLi sombet wei ze dipsotsriith ultmisotnasnm it neefarsour

beam cebhorg daehasidedfer to a posi t0i.d)Y;7dl os e
t dashes i ndilcdatkelod0 qt)chsei tl iacsre rioffii rigtih@ees i ty pr o
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Fi gueNor mal i zed numbsd rosrsmesplé ROOP EL bpaidi oincl es meas
chamber ahliugrumadi240T he di bher ot thesistaimpl e fl ow
| aser bealm sthado ei mmatrimea r K engd & rhde tFoipg Lpdagn eV e rotf i ¢ a | g
bamwsgt hsandeash.Tthyepenumber size distributions were

concentration.

The wofdtthhe size dirapil idb ydiitdifiotrihkemoeasngdbe Ekawt | ¢
in the middl e, sddi gthlseh olwsE§kir s beamds to a higher u

particltheiizet emMsi ty decreases, the peak height
decrease with increasing distance from the middl
| aser, a misalignment of thédesawmphe¢i higowfjfetrti earr

alsecBi @n 2

As the position of themédédaserebhertmnclalhmgibtelay at i v
the outl put icoumadj uwshteend tohre wehvoelne miea seemp d rst areta | ti
realign the measurement chamber with the sampl

uncertainties and errors resulting from a misal:|

3.2.1.2 Calibration of the Linear Flow Element

The linear fl ed éheidieh |SPR tthéed mplasuf eow before |

measur ementhe hmembseured flow is directly wused to
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concentration. Therefor e, the cali bahteooabc¢ul &t
of the measuré&d cbecknthatcahsbrati on, it i s usu

flow at sevwirtah s eftltowmgmet er .

The recorded flow is calasal df edafr oedradhmeotmeras tahe
in the S®2coofig&rg2® édo whneltadser ement points from

(mar ker s ) i wiestam( Hfitidket)hies tcsal i brati on parameters for

500
Calibration Feb 13, 2013
@ Calibration Points
—— Calibration Curve
400 Flow= (0.48509 + 0.356) + (78.735 £ 0.141)*Voltage
Calibration May 20, 2014
B Calibration Points
—— Calibration Curve
300 4 Flow=(1.3562 + 0.191) + (77.748 + 0.0673)*Voltage

Gilibrator Flow Measurement fvccm

200
100
0 T | T T T
0 1 2 3 4 5 6
Laminar Flow Element Voltage /V
Figabal i bration curves for the |l inea20Xf3 o(wblede)m

and February 14 2014 (red) awidt h hteh ep ameaanseut reerds coafl

The calibration of the linear fl ow2@Ill8mdrmt uieg =
February 14, 2014 (red),t wa tfhl caw dscgmiitantinfgo aonfo $1et e s
poimattl psed for this SP2.

The sample flow is kept stable by adjusting a v
stable conditions, the variations of the sampl e
5mi nut essamptl eaifn gpsvw astemndtien ,8 0decr e asign gs awnptiTd iifsn corwe a
deviation is | arger when measuring in the plane
changi agdcemesti mn o a constant al t iviauwd aTthidosineg hftl o vwe v
variations are in the range of 10% of the total
1% of +total fl ow. For the calculmdaasoihl emdv inmumbkhke

i nstr umetnot ribsd ausseesd f r om Ffolrow iviteer isatriiocensss. dat aear e



to shmwodt most of. tThkei §liustalasd onlke averaginongeti me
in the DC3 data base.

3.2.1.3 Split Detector Alignment

The pesintsg @h ivte neeatseucrteosr scattered | ight to provi
par 6i ploessi ti on iWhetnhea |paasretri coleeament ers the | aser
l ight is projected throkghm2d el Aastbetpathecl ewanp
| aser beam, the signal moves from the | ower to t

ont o t hehdeptaett afs, nwhti cahs si gned to one of the seg
visible as a dip in the tshanlad wikrhgpinne Teosoifsdeecna n o yf
point ngyr ¢ hel esagnal from the | ower segment is in
from the single segments, so the split point ca
detectd¢seei ghal split HBHegbGekirgdli@nal traces in

The iqguualand detection | imit of the split point i
in the | aser beam. To capture incandescing part.]
very early in the | alseerc dretaenr, dDa tt htd to steh e nfoiurgsht ty
is | arge enough even for smal/|l particles to ris
essenti al paramet er in deriving the opthiecaslpl itz

detector is &rpoitahtfiad tle mM@R2ure rBC particle
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c 660 4 misrdgl aldddy BrP2d uci ng
and (abdepseptitr dmir@aporaentt(eddo tbiy

AfePr D «

detector signal

ro crossing in bet

repbfagteamiber -

t hel4e ment APD. The newhfodveetrescliiedort,e aohgo welvte rg,i vheass aant
even after the particle has evaporated or | eft 1
deector, the signal exhibits t henrevtawoo roart itnhgr epea rpt
the beginnindigfithi ghthapinap a hex drepdepbeb et e m(

panelisl l ustrate this bedaes omot Thet smph itto dteh e ch &3
scatterbog semgmaahs negaltfi viehd ogplai tt opmaient tfi anel. s



in the scattering signal due to evaporation of i
an artifictapocsiptnisdtneaai mtf dathe correct one slight
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Figh2eBeam shape (red) with beam center (black I
(left) and the setup in August 210sl4ar(er isghhawn iCo
Both example -pacandée®ci mge non

The | ocation of the split point relative to the
fitting vertically. The fitting & spcegiutiippre.d Aw tih

possible to get the detector inotnmheg, dedier sipl pas
mounted in this specific SRPRhcradAuddgimni@gdrnal. atl a m:
new splitheaedaemd oway nad the original one, so tha
with one negative and one positive peak, gives a

(Figa2elefTh) s alignment was done during the prep:
detector was aligned with theosdampadprgeac eacharl e/ss i ass
showed that ft htthe orse w s0pslipimty tdbeptoeicnttorhad t o be dor
old one. The new split detector producedr i o6i,jrc
whilcdhd t o a secondThesrohaptterspbmpageseathor al i
during the HDECBorchimppitgm t he ali grhmamtnepr cpdédur da:
(pcaeampaign alignmentwi om Madah e30,al2@fImentsh@anmgu
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ambi ent airi mampt escawee® measured in a | aborato

Oberpfaffenhofen airport, so they contain mainly

Thei gnal trMaresch f3a@ m @2nbnked2t? elsenfotw) t hat the spl it

has t-peakwstructure as it was desired to mini mi
correctly identifyyabfFfe g pgkhiotwsp dpheeda kt hFtereu c i gthe of
detector signal. Due to the very smal/l first pe

smali Inern dpeasrctiincg e s .

To atihl twhe alignment proaeegsmptheDMELtR®rcd Wirdad i @ nan
The SPAT software deorirevédatfiogr pahametplret ®f si n
noinncandescimgmepantietyes eSRR rdat @ ad @ag winmswitothiodfn ¢ o
the SPAT plots focus on the correct-fdetetmenwwi do
the Gaussian andheheocertati ppsptoonand the frec
heroembd ned into one plotFifgpprfFeerachhef Mdayhe2 @l2 galmi
Fig2za4er the AugusAs2bdadhapagamenéeé)s are assumed |

when applyfiing, thet h E@arameters, the full width a
signal (top, grhedmeeand etnherdiamtdarmsepd it point (r]
possible, and show very narrow distributions. Th

varies around the average Bothdsdogant -tswhdietheri s u
di stance depend actually on theaameds iadeen caegf fteicmee do
variations in the sampBe2 Lld®e( FONVMIMpi saviabse® s uld
close to the center the particle actaearld ydipametees

of the sample flow air stream.
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height-i hoandescitmg vearn thiycltdhse stability and rel.i
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The danrnen between the scattering signal peak he
of the spliighatetewa o phiequli xgpkB Pf or abloitghcraerets .
The SPAT s ocfotnwaarree saltshoe f i r st and second-peak o

i ncandesc, nghipatm ts £dlwdrs thheersee si gnal peak correl at
a clear correlation, the split detector alignmen
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August 2014 alignment. Light blue I ines mark the
bet ween splitabpeakplior dee@asoomr signals (horizor
Besides the SPAT plots, some more tests can be u

To i dtemd ilfoywer t hreshol d forfirtBCi papas<il else, ftolme
the first positive and the fissthioeadigga imnawes pEpagak va



di amet arertihveetd ifsr om t he (FhgahTHlees ckinsctea cdhea nineetl vee e n
is used here as a proxy for how reliable the da
split detector si gnaFordarotm csliegsn alhamwbgeears bti heagnu n 1oz &

di ameiheirme diisnt amcrearirsow Os@malel ére | pavr tli0Ocl es do n

l ight to produce a signal that can be distinguis
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FiglbeCompardasmdhesodi ngn si ze and optical siize t o
and the calculation of the optical size of the r

Right: Ambient air sample during oMCGRI)DI CON prepa

Fig&daows a direct comparison of the sizes for
samples derived from the Hrndandeas adrdd & ti bt & ©i @ d
the complete particles (blue), the optical size
|l arger tham @bhowp 4dl2®&dng the 1:1 | ine (black) in
in case of the Mayt e 1la2p tail d agln nseinzte (dfe ftthe parti cl
The -LEEOted scattering peak height o yjwabBy casyvemit eg
refractiveOi @8deknobotth9cases. Usi ngaa tr envorud adt ir vee
in | arger optical -#Hiametdepsakohet pgbhtsamaedLBb®sk t
particle size for the May 2012 alignment. The o]
while tHhea tlelB®ipagtstows a | arge spread towards b
coatings on the particles. The effect of the coec
fresh black carbon particles wiftdr |sdampleesxoaft i a

heavily coated bl ack carbon particles.
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FigB7¥eNumber size distributiomhgodnrmlUmOleirleintey sdiod
forMayhwed@bd) Aargd stiahle2 @ ff4oeontt om) derived from the
(bl ack) afnidd t(hreed)EO The number size distribution
the parti eliegs owmiltyh ilsEQr awn i n bl ue.

To evaluate whether t heprroepfrriaactteilvwe irmedead twayg mhu

for samptekseofedifzel | erking?2 fsewrott me eDG3h oavlni g mme n't
ACRI DI COMNmealti g(ri ght) . The number si ze di stril
i ncandescence channel measurements (black) shows

two or threeseharcge ngafptaern i ilzes wifthha BHMAe UdHbDSEE
do not appear at tmen, mehinilciet-g bétie DMt 6t zebul5at t



mass equival ent dning mectaelrc u(l MBD)d offr olml 3t hfeg .meRsrur e
al | particleE®@fobr wavhi eanlad a, t he number si ze di
i ncandescence channel is shown in blue. The incr
di stribution towards small er si zes srcapgrtesdmtgs atnic
split detector for smaller particles.

The rBC number size distribution derived from th
bl acki gdnf @r t he May 2012 (top) and Tthhee nAuutbuesrt s2 0
di stribution plotted in red is derifved fHhieetmLE®e
number size distrrnmuparotni IBeed ) fi diromephehackirslnbalt b Wt5 0

it has no similarities with the nuriha&ss séqei dalse
di ameter, shovinugiurs tabllZ2WEndmeHodrt ptame¢ he t he | ower de
for ctahd esing and split detector is at smaller s
the number size distributions derived from the i
particledgiwit(thlUuUED is smalAL&lO. nTmbeshapeeodi str
roughly the shape of the incandescence channel

150m.

Thusderesti mati o tolie pdayi 2022 ssampl e is an effe
detectothedaetti di ci al third peak in the sp-lit det
evapompatritngslew thasi gnal throughouesdt¢ihemg whait tei d
evaporate and their real optical signal foades av
pashe split point, the second peak is not produ
particle butabyovbeshbbettngnbf the signal. The
earlier point in the | aserThbebhmadhag tHgerealt ap
and the center of the |} anxermadieepaant,ttihoplheasc,d darrieo ed e &
in ti me. I nstead of t-hetacsubhltteddbngaadgarlthbhe
small er than the actual |l eading edge, resulting
t heirtelw t he optical particle size.

3.2.2 Calibration and Detection Limits of the Incandescence Channels
Adescbebediehe mass of an individual bl ack carbon
i ncandescing particl e.onTthoi st heemi RMTesd a nidg ha o nivse rg ae
signabppiToei matealry r el ataipamr iicmhaehset ave@ nt hies det ec
determined by <cal i br &t iionc.a nkdoers cceanle eblrestuetifrantge d tsly @ yaS
bl a&ccak bon smeéatnedi ab f ed iFmtro stelveerian s tdri $rhegmteint p @ ak ¢
are recorded and related to the particle mass to
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A var mat ¢ r ellbel esn hdai scussed faos csatl d rodnaart d loma thepn igahla g
was originally recommenared fbwl |[tSHeeecemserisudsmeastduirgeart el
t hSeP&s e ns ittdiiviifteyr ent capabtraand eambsiteanntd,artdher mal | vy
(Mot eki and ;LKaobnodrod e 2eDth ®ad r.d e 2e0Ll 2aal . , 2012hb

Laborde ethaak. foROfi2ahat the most tlkeermasleiny ade ve
di eesxeHaust whaskliexttelemy an aerosol parnotcl e ma
often available for calibration, a differential
bynobi |l it yRdii saamglt ,elrd 9tFHualtl ecraesnéee ssotoan d a rr e smeartbd reisa |
ambient (¢.BqC. bBsumgar jRelk | et ermd . s ca@t0 la@ognrteagi ant se sf roal
carbon spherul es, similarptodiicadtmBChdggavedgasi s ¢
Foll owimagcdrmmemrdati on, full erene soot i s used as
soot powder iid Imidawdatmeerb b adzwsIBDiMIenrA@0 t o pheduce
air swhmpdhl i sselhecbnt esditzoe t he | i mited solubility ¢
mi xture of fullerene soot and disnitdoeleiwrag eme lwai

To reduce artefacts from water coating on the pa

The two mainly used instrument s ffooar SsPi2z e rag & ldbe catti
particle maigearmatyparticles by mass, and a di f
si-gel ect particles byamartoidyglnea nmasasdtanalbyze rai n b
particl eselwecttedilzye a DMA, whi cthhenakelsatiitomselciep
particle mass and aerodynamic di anteetpeerreddlirbtc 5i v el
densitagl svrdgcldisplettlween di fferent pr odgCytsiedn elto tasl

20LlGysel etdedcr i(ReO 1liln detail the decrease of ef
Aguadag and fullerene soot, ocfi-depeodean|l gfthetl s
of the fullerene soot sample used at DLR for SP?2

byGy s el et.Thl s ¢@20té&) wasameaissuraeesdcmieRékiiln (ReOtld]
The calibrateowereepbddt eogkerfier med with the DLR

exception of the calibration done on June 5, 2 C
NOA& full erene soot standard was wused atnhde it s
cal i bratMaork ovurcv e 20)1RPuy e ptea st.heiowmgr.pifndpl dek car bo
the SP2 measures single particle mass, the part.|
unl ess stated otherwise. The mass equivalent di

assumi ng sphelresx awi pBRdmg de nvsailtuye ovMhilch | sasalisto us
represents well the densiMbye&af dnilfKomatdd 22U Kal
201)2Dbhirsepr etsteent bul k density of the <calibration
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parti cltensosiphhaevrbdeuta it gi ves an i mpression of par

For each catabaafreomelpaened ful lacrreecer dedt t samgpe!

peaks of the incandescéelrheee mehmasnur elda rséi gmiadthodpde p & |

hi sta§rame the DMA sorts by the mobility diamet
heights histogram exhibits sever al peaks as heayv
exampl e histoRirgzn8 @ s shown in
500 3i c - :
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@
[&]
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o
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100
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FiglaBeExample histogram for the BBHG peak- hei ght
selected by amDMA set to 200

Thes i ngl e charsgeodgrmaespeakisse lpatrdndacidset shéwg29n
for the broadband channel f oe DOGFE datla bgeaett.i oThh e u

calibration curve for tFReg8aderowband channel i s
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The sl ope of the calibration curve can be change
the start of the DC3 campaign when Y htto B0 .d%dd anc
decrtetaessesi gnal and thereby .Agdrgadsheo wsh,e tuhpep ecraldie
points taken directly after otthheerchtcaangerian i gai po
t akeeff ore adjusting the gain sWheger me & sedoettiencgtieotrb e
gain again after t h2e8 D20031 2c a niphae gme aodni nJgdmhea d i nc
narrowkbapdtwas gcanianng¥doho2AprBBRE8. At the test mea
campaibh@md, changééd@hite® €L 848t change in gain settirt
di fference between the calibrabormed dor Apgi An@dO0:

DC3 campaign. Considering that the calibr-ations



campai gn calti Hdreautlido medainf ftehrash,s t het gat abbketdi ngct |
i t, butstracbiaceemn evadr ds .

100 rd
Fullerene Soot Calibration: Narrowband Channel ‘,."’
¢ 02.04.2012 Change of Gain ,""’
® 05.06.2012 during DC3 -~
+ 21.06.2012 after DC3 ',."
80 05.07.2012 before ACCESS o ’
=) ¢ 02.08.2012 after ACCESS e
© ==== Calibration Curve for DC3 Data o
o Rl
5 S
9] o
x 60 — ',o’
EI 0".
% .«“" ’
© oF
= “0‘
© *.O" ’
09) 40 - ‘.“. 6 ‘,o'
o ’c“ 5 .’o‘ o
E o“"‘ 0 0’*" ’
g oﬁ‘ 4 — ’0“’
LE ’Q””. 3 ',o'é
20 -~ Ead
* 2 - "’
’,,»’ 1 . “,O?ﬁ
I | I !
0 50 100 150 200
0 | | T | | |

0 500 1000 1500 2000 2500 3000 3500

Incandescence Peak Height /a.u.

FigGba®e FagPebut for the narrowband channel . T
2012 are nothe ngecaiund esde tstiinncges tof t he nAgprrdiok®DdmRd ct

The DC3 calibration curve was acquired by Il inear
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Tab9l el ncandescence channel calibration coefficie
correspond to thEi g@&ewar tfhiet sbr ®ha @ gi® tfeolra ntnh e
narrowband channel

Channel Of f set Sl ope Detector Sa-
Broadband C|0. 21 0.0298 48mm orf gl07
Narrowband 034 00293 48Mm orf gl04

There are several potential error sources which
an uncertainty of the derived particle mass, W
concentration. The ert be -dseopaemcdeesn ta dddernessi steyd chuerrvee
the histogram @edet edcettoerr mm oniaste .o n

Th

e -bdendent densitysampt be ivalDli @it ohmea@@dansii s, my

2011 The =error of the density frosmahkkhaen mOds ur
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t h

ca

I n
mo
de
di
s o
of

ne

Pe
t h

mparing calibratidinf freerseur tt sf ylelrdroene ds ovd tt hs a mp
ne 5, 2012 with the NOAA sample and the scalibr
a tu ntcheirst ailnawer than 10%. For the fololfowiOfocg i est

l' i bration materi al mass i s assumed as a maxi mu
additi oedne ptemdtemd&cy siehs et vmbbo @ddifEeyent techni
bilize the bl aerko scalr baosn &« ap d tbhemattii @wln saour ce f or
viation between di ff eurpe ntto hnibodbei |wwhzea tvi aornif aitrei cohnnsi ¢

fferent measurements of par Heckes aimb bfsialmpe @ e na
ot were mobil ibaneedb uihagnzt B gueseame wagpensi on, both
t hes siamgil vwi dual density curve as wel IThaes f or
buli zation t ecrheng agrudee d ss p &dedrifelid icoar ek ynoasir a e her e

ak height mightdedlexd,obtahsmiortfaleu emsedirley t he basel
e pealkethecitgohat .mer gyel ow i n the bDi gddtdédcotupndsanne

The narrowband mbamnahyd teadassitonodlely shows randol

p a
S i
de

rt(iwcg etda g#40l deptwhkitoh makes sit | mpossible to
gnal pfaort Tdcrdalslg € s pi k eusn d enrctrresamnstey wtbhaap e adkh aren glh t

termi nmdaktomgearly impossible to determine rel

15Mm.
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To asssaens approxi mate uncertainty of the incandes
|l i sted in the previous paragraphsTtWwer maadoedc epr
estimate includesmabse U caint/aidpe yc onfstihtee edenmgsi t y
measur ementasi Himaicroairm)a,c 230 Wwe | | as the uncertainty
Here this is shown f oFi g3hked dw aaddabnro &cthbhaasndared o n |
cal i bpaoitntoso raviked gapsq & e d dsod llsii daen )d . By summing all f
subtracting all negati(ver eam)orasnd rlesweerc t(i bvled g), It
calibration points are calculated. The broken |
upper and |l ower | imit of the cal i bfiradxiladnm bp winnt s
curve.assess the error in rBC mass concentratior

curve are applied to a sample of ambient air wit












































































































































































































































































































































































































