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Abstract

We develop anéxaminea microphysicdbasedblack carbon BC) aerosolaging scheme
that accounts for condensatjocoagulation and heterogeneoushemical oxiction
processes ia global 3D chemical transport model (GE&Shem)by interpretinghe BC
measurements frome HIAPER Polgo-Pole ObservationéHIPPQ 2009 2011) using
the model We convert aerosol mags the modeto number concentration by assuming
lognormal aerosol size distributions and compute microphysical BC aging rate
(excluding chemical oxidation agingdxplicitly from the condensation of soluble
materials onto hydrophobic BC and the coagulation between hydrophobic BC and
preexisting solubleparticles The chemical oxidation aging is tested in the Sty
simulation Themicrophysicalaging ratds ~4 timeshigherin the lower troposphere over
source regionshan thatfrom a fixed aging schemeavith an e-folding time of 1.2 days
The higher aging rateeflectsthe largeemissions of sulfataitrateand secondary organic
aerosol precursorshence faster BC aging through condensation and coagulatidn.
contrast,the microphysial agingis more than fivefoldslower than the fixed agingin
remote regions where condensation and coagulatioare weak Globaly BC
microphysicalaging is dominated by condensation, while coagulatontribution is
largestover East China, India, ar@entralAfrica. The fixed aging schemmsults inan
overestimateof HIPPO BC throughout theropospheréy a factor of6 onaverageThe
microphysicalscheme reduces ithdiscrepancy bya factor of ~3, particularly in the
middle and upper troposphette alsoleads toa threefold reductionn model biagn the
latitudinal BC column burderaveraged along the HIPPO flight tracksith largest
improvemend in the tropics.The resulting global annuaheanBC lifetime is4.2 days
and BC burden is 0.25 mgmwith 7.3% of the burden at high altitudes (above 5 km).
Wet scavenging accounts for 80.3% of global BC depositiga.find that in source
regions the microphysicalaging rate is insensitive to aerosol size distribution,

condensation threshold, and chemical oxidatiangagvhile it is the opposite in remote



45 regions where the aging rate is orders of magnitsdaaller As a result,global BC

46  burden and lifetime show little sensitivigg5% changejo thesehreefactors.
47
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1. Introduction

Black carbon (BCperosol isone of the most important contributors to current global and
regional wvarming (Bond et al., 2013). BC directhbsorbs solar radiatipteading to
significant atmospheric warmingRamanathan and Carmichael, 2Q00B)also acts as
cloud condensation nucléCCN), affectingcloud formation and distribution (Jacobson,
2014) Additionally, BC reduces snow albedo after deposition on smesulting in
acceleratedcsnow melting Painteret al., 203B; Liou et al.,, 2014)The assessment by
Bond et al. (2013pointed out that current estimates of BC climatic effeotslve large
uncertintes One of thecritical uncertainty sources is BC atmospheric aghrgughthe

physical and chemical transformation of BGm hydrophobico hydrophilic particles

BC is emitted mostly as hydrophobic particles externally mixed with other aerosol
constituents (Zhang et al., 2008ecent studies showed that BC can also be frequently
mixed with organics even at emissiander specificconditions (Willis et al., 2015 and
references thereinHydrophobic BC becomes hydrophildue toincreasing internal
mixing with watersoluble materials through condensatioklofeki et al., 200y,
coagulation Johnson et al., 2005and heterogeneous idation (Khalizov et al., 2010)
during atmospheric agingderanafter we refer tothese internal mixtures gemelly as
Aicoat i ngsmakingyiy $pecific reference to mixing morphologZoating
enhance8C absorptionand scattering capacitiéBond et al., 2006) which depend on
coating properties and particle morphologcérnato et al., 2013e et al., 2015)
Coated BC particlesypically have a higher hygroscopicit¥Ziftang et al., 2008and
hencemore efficient wet scavengingvhich furtheraffecs BC atmospheric lifetime
(Zhang et al., 2015)Thus, BC agings expected to plag critical role in affectingboth

BC optical propertieandglobaldistribution.

In global chemical transponnodels(CTMs), BC agingis typically parameterizetly a



75 fixed e-folding timeof 1i 2 days for the hydrophobito-hydrophilicBC conversion(e.g,

76  Chung and Seinfeld, 2002; Koch et al., 20Q9 Q. Wang et al.2011,2014. However,

77 Koch et al. (2009) and Schwarz et al. (201s3)owed that most global models
78 significantly deviate from observed global BC distributions It is likely that the
79  prescription ofuniform BC aging timescasemay be partially contributingp suchbiases

80 In this vein Shen et al. (2D4) optimizedhe fixed efolding aging timeof BC by fitting a

81 global CTMresults to HIPPO observatiankhey suggestedhat anthropogenic BGdm

82 East Asiaagesmuchfaster tharone day while the aging of biomadsurning BC from

83 Southeast Asia is much slowddsing anotherglobal CTM constrained by HIP®

84 observationsZhang et al. (2015pointed out thathe optimizede-folding aging time

85 following Shen et al. (2014yaries significantly for BC emitted from differensource

86  regions, withless than hala day for BC emitted fronmthe tropicsand midlatitudes and
87 ~1 week for BC emitted from high latitudéBhus a uniformBC aging timeis likely not

88 representative anthn conceivabljeadto large uncertaings.

89

90 In addtion, field measurementbave shownthat a fixed e-folding time of 1i 2 days

91 underestimatethe BC aging rate polluted areas and unrepresentativandercomplex

92 atmosphericconditions For example,Johnson et al. (2005) found that ambient BC
93 particles that underent aging for less than a few houngere heavily coatedn Mexico

94  City, primarily with ammonium sulfat&Schwarz et al. (2008) showed thai 80% of BC

95 particles are coated in fresh emissions from biomass burning soviai#st and Prather
96 (2009) observeda BC aging time of3 hours in Mexico Cityunderphotachemically

97 active conditions Akagi et al. (2012)showedthat the fraction of coate®C particles

98 produced from a c¢ h mgeasdumtd ~8Forower aidwourfeaodi f or ni a
99 Therefore,it is imperative to better capture BC aging rate under different atmospheric
100 conditions in order to accurately estimate BC spatiotemporal distribution and

101 consequently itsadiative effects
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To that end severalglobal models have treated BC aging with sieeolved aerosol
microphysics (e.g., Jacobson, 2010; Aquila et al., 20d&jpy globalmodelsstill rely on
relatively simple parameterizations for BC agifgg., Riemer et al., 2004Liu et al.,

2011 Oshimaand Koike, 201Bin part forcomputational efficiencgonsiderationFor
exampleRiemer et al. (2004) developed a BC aging parameterization in whichratgng
was a function of total number concentration of secondary inorganic particles and
internally mixed BC particlesepresenting the effects abndensation and coagulation
processesLiu et al. (2011) proposed another parameterizatiowhich BC agingrate
was a linear function ofhydroxyl radical (OH) concentratiofi.e., a fastaging term
representingcondensationof sulfuric acid with a constant slovaging term (e.g.,
coagulation). Croft et al. (2005) and Huang et &013) further employed these two
parameterizations in a global model to estimate aging effects on BC budget and lifetime.
However,there are limitations in tisesimplified aging parameterizatiorBhe Riemer et

al. (2004) parameterizatiomas designed specifically for domains dominated by fossil
fuel emissions, which may not be suitable for applicatiioa global scale. Theiu et al.
(2011) formulation negleced the dependemes of BC aging ondifferent condensable
materials and their preaors (e.g., S§. Furthermore,under complex atmospheric
conditions, thee parameterizationdikely introduce large uncertainties byumping
microphysical details of BC aging inta few parameters.Incorporaing explicit
microphysical representations thfe BC aging process in global modetsay partially

rectify and reduce the uncertainties

In this study, we develoafi h y b micraphyysicsbased BC aging schentleat accounts
for condensation and coagulation processeshe GEOSChem global 3D CTM.
GEOSChem has been widely used to simulate BC in source regions (Li et al., 2015),

continental outflows (Park et al., 2005), remote mountainous regions (He et al., 2014a),
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the Arctic (Wang et al., 2011), and remote oce&ns@. Wang et al., 2014 Preserly

GEOSChem employs a fixed-#®lding time of 1.2 days for the BC aging (Park et al.,
2003). We convert aerosol mass the modelto number concentration by assuming
lognormal aerosol size distributions aexplicitly compute the microphysical BC aging

rate from the condensation of soluble materials onto hydrophBBi@and the coagulation

between hydrophobic BC and psaesting hydrophilic particles T h e Ohybri do

microphysical aging scheme thus not only takes account of the microphysical aging
processes but also avoids the use otffalged dynamic aerosol microphysics thereby
retains the computational efficiency of the fixedolling time aging sobme. The
Ohybridé microphysical aging schem@e can
systematicallyexamineBC simulationsusingthe aging scheme by compson with the
HIAPER Poleto-Pole ObservationgHIPPO of BC during 20092011. We further
analyzethe effectsof the aging scheme on global Bitetime andbudget Findly, we
guantify the uncertaintieassociated with key parameterstive aging scheme and the

effects ofchemicaloxidation on BC aging.

2. Methods

2.1 Observations

We use heHIPPO aircraft measurements (Wofsy et al., 2@&EBC in this study.HIPPO
(http://hippo.ornl.gov/providesuniqueconstraintson BC distributiors from the surface
up to ~¥ km across the Pacific from 63 to 85N latitudes. There werdive
deployments during 2002011 (Fig.1,HIPPO1: Jaruary 8i 30, 2009; HIPPQ2: October
307 November22, 2009; HIPPQ3: March241 April 16, 2010; HIPPO4: Junel4di July
11, 2011; HIPPOS5: August9 i September 92011). The refractoryBC (rBC) mass
concentrationwas measured by a singjearticle soot photometer (SP®)at detects
individual particles(Schwarz et al., 2010, 2013%P2 measuregBC in a mass range

corresponding to volumequivalent diameter rangd ~90i 550 nm assuming 1.8 g/cc

be
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void free density This range containgabout 90% ofthe total BC massin the
accumulation modeThe observedBC concentrationwas scaledupward by 10% to
account for BC patrticles undetected by SP2 (Schwarz et al., #8011y moderBC is
experimentally equivalent to elemental carbon at the 15 % level (Kondo et al., 2011), and
hence is equivalent to BC in the modehe effective detection limit &level)is 0.01ng
kg (0.1 ng kg') for 15-minute (1-minute)samplingat low altitudesand increase t6.05
(0.5 ng kg') atthe highe altitudes(Schwarz et al., 2013Yhe SP2measuremenif rBC
massis insensitive@ nonBC mass and not influencdxy other absorbing particles such
as dustor nonabsorbing species including salt and sulféehwarz et al. (2013)
determinedh total systematic uncertainty of 30% associated M@ mass concentration
measured with theéSP2. Schwarz et al. (2010, 2013) provided details of B@
measurement ding HIPPQ We average th&C observationghat are located within
eachmodel gridand over the model transpotime step(15 miruteg, thus ensuringa

consistent spatiotemporal resolutimn direct comparisowith themodel results

2.2 Modeldescription and simulations

In this study, v usethe GEOSChem model (version-01-03) driven by assimilated
meteorological fields from the Goddard Earth Observing System (G 0the NASA
Global Modelingand Assimilating Office (GMAO)GEOSS5 meteorological fields have
a 6-hour temporal resolution (3dursfor surface variables and mixing depthes)native
horizontal resolution 08.530.667, and 72 vertical layerdrom the surface to 0.01 hRa)
The spatial resolution is degraded {¢ 25 horizontally and 47 layers vertically for
computational efficiencyGEOSChem includes a fully coupled treatment of tropospheric
0O3-NOy-VOC chemistry sulfatenitrateammoniaand carbonaceous aerosdPark et al.
(2003) presented the fir&EOSChem simulation otarbonaceous aerosols including
BC and organic carbon (OCYhe model also accounts foother aerosols including

secondary organic aerosol (SQAlust, and sea saltEOSChem uses a bulk aerosol
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scheme thatseparatelytracks mass concentrations of different aerosol spgces
externally mixed) The model resolves hydrophobic and hydrophilic BC and, OC
fine-mode (0.010.5 um) and coarsenode (0.5 8.0 um) sea saltdustin four size bins
(0.171.0,1.601.8, 1.83.0,and 3.06.0 um), and fve types of lumpedSOA formed from
different precursorsierosol and gas phase simulations are coupled through formation of
sulfate, nitrate, and SOAjeterogeneous chemistry, and aerosol effects on photolysis
rates Details onthe GEOSChemaerosolsimulatiors are providedrespectivelypy Park

et al. (2003) for BC and OC, Park et al. (2004) dolfatenitrateammonia Liao et al.
(2007) for SOA, Fairlie et al. (2007) for duahdAlexander et al. (2005) for sea salt.

2.2.1 Amicrophysics-based BC aging scheme

We assume that 80% of freshly emitted BC particles are hydrophobic (Cooke et al., 1999;
Park et al.,, 2003)Recent observation®.g., Johnson et al., 2005; Willis et al., 2015)
showedthat BC particles can haften coated with organics amissionssuggesting that

the hydrophobic fraction dfeshly emittedBC particles depends on the amount and type

of coated organics. Thus, the assurfredh hydrophobic BC fractiom this studycould
involve uncertaintywhich requires further investigation Presently BC aging process is

not explicitly represented in GE@Shem. Instead, a fixedfelding time () of 1.2 days

is assumed for the hydrophokmhydrophilic BC conversion in the forms (Park et al.,

2003):

édl’T—]E’;CPO Q rnBCPO (1)

Ea 2T ¢

édmscm Q - dﬁﬁscpo 2

& 4 0 (2)
where & and @ are the mass concentration of hydrophobic (BCPO) and

hydrophilic BC (BCPI), respectively. In this study, we develop a microphysised BC

aging scheme in the model by explicitly accounting for both condensation and



208 coagulation processeBhis microphyscal aging scheme can be similarly applied in other
209 CTMs. Additionally, we incorporate an experimdrdsed parameterization for BC aging
210 through heterogeneous chemical oxidation (P&chl et al., 2001) for comparison and
211 contrast.

212

213 2.2.1.1 Condensation

214 The ondensation rate o& gaseous specie?) onto an individual particle can be

215 expressed as follows (Seinfeld and Pandis, 2006):
216 Jap =40 f(K,, gR.D; (G -Q) 3)

—_ l+ Kn
1+2K (1 K, )/a

217 f(K.,a) (4)

218 wherelais the condensation rate (mof)of Aonto a particleR, represents the particle
219 radius (m),O is the gasphase diffusivity (mh s') of A, co and cs are gasphase
220 concentrations (mol i) of A far from the particle and at the particle surfacepeetvely.
221 K, is the Knudsen number (i.e., ratio of air mean free path to particle radiis}he
222 accommodation coefficienta(= 1 in this study, andf(K,, &) is the correction factor for
223 noncontinuum effects and imperfect surface accommoddtasedon the mathematical
224  expression from DahneK&983) The mass oA condensing ontBCPOin a model grid
225 per unit time,ks, can be calculated by the product of the total available ma&sfaf
226 condensing onto all prexisting aerosols and the fraction oindensed mass partitioned
227 to BCPO, which depends on condensation rditarid particle number concentratiax) (

228 as follows:

229 kA = w MAcond _rj n_B_CPpO( F\:BCPO) fBCPC( ¢ “a) RBCdeRBCPCiVl A conc (5)
A, Jano a . MR G (K.aR, dR

230 wherep; (i = 1i7) representseventypes of pre-existing aerosa (i.e., BCPO, BCPI,

231  hydrophobic OC, hydrophilic OC, sulfate, fineode and coarseode sea salgvailable
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for condensation ; ; is the condensation rate &f onto particlep;, Ma cong iS the

total condensed mass Afin a model grid per ubtime, Y and¢ (= Q0 ¥Q'Y) are

the radius and number concentratidistribution functionof preexisting particles,
respectively. We account for condensation of gaseous sulfuric ag&D{Hl nitric acid
(HNOs3), ammonia (NH), andSOA onto pre-existing BC, OC, sulfate (S, NOs, and
NH;"), and sea salt aerosoWe do not include the condensation of soluble materials on

dust particles, which may introduce some uncertainty.

GEOSChem tracks only aerosol mass concentration rather rinaber concentration

that is required in Eq. (4). We convert aerosol mass concentrdtion {0 number

concentration { ), assuming lognormal distributions for different aerosols following

Croft et al. (2005) in the form:
m
N, =r—“(% D; exp(g2 In*s, )’ (6)
3]

where” s the particle densit{1.8 g cn® for BC and OC, 1.7 g crhfor sulfate,and

2.2 g cn? for sea sa)t O and, arethe geometriomean diameter andtandard

deviationof numbersizedistribution respectively Following Dentener et al. (2006) and
Yu and Luo (2009), we assurig = 60 nm ands, = 1.8 for BCPO and hydrophobic OC,
and D, = 150 nm ands, = 1.8 for BCPI and hydrophilic OC (Table 1). We use size
distributions from the Global Aerosol Dataset (GADS) (Koepke et al., 1997) for sulfate
(Dp = 150 nm,sp, = 1.6), fine sea salD{ = 200 nm,s, = 1.5), and coarse sea sdl, =

800 nm, s, = 1.8).In order to analtycally compute the integral in Eq5) we have
assumd a constant correction factf{K,, a) for eachtype ofaerosa with different sizes
which may intraluce uncertainty ithe computationUnder thisassumptiorand using a

lognormal aerosol size distribution, the integral cam be computed byollowing the

11
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mathematicaidentity:
~ _ Dn 1 P
mnpl(Rn)F%dI%—N,7exp(§I sp) @)

The hydrophobigo-hydrophilic BC conversion rate (kg frs) due to condensation can

bewritten as

admyp, 0 — Facro sacpMacpc 6)
C dt Cognd Dt
Al ..

Facro secp = aAI—kAO[ 9)
bM gcpo

whereFgcposscpl represents the fraction of BCPO becoming BCPI through condensation
of four types of soluble specigs (i = 1i 4, i.e.,, SQ,, HNO;, NH3, and SOA) in a
model time step[f). This implicitly assume that different secondary aerosol species
have the same lgyoscopicity We note thasomeSOA speciesouldbe less hygroscopic
than ammonia sulfat@renni et al., 2007)a is BCPO mass concentration (kg*m
Macro IS the total BCPO mass (kg) in a model grid, @nd the condensation threshold
(i.,e., the mass fraction of condensed soluble materials on BCPO required for the
hydrophobieto-hydrophilic conversion). Rlmwing Riemer et al. (2004), we sét= 5%

in the standard simulation based on hygroscopic growth behavior of aerosols
(Weingartner et al., 1997After the hydrophobig¢o-hydrophilic BC conversion, we lump

the mass of secondary aerosol material coateB®@mvith those not mixed with B@

order to be compatible witthe bulk aerosolschemein GEOSChem, where the mass
concentration oflifferentaerosol species are separately trackée lumping, instead of
treating coating materials and hydrophilic B@dther,only introduce small uncertainty,
consideringthat the size distribution of hydrophilic BC is similar to that of SOA and
sulfate in this study (see Table Burthersensitivityanalysis also show minor effects of

the hydrophilic aerosol sizelistribution on global BC concentration and lifetir(see

Sect. 4.3) The use of global uniform particle size distributions amdvalue can

12
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conceivably introduce large uncertainties. To quantify the uncertainties, we conduct
additional model simulations lsarying the size distribution anfilvalue (see Table 1 and

Sect. 4).

2.2.1.2 Coagulation
The coagulation ratel§cro x m™ s*) between BCPO and hydrophilic particléd ¢an be
expressed by (Seinfeld and Pandis, 2006)

JBCPQ X = gK BCPO Xl\l BCP(;\I : (10)

Kecra x = 4P (Recpo 1RI(D B) (11)

JCPO
whereNgcpo andNx are number concentrations fnof BCPO and particl& computed

from Eq. 6), Kecro xis the coagulation coefficient fis™?) that depends on particle radius
(Rscpo and Ry) and Brownian diffusivities @ and O ), and g (from 0.014 for

0.001 mm particles to 1.0 for Irm particles) is a correction factor that accounts for
kinetic effects of small particle$Ve use geometric mean radii BBgcpo and Ry, which
could introduce uncertainty for particle sizes largely deviating from the mean Védue.
note that theresulting uncertainty in BC concentration and lifetinie likely small,
because model results show that coagulation only makes a small comtrifautie total

BC aging rateover the globdsee Sect. 3.1) arttie global BC distribution is insensitive
to aerosol size distribution in this study (see Sects. 4.2 and 4B

hydrophobieto-hydrophilic BC conversion rate through coagulation can b#esrin the

form:
adN o) s Piss
dBtCPO 0 ~ _a.zjﬂgijBCPQRNpNBCPO (12)
coag
where pj (j = 1i6) representssix types of hydrophilic particles, including

sulfatenitrateammonia, BCPI, hydrophilic OCSOA finee-mode and coarseode sea

salt We assume that BCPO is converted to BCPI upon coagulatinghegehydrophilic

13
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aerosols. The resulting BCPO mass change per unit time {lgfnis given by:

admyo 6 _p 3 (9 2 A8 cpo
& 0 == acroPecpo®XPE IN° Spepo) @ (13)
dt coag 6 2 t coag

2.2.1.3 Chemical oxidation

To account for the B@ging through ozone oxidation on the BC surface, we follow an
experimerdbased parameterization by Pd&chl et al. (2001). The same parameterization
has been used in previous studies (Croft et al., 2005; Huang et al., 2013). The chemical

hydrophobieto-hydraphilic BC conversion rate (kg trs?) can be expressed by

~

ad 0

%% 0 ~ KenenMacrc (14

Q t chem

wherekehemis the reaction rate coefficient{sgiven by
/K, Kq [O]

1+ Ko3 [03] -lKHZO[ qu

kchem = (15)

whereKp (= 0.015 &) is the pseudq r-srder decay rate coefficient in the presence of
high ozone concentrations, (= 2.8<10% cm®) and (= 2.1x10"" cm®) are the

adsorption rate coefficients of;@nd HO, which are a function of available adsorption
sitesresidence time, and sticking coefficients gfand HO on BC surfaces(= 0.01)is

the physical shielding factor that accounts for the fact that the oxidized coating material is
not distributed homogenously over the BC particle surface (Croft et ab).Z@] and

[H,0] are atmospheric concentrations (molec®}wf O; and HO, respectively.

Recentexperimentaktudiesalso confirmedthat BC can be aged through heterogeneous
chemical oxidation by @(Decesari et al., 2002; Zuberi et al., 2005) and, Kalizov

et al., 2010)which results in the formation of soluble organic compounds on BC particle
surface. However, none of these recent studies have given explicit quantitative
parameterizations for BC chemical aging, which can be applied in modélidgges

14
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Moreover,experimental resultpresented irnthese studiesrary substantiallysuggesting
that BC chemical aging process could involve large uncertahay this reasonthe

parameterizatioschemedeveloped by &chl et al. (2001should be usedith caution

2.2.1.4 Total BC aging rate
We assume a linear combination of the condensation, coagulation, and chemical
oxidation processes, following Croft et al. (2005) and Huang et al. (2013). The total BC

aging rate can thus be expressed in the forms:

admyp, 0 — S 0, dm.geo

& —— 0§ ot—= (16)
Q dt rﬁ'l'c t cond+ dt(} coac

admypy 6 — d8)ceo dm&eo 17
&, 0 —F (17)
(;' dt mic+chem t mic ™+ dt(; cher

where the subscriptsmic and chem represent microphysical and chemical aging,
respectively. Such linear combination may overestimate BC aging rate, because these
processes likely compete with each other rather than occur independently (Croft et al.,
2005). However, no observational evideris currently available to quantify interactions

among these processes.

2.2.2 BC emissions

We useaglobal anthropogenic BC emission inventory develdpe®. Wang et al. (2014)
(hereinafterthe PKU-BC inventory) with an annual emission of 8T9C for 2008 (see

Fig. S1) PKU-BC incorporates a recent global higesolution (0.130.1) fuel
combustion dataset (Wang et al., 2013) that covers 64 types of combustion based on lo
or national fuel statistics. The datasggnificantly improves the spatial resolution of
emission distribution for large countries. In additidhe inventory usesupdated BC
emission factabased onup-to-datemeasurements, particularly for developing countries

(Wang et al., 2012a, bJhe use of locaandsubnationafuel data and updadeemission
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factors results in70% higher global anthropogenic BC emissions than previous
bottomup inventories(4.9° 0.4 T¢C) (Dentener et al., 200@ond et al., 2007; Lamarque
et al., 2010; Granier et al., 208t still 20%lower than topdown estimatesBond et al.,
2013. The PKUBC emissions ar&8% higher than thglobal anthropogenic emissions
used in our previous studies (He et al., 2014aRkbyang et al. (2014) found that using
PKU-BC reduce the bias in modeled surface BC concentrations by up to 25% in Asia,
Africa, and EuropeHowever, Bond et al. (2013)ointed outthat currentanthropogenic
BC emission estimateare associated with large uncertesatmore than a factor of 2
acrossdifferent inventories Based on a Monte Carlo estimatidh, Wang et al. (2014)
showed an uncertainty rang@nterquartile) of -40% to +70% for global annual
anthropogenic BC emissions in PKBLC, whereerrors in emission factoiominatethe

overall uncetainty.

We usethe Global Fire Engsions Database version 3 (GFEvan der Werf et al., 2010)
for global biomass burning emissioiisee Fig. S1)which now includessmall fire
emissions(Randerson et al., 2012 arbon emissionsn GFED3 increaseby 35%
globally when small fires are included. this study, the GFED3 emissions with -adur
temporal resolutiomreused.The uncertainty in GFED3 i&20% globally anchighest in
boreal regions and Equatorial Asia, primariyecause omnsufficient data on fuel load,

emission factor, and burned area (van der Werf et al., 2010; Randerson et al., 2012).

2.2.3 BC deposition

Aerosol dry deposition follows a standard resistanegeries scheme (Wesely, 1989)
which depend®n local surfaceype and meteorological conditiorssimplemented by
Wang et al. (1998)Wang et al. (2011) further updated aerosol dry deposition velocity
over snow andice-covered regionfor improved BC simulations in GEGShem.They

applieda constant value of 0.03 crit,swithin the range (0.0D.07 cm &) employed in
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previous studies (Liu et al., 2011h the GEOSChem simulations presented hedey
deposition accounts for ~20% @flobal BC deposition consistent with the results
(171 23%) from previous studieasing GEOSChem(He et al., 2014&). Q.Wang et al.,
2014 and thai(21.4 17%) fromtheAeroCom multimodelstudy(Textor et al., 2006).

Liu et al. (2001) first describedeeosol wet scavenging IGEOSChem Wang et al.
(2011) updated in the model theelow-cloud scavenging parameterization for fine and
coarse aerosol modéy distinguishing between aerosol remogaby snow andoy rain.
Different in-cloud scavenging schemes have also been applieald and warm clouds

with animproved areal fraction of model grids that experience precipitéidamg et al.,

2011) Following Q. Q. Wang et al. (2014), wéurther updatein-cloud scavenging of
watersoluble aerosols by accounting for homogeneous and heterogeneous freezing

nucleationin cold clouds

2.2.4 Model simulations

To investigate the effects of the microphydiased BC aging schemee first conduct
two GEOSChem BC simulationswith the fixed aging(e-folding time of 1.2 days)
scheme EIX, Table 1; see als&q. (1) and the standard microphysicased scheme
(MPs1p, Table 1; see alsBq. (16)). In addition, we conductll sensitivity simulationgor
the microphysicdased schemte quantifythe effects of chemical oxidation on BC aging
andthe uncertainty associated witierosolsize distribution and condensation threshold
in the microphysicbased scheme Specifically we combine the standard
microphysicsbasedscheme with thé¢chl et al. (2001 )parameterizatiorior chemical
oxidationto examine the effects of chemical oxidation on BC aging.(MPTable 1 see
alsoEq. (7)). We usegeanetric meardiametersf 30 nm and0 nmfor BCPOnumber
size distributionaslower and upperbounds(Dgcpo30 and RcpP0, Table 1), following

Bond et al.(2006) instead of 60 nm in the standasuinulation (i.e., MPstp). We use
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geometric standard deviations#t and2.0 for BCPOnumber sizalistributionaslower
and upperbounds (SBcpol.4 and SBcpc2.0, Table 1), following Bond et a{2006)
instead of 1.8 in the standasimulation We vary the geometric meamiametersand
standard deviations @il hydrophilic particle®number size distributiom the standard
simulationsby °50% (Dp+50% and [B-50% Table 3 and® 0.2 (SDp+0.2and S-0.2,
Table 1. We vay the condensatiorthreshold § in Eq. (7)) from 5% in the standard
simulationto 2.5% (BETA2.5 Table ) andto 10% (BETAL1Q Table ). Model results
used for comparison with HIPPO observatiaare sampled along the HIPPO flight

tracks

3. Resultsand discussions

3.1BC aging rate

Figure 2 shows model simulated surfd@ger and zonal distributions of annual mean
aging rate with the fixedi( , calculated by Eq.)land microphysickased i(
calculated by Eql6) aging schemes. The maximum rates are in the surface layer over
major BC source regions such as Eastern China, India, Europe, easternStatisdand
tropical Africa, ranging from less than 100 ngC i’ for the fixed scheme (Fig. 2a) to
100500 ngC n? h* for the microphysichased scheme (Fig. 2b). is 26 times
higher thani  throughout the year over both contireahd @eanic areas with heavy
marine traffic (Fig. S2). This is primarily because of the strong anthropogenic emissions
of SO, NOx, and NH in major continents and alorgipping corridorsn the Northern
Hemisphere (Park et al., 2004) and biomass burning emss®f SOA precursors in
tropical continents (Guenther et al., 2006). These emissions lead to fast BC aging through
both condensationof soluble materials (i.e., 30O,-HNO3-NH; and SOA) and

coagulation with hydrophilic particles.

Figure 3 shows th@robability density function (PDFf simulated annual mean BC
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e-folding aging time Uin Eq. 1) over the globe. The first PDF peak aroudd 8 h
represents the fast aging near source regions, while the segomxtorrespond to U=

~1 day whichreflects the aging over rural areas and in the middle troposphere. The third
small bump is aroundl= 100 h, mainly representing the very slow aging in remote
regions (e.g., Polar regions atiee upper tropospherelhe microphysicdased scheme
results inan efolding BC aging time of 0i& hoursin summer andil3 hoursin winter

when averagedwithin the boundary layeover major anthropogenic source regions
including Eastrn China, eatern United States, and Eurofidiese aranuch faster than
thetimescaé of 1i 2 days typically assumead many global model@Chung and Seinfeld,
2002; Koch et al., 200%je et al., 2014). Such fast aging for anthropogenic BC has been
reported in previous studies. For exampReemer et al. (2004) used a siasolved
aerosol model to show arf@ding BC aging time of 2-hour during the day from 250 to
1500 m above source (urban) regions for both summer and winter. Jacobson (2010) also
reported a ~dhour e-folding aging time for fossifuel BC based on globalsizeresolved
aerosol model. Shen et al. (2014) found that thildng aging timescale of
anthropogenic BC from East Asia is several hpbased orconstraints fronthe HIPPO
observations. In addition, Akagi et al. (2012) observed that ~20% of BC ages wi¢in o
hour after emission in a biomakarning plume over Californian November 2009,
whereas our microphysidsased scheme shows a mean BC aging rate of Z4thin

the same region and time period. Moteki et al. (2007) measured a BC aging rate of 2.3%
h™ downwind of an urban area in JagarMarch 2004. Though not a direct comparison,
our microphysicsdased scheme results in a BC aging rate of 10%veraged over the

same region for March 2009.

i decreases by several orders of magnitude with increasing altitude and from

continents to remote oceans and the polar regions (Fig. 2)is a factor of 1.64 lower

than i below 900 hPa in the tropics and middle latitudes, but more thanées tim
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higher in the polar regions, remote oceans, and above 800 hPa throughout the year (Figs.
S2/S3). The annual mean is 50% higher thani  in the middle to lower
troposphere but more than fivefold lower in the middle to upper tropospheie (jab
Because the aging rates in remote regions are vanishingly small, the difference in global
BC distribution between the two aging schemes is thus dominated by the difference in the

significantly larger aging rates over the source regions (see Sct. 3.

Figures 4a and 4b show thatcondensationdominates (¥0%) BC aging globally,
particularly in the middle to upper troposph€s®0 200 hPa andin the southern high
latitudes In contrastthe contribution fromcoagulationis <15% throughout much ofhe
globe,with the exception 0f30% over Eastrn China, India, andentral Africa, where
relatively abundanthydrophilic aerosols are availabl@his is primarily because
hydrophilic aerosols arsubstantiallyemoved by wet scavenging during the tramspo
remoteregions thus reducing theoagulationbetweenhydrophobic BC andhydrophilic
particles. Figres 4c and 4d show that the FBO»-HNO3s-NH;3; condensation dominates
(>70%) the total condensation in the northern low and middle latitudes throughout the
tropospherandin the southermiddle latitudes below 800 hPa. This is largely explained
by strong anthropogenic emissionsS®, and NQ in the NorthernHemisphere (Park et

al., 2004) andylobal oceanic emissions of dimethylsulfide (DM@&)ana et al., 2011).

The SOA condensation, however, contributes to more than 80% of the total condensation
over tropical continents dominated by biomass burning emissaodsthe southern

extratropics above 700 hRahere rather limitedulfuric acidis produced.

3.2Model evaluation with HIPPO observations
Figure5 shows the?DF of observed and simulated BC concentrations during the HIPPO
measurements. Model results from the fixed aging scheme significantly overestimate BC

concentrationswith a PDF peakat ~15 ng kg (corresponding to BC in the northern
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extratropicy that is an order of magnitudehigher than the observations The
microphysicsbased aging schemesubstantially redues the discrepang between
modeled and observed P§particularlyat BC concentrationsf <1 ng kg' and 10i 50
ng kg*. The remaining model bias aktremely low BC concentrations @<L ng k'),
corresponding to regions remote from combustion influeara# highly influenced by
tropical convectionlikely reflects thenefficient BC wet scavengingn the mode(Q. Q.
Wang et al., 2014 Statisticalanalyss shove thatcompared with the fixed aging scheme,
the microphysicdbased aging scheme reduces tpercentage of modeled BC
concentrations that are more than a factatG&nd4 higher/lower tharthe observations
from 28% to 16% and from 53% to 37%, respectivelyh a better modebbservation
correlation as wel(Fig. 6). The median BC concentratio.6¢ ng kg") from the fixed
aging scheme ibiased high by a factor dbur compared with the observat®(il.6 gy
kg™), while the microphysiebased median concentration (3.5 ng'keeduces the bia
by a factor of two

Figure 7 shows the median vertical profiles BIC concentratiorin different latitude
bandsfrom HIPPO obsevations and model simulationghe medianin the northern
extratropics(20°i 90°N) is 5i 10 ng kg* near the surfacand decrease® <1 ng kg'
above 200 hPa, while the concentration is a factoii &0 2ower in tropical regions and
Southern Hemisphetbroughout theéroposphereThis is because of strong Binissions
in the Northern Hemispherand strongwet scavengingf BC during transport tdhe
tropics and Southern Hemisphgeparticularlyby tropical deep convectiof@Q. Q. Wang
et al., 20134 Model results using the fixedging schemegenerally capture the
spatiotemporapattern of BCmedianvertical profiles in the northern extratropicdout
overestimate thenagnitude bya factor of ~5on averaggFigs. 7 and 3l). The largest
modelobservationabsolute discrepancieS>20 ng kg?) are at 900i 400 hPaduring

nonwinter seasongFig. $4). The microphysicdased agingscheme reduces ah
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516 discrepancyby 213 times across different altitudesn the northern extratropics
517  particularlyat 900 300 hPaFigs.7 and ). This isaresult ofthe faster BC aginffom
518 the microphysicdased schemaver source regions e Northern Hemispheréig. 2)
519 which increases the amount of hydrophilic BC removed byswsavengingduring the
520 transporto thefree troposphere

521

522  In the tropic20°Si 20°N), the medianBC concentratiotis generallyless tharl ng kg,
523 with small variationsacross different altitudes arsbasongFigs. 7 and ). Model
524  results using the microphysitssed aging schemeproducethe obsered BC vertical
525 distributionsin different seasos with discrepanciesf <0.5 ng kg', except for a 50%
526 underestimaten the lower tropospheréFigs. 7 and $%). This could be due tdhe
527 overstimate in GEOSS5 precipitation fields over the tropicMélod et al., 201p
528 Compared with the microphysitmsed aging scheme, model results from the fixed aging
529 scheme overestimate BC concentrationrbgre than fivefoldabove 800 hPan the
530 tropics particularly in summer and fall (Fig5p This is primarily because of the slow
531 BC agingover tropicalsource regionin the fixed aging scheméFig. S2),resulting in
532 insufficient BC wetremovaland thusxcessive BC transportedttefree troposphere

533

534 Inthe Southern Hemispher@@i 70°S), the microphysicdbased aging schenm@proves
535 the modeled median BC vertical profiles by a factoriof throughout allaltitudes and
536 seasons (Figs7 and &) with the largest improvemerdt 600/ 200 hPa (Fig. 5,
537 compared with the fixed aging schentowever, the microphysidsased model results
538 still overestimate the BC concentration above 300 hPa3Jyimesin the Southern
539 Hemisphere, probablgiue toinefficient in-cloud scavengingdf BC in the modelffor ice
540 clouds or mixeephase clouds at such highitudes However, we note that the ability of
541 BC tobeice nuclei islargely uncertainFor exampleCozic et al. (2008) suggested that

542 BC particles can act as efficient ice nuclei based on observationised-phase clouds,
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whereasFriedman et al. (2011) showed that BC patrticles are unlikely to serve as ice

nuclei efficiently in cold cloudbased on lafiratoryexperiments

Figure 8 shows theobserved and model simulatétitudinal and season&C column
burdenaveragedilong theHIPPO flight tracksThe lowestourden isn the tropicdue to
strongwet scavenging by deep convectidinis two orders of magnitude lower than that
in the extratropical Northern Hemisere The burden irthe Southern Hemispheris
minimum in spring beause of the wet season in the southern levtudes WWang and
Ding, 2009, while theburden inthe Northern Hemisphers maximum during the same
period when the impact of Asian outflow on the Pacific pe&®shwarz et al., 2033
Model results using thiexed aging scheme capture tlaitudinal and seasonal tremfak
the observationsbut significantly overestimate the magnitude with a mean positive bias
of 194% particularlyin the Northern Hemispherduring summer and falbsa resultof
the modeloverestimate of BC vertical profiles the Northern Hemisphere (Fig). The
microphysicsbased aging schemeeduces the nuel overestimateat most latitudes
throughout the yeawith a mean positive bias of 60% aadorrelation coefficientr( of
0.85with observationsThelargestimprovemem from the microphysicbased scheme is

in the tropicqFig. 8), exceptin January

Therefore, the microphysidzgased aging scheme substantially improves BC simulations
poleto-pole overthe Pacificduring HIPPQ both spatially and temporallgompared
with the fixed aging schemé&he remaining modealbservation discrepancy, particularly

in the northern extratropics and the upper tropospiligely a result ofthe uncertainty
associated witlBBC emissions, wescavenging, and model meteorological figli¥olod

et al., 2012; Bond et al., 2013, Q.Wang et al., 2014We note that it is important to
guantify the contribution of these factors to the meaatedervation discrepancieshich

will be investigated in or future studyAdditionally, the spatiotemporal variabilitgf the
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observedBC concentrations significantly largewithin each altitudeand latitude band
(Fig. 7), suggesting a strong dependence of BC vertical profilsammpling location and

time duringthe HIPPOaircraft measurements

3.3 Global BC distribution and budget

Figures 9a and 9b show the annual meagiobal BC column burden from model results
using the fixed and microphysitssed BC aging schesieéBoth schemes result in a
similar spatial distribution of BC burden with highest valueover source regionand
lowest valuesin the southernhemisphericoceans. However, BC burden from the
microphysicsbased scheme much smaller than that from the fixedchemeglobally;
with the magr differenceover source regions throughout the year (Fig).SThis is
because thanaximum enhancement of BC aging rate from the microphysased
scheme is over source regions (Fig. @jere there isa 20i 60% increaseof the
hydrophilic BCfractionin total BC particleselative tothe fixed aging schem@ig. S7).
The faster hydrophobito-hydrophilic conversion leads tstronger BGvet removalfor
the microphysicsbasedaging schemeAs a result, the global annual mean BC léad
0.24 mg n in the microphysicsbased scheme, consistent witie result (0.280.07 mg
m) from the AeroCom multimodel study (Schulz et al., 2008) is also comparable to
the value (0.25 mg nif) reported bylacobson (2010which accounted fosizeresolved
aerosol miaophysical processe®ond et al. (2013) reported a much higher BC load
(0.55 mg nf) based ortop-down estimatedC emissions thaare 70% larger than the
emissions used in this studVhe resulting global BC lifetime of 4.2 days from the
microphysicsbased deeme is within the range (3.2.9 days) from previous studies

(Table 2).

Figures 9c and 9d show model simulated annuaonal mean BC concentratiofihe

concentratiordecreasgsubstantiallyfrom the surfacen the northern middldatitudes o
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597 high altitudesand the polar regionsvarying by three orders of magnitud&he

598 concentration from the microphysibsised aging scheme is smaller than that from the
599 fixed aging schemat different latitudesand altitudeswith the largest difference>400

600 ng m°) in the northern middléatitudes(Fig. SB). Although the microphysal aging rate
601 is much lower than the rate from the fixed aging scheme inntigelle and upper
602 troposphere anthe polar regions (Figs. 2 and S3he faster microphysat aging over
603 source regions dominates the aging effects on global BC distribution, resulteag in
604 substantiafeduction of BCconcentration globallyAs a result, the fraction of global BC
605 load above 5 km i8.3%for the microphysis-based schemevhichis close tothe lower
606 boundof the range (61140%) from previous studiese(g.,Schulz et al., 2006; He et al.,
607 2014b; Q. Q. Wang et al., 2014)The relatively low BC load at high altitudesin the

608 microphysicsbased schemleas asignificantimplication for globalBC radiativeeffect.

609 Samset et al. (2013) showedttiaore than 40% of global BC direct radiative forciag
610 contributed by BC particles above 5 kmhereashis estimate hasarge uncertainties
611 acrossvariousmodels.BC particles at high altitudesould also affectthe formation and
612 distribution of cirrus clousland thus BC indirect radiative effectsd.,Liu et al., 2009.

613

614 4. Uncertainty analysis

615 4.1 Heterogeneous chemical oxidation

616  Figure 10 shows the annual mean contribution of chemical oxidation to the total BC
617 aging rate. The contribution K0 30% below 900 hPaver most regionsat 60°Si 60°N

618 latitudes particularlyat low latitudesand over source regions, due partly to the strong
619 condensatioitoagulation in thesareas Additionally, the relatively high humidity and
620 low ozone concentratioalso contributdo less efficient chemical oxidatiagingin the

621 lower troposphere anthe tropics, canpared withthe middle troposphere anithe polar

622 regions (Fig.10b). There is efficient chemical oxidation aging over the Arctic and

623 Antarctic in the middle troposphere, where water vapor is scarce and relatively abundant
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ozone is available. This is congist with theconclusionfrom Huang et al. (2013Wwhich
usedthe same chemical oxidation schear@ showedhe lowest chemical aging rate
overthetropicsat lower altitudesandfaster agingat higher altitudesincluding the polar

regions.

Compared with thestandardmicrophysicsbased aging schem(®Pstp), incorporating
chemical oxidation (MRen slightly (<5%) increases the total BC aging radg
60°Si 60°N latitudesin the lower troposphere bmore than halvethe aging rate over
the polar regions (Figsll and 12). This is because faster BC aging over -pofar
regions reduces th@mount othydrophobic BC transported to remote areas. However, the
absolute aging rate ovére polar regions is several orders of magnitude smaller tten th
in nonpolar regions.Chemical oxidation aginghus has avanishingly small (<0.5%)
impact on the global annualeanBC aging rate (Table 2)t leads toonly a small (<1%)
reduction in BC column burden and zonal mean concentration globally {Bigad14)

as well as globaBC lifetime (Table 2). Croft et al. (2005) showed@mparably small
(~5%) decrease in global BC burden and lifetime when the chemical oxigatieess is
included while Huang et al. (2013) found a ~10% decrease in BC burdehfethde

with the incorporation of chemical oxidation aging.

4.2 Size distribution of hydrophobic BC

Reducingthe geometric mean diameter of hydrophobic BC from 60 to 30 nyap{B0)

and the standard deviatiofrom 1.8 to 1.4 (Skcpol.4) increase hydrophobic BC
number concentration. As a result, more hydrophobic BC particles are available for
condensatioitoagulation aging, leading to a 8% increase of condensatiomduced
aging rate within 6051 60°N below 900 hPa (Figs.9%Sand 30). The enhanceent of

aging rate is stronger for SBbol.4 than for BRcpo30, suggesting that the

condensatiofinduced aging is more sensitive to the change in geometric standard
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651 deviation than geometric mean diameter. Interestingly, the largest enhancement for both
652 simuations is overthe oceans, while only less than 10% increase occutldisource
653 regions. This is probably because the BC aging ratetbe@ceans is much smaller than
654 that overthe source regions (Fig. 2), making it more sensitive to the chante size

655 distributionof hydrophobic BC

656

657 Dgcpa30 increaseghe coagulatiorinduced aging rate by up to a factor of 2 within
658 60°S-60°N near the surface (Fig. B particularly insource regions, whereas &pcl.4

659 only increases the coagulatiorducedsufacelayer aging rate along shging corridors

660 overthe oceans, with up to 50% decrease in the rest ofpudar regions. In the middle
661 to upper troposphere anbe polar regions, both gr030 and Scpol.4 result in a more
662 than 50% decrease itoagulationinduced and condensatiomduced BC aging rase
663 (Figs. SD and S1p because of the reduction the amount ofhydrophobic BC
664 transported taemote regionsThe change in total BC aging rate shaavgery similar

665 spatial pattern with that of cdensation (Figsll and12), due to the dominant role of
666 condensatiofinduced agingylobally. However, because of the rather low BC aging rate
667 over theoceans andt high altitudes relative to that oveource regions, the impact of
668 hydrophobic BC size digbution on global BC distribution is dominated by the change
669 of aging rate insource regiongor both Dscpa30 and SRcpol.4, which results in less
670 than 5% reductions in BC column burden and zonal mean concenghilmaily, except
671 a 10 20% reduction in the tropica 600/ 200 hPa (Figsl3 and14). The resultingglobal

672 annual mean BC load and lifetime shoegligible (<1%) increaseéTable 2).

673

674 Increasinghe geometric mean diameter of hydrophobic BC from 60 to 90 ryap£{80)

675 and the standard deviatiofrom 1.8 to 2.0 (SBcpa2.0) decrease hydrophobic BC
676 number concentratiorBoth simulations exhibit opposite patterns of the change in BC

677 aging rate compared withose fromDgcpo30 and Scpol.4 (Figs. SBi 18), becausef
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lower hydrophobic BC number concentrat®m the former twoNevertheless, similar to
Dgcpo30 and SBcpol.4, Dscpa®0 and SRcp2.0 alsoresult in less than 10% change in
global BC column burden and zonal mean concentration (Figs28). We note that the
observationally constrained accumulation mode BC mass size distributions for HIPPO
havea geometric mean diameter of ~180 nm (Schwarz et al., 2@b)h isthe upper
boundvalueused in this study fahe geometric mean diameter of masge distribution

(~60i 180 nm)converted from that of number size distributioni(@0 nn).

4.3 Size distribution of hydrophilic aerosols

Increasingthe geometric mean diameters of all hydrophilic aerosols by 508¢-%D%)

and the standard deviationgy 0.2 (SDO»+0.2) reducs the number concentration of
hydrophilic particles. This results in an enhanced condensatimted aging rate due to
fewer hydrophilic particles competing for condensed soluble materials, but a reduced
coagulatiorinduced aging ratedue to fewer hydrophilic particles available for
coagulating withhydrophobicBC. Both simulationsshow up to 50% increase in the
annual mean condensatiorduced BC aging ratat 60°Si 60°N below 900 hPa (Figs.

S9i 10), particularly overthe oceans where BC aging rate is relatively small. The faster
aging through condensation in the lower troposphere reduces the amount of hydrophobic
BC transported to higher altitudes atie polar regions, resulting in more than 50%
slower condensatiemduced aging in remote regions.In contrast the
coagulatiorinduced aging rate decreases globally, by5206 at 60°Si 60°N near the
surface and more than 50% étsewherg(Figs. S1 and 92). The change of total BC
aging rate follows the spatial pattern of tendensatiofinduced aging rate (Figéland

12). The global annual mean BC aging ratslightly higher(~1.5%)in both D>+50 and
SDp+0.2. Figuires 11 and12 show that increasing geometric mean diameters and standard
deviations of hydrophiligparticles only reduces global BC column burden and zonal

mean concentration by less than 18#6IBC lifetime by less than 1%Table 2).
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Decreasing thgeometric mean diameters of hydrophilic aerosols by 50865@%) and

the standard deviationpy 0.2 (Pp-0.2) increase the number concentration of
hydrophilic particles, resulting in an opposite spatial pattern of the change in BC aging
rate (Figs. S3i 18) than that from Dp+50 and Sp+0.2 Both condensatieinduced and
coagulatiorinduced aging rateare more sensitive to the decrease of geometric mean
diameters ([p-50%) than geometric standard deviations {SD2) globally. The
resultingBC concentration changs less than 10%ver muchof the globe with a <%

increase in global BC load and lifete (Table 2).

4.4 Condensation threshold

The condensatiemduced BC aging rate is critically dependent on the condensation
threshold b (see EqQ. ), which representshe mass fraction of condensed soluble
materiat on hydrophobic BC required for hydrophotéhydrophilic BC conversion.
Reducingb by a factor of 2 (BETA2.5) increases the condensadtidnced aging rate by

51 10% near source regions and by up to 50% over remote cae@0Si 60°N (Fig. ),
while thecondensatiofinduced aging rate decreases by3@b in the middle and upper
troposphere and more th8@% overthe polar regions (Fig. W, because of the reduced
amount of hydrophobic BC transported to remote areas. The change in total BC aging
rate folows the pattern of the change in condensaitioluced aging rate, with major
increass at 60°Si 60°N below 900 hPa (Figsll and 12). This results in a decrease
(<20%) of BC concentration globally, particularly in the tromt600/ 200 hPa (Figsl3

and 14). In contrast doubling 6 (BETA10) shows the opposite spatial pattern of the
change in BC aging rateompared witrBETA2.5 (Figs. S3 and 34), where the aging
rate decreases by up to 20% in the-potar regions below 900 hRatincreases by up

to more thantwofold at high altitudes and polar regionshe resultingglobal BC load

and lifetime howeverchange by less than 2% for both BETA10 and BETA2.51€Tap
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732

733  There isstrong spatial heterogeneity in the sensitivitynoitrophysi@al BC agingto

734 aerosol size distributioncondensation threshqgldand chemical oxidatignwith little

735  sensitivity ovetthe source regions but rather large sensitivity in remote regions. However,
736 the BC aging rate in remote areas is several orders of magnitude smailénahaver

737  source regions. As a result, the global BC column burden and zonal mean concentration
738 are only slightly affected by the changetie abovementioned factorswith less thab%

739 change ovemuch of the globe (Figs13 and14). Very smallchanges aralsoseen in

740 global BC lifetime (Table 2). Nevertheless, using a uniform aerosol size distribatidn

741 condensation thresholtiay not be realistior representative, particularign a regioml

742  scale withcomplexatmospheric condition3he twa/threemoment aerosol scheme (e.g.,
743 Li et al., 2008), which predictaerosol size distribution from simulated aerosol mass,
744  number, and/or surface area depending on atmospheric conduaoend,be a potential

745 improvement to represent and understa®@ aging, interaction with cloud, and
746  deposition compared with the microphysical scheme developed in this study.

747

748 5. Conclusions

749  We have developed amckamineda microphysicsbased BC aging scheme tleiplicitly

750 accounts for condensation and coagulapoocesses IGEOSChemglobal CTM We

751 analyzed the difference in BC aging rate between the micropHyasetischemeanda

752 fixed aging scheme with are-folding time of 1.2 days followed by a systematic
753 evaluation of BC simulatiausingHIPPO observationsom 2009 to2011. We further

754 analyzed the effects of the microphysizsed aging scheme on global BC distribution
755 and lifetime. Finally, we quantified the uncertainty associated with aerosol size
756  distribution and condensation thregthah the microphysicdased aging scheme and the
757 impact of heterogeneous chemical oxidation on BC aging.

758
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In the microphysichasedBC aging scheme we converted aerosol mass to number
concentration by assuming lognormal aerosol size distributions. We utenfhe
condensatiofinduced aging rate from the condensation ofoluble materialsonto
hydrophobic BC which convertechydrophobic to hydrophilic BC when the condensed
mass reached the condensationthreshold (6 in Eq. @)). We computed he
coagulationinduced aging ratefrom the coagulation between hydrophobic BC and
hydrophilic particles assuminga hydrophobieto-hydrophilic BC conversion upon
coagulatingThis microphysicshasedschemehusincorporated an explicit microphysical
representation of BC agirend retained the computational efficiency of the fixed aging

schemeThe microphysical aging scheme can also be applied in other CTMs.

The microphysicalaging rate was a factor of @ highe than that from the fixed aging
scheme in the lower troposphere osachsource regionssEast China, India, Europe,
United States, tropical continents, anthrine shipping corridoysbecause of strong
emissions of sulfataitrate and SOA precursorswhich resultedin faster BC aging
through condensation and coagulatidrhe microphysial aging rate is more than
fivefold lower than that from the fixed aging scherre remote regions where

condensation and coagulation aegher weak. We found that cagrsation dominated
(>70%) BC aging globally, particularly ithe Southern Hemisphere arabove 5 km

while the largest coagulation contribution (~30%)as over East China, India, and
Central Africa, primarily becauseéhe hydrophilic aerosols requirefdr coagulation were

substantially removed by wet scavenging during transpoentoteregions

Compared with the fixed aging scheme, the microplysicheme substantially reduced
the discrepancy between modeled and obsepretability density functios of BC
concentrations during HIPPO, particularly at BC concentrations of < 1 hgrd) 1050

ng kg®. Model results using the fixed aging scheme overestimated BC median vertical
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profiles in the northern extratropics b¥% times on averagewhile the microphysial
scheme improved thmodeledBC vertical profiles by a factor ofi3 throughout the
tropospherg particularlyat 900/ 300 hPa. Model results using the microphgbk&ging
scheme reproduced the observed BC vertical distribution in the tropittee Southern
Hemisphere, the microphysicaging scheme reduced the model bias in BC vertical
profiles by a factor of 4, with largest improvemesat 600 200 hPa, compared with the
fixed aging scheme. Thaodel bias inatitudinal BC column burdealongthe HIPPO
flight tracks was reduced from +194% for the fixed aging scheme to +60% for the
microphysicsbased scheme, witlargest improvemestin the tropics.The remaining
modelobservation discrepancy for the microphydiesed simulationvas likely dueto

the uncertainty associated with BC emissions, wet scavenging, and meteorological fields
in the modelWe note that it is also very important to evaluate BC simulations from other
perspectives in addition to atmosphetmncentration such asaerosol optical deptra

subject requiring further investigation

We found thathe faste BC aging over the source regions from the microphyisased
scheme dominated the aging effects on global BC distribution, resulting in a much lower
BC column burdn and zonal mean concentratiglobally, compared with the fixed
aging scheme. The global annual mean BC lifetimas 4.2 days in the
microphysicsbasedscheme, wheravet scavenging accounts for 80.3% of global BC
deposition.The resulting global BC bdenwas0.25 mg nif, with 7.3% of the burden
above 5 kmThe relatively low BC load at high altitudbadimportantimplicatiors on

the estimate ofjlobal BC radiative effects.

Furthermore, w foundthat BC aging rat&vasinsensitive (40% change) taerosol size
distribution, condensation threshold, and chehog&lation over source regionghile it

wasthe oppositdmore thantwofold change) inthe polar regions anat high altitudes.
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However, the BC aging rate in remote regiarasorders of magnude lower than that in
source regions. Thus, the global BC burden l#etime showed littlesensitivity (<5%
changé to the abovementioned thredactors Neverthelessassumingglobal uniform
aerosol size distribution and condensation thresimalg not be representative or accurate,
particularly for regions with complex atmospheric conditioRarther improvemest

requiretheincorporationof a dynamic sizeéesolved microphysical agirsgheme
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1094 Table 1.Key aging @rametersisedin GEOSChemsimulationsof BC.

Hydrophobic? Hydrophilic 2 Condensation
Simulations threshold
Dy (nm) . Dy (nm) . (0)°
Fixed agin .
ging e-folding BC aging timd, = 1.2 days
(FIX)
e}
)
% 0O =180 ., =18
T 9 o =15 |, =18 5% of
T o E O =60 |, =18/, _ _ .
£ 0 o o0 =60 _18 o =150 |, =16 hydrophobic
& ‘é 2 g O =200 |, =15 BC mass
S O =800 |, =18
=
Dgcpa30 HydrophobicO =30 nnf
Dpcp90 HydrophobicO =90 nnf
SDgcpol 4 Hydrophobic, =1.4°
g SDgcp2.0 Hydrophobic, =2.0°
§ Dp+50% All hydrophilic particlesO increased by 50%
% Dpi-50% All hydrophilic particlesO decreased by 50%
>
S | SDy+0.2 All hydrophilic particles, increased by 0.2
% SDpi-0.2 All hydrophilic particles, decreased by 0.2
n
BETA2.5 b=2.5%
BETA10 b=10%
MP Standard microphysiebased scheme with chemical oxidation
chem parameterization from Poschl et al. (2001)

1095 aDp and s, are geometric mean diameter agebmetricstandard deviatiofior particle number size
1096 distribution, respectively.

1097 bCondensatiomhreshold(l':) in Eq. (7) represerdthe masdraction ofcondensed soluble materials on
1098 hydrophobic BQrequiredfor hydrophobieto-hydrophilic BC conversionA value of 5% is used in the
1099 standard microphysidsased scheme following Riemer et al. (2004).

1100 “Geometric mean diametefB,)and standard deviatioi(,) arefollowling Dentener et a(2006 and
1101  Yu and Luo(2009) for hydrophobicand hydrophilic BC and OCandthe Global Aerosol Dataset
1102 (GADS) (Koepke et al., 1997) faulfatenitrateammonia fsulfo), fine-mode sea salffifs0), and
1103 coarsemode sea salfi¢s®). SOA is treated as hydrophilic OC.

1104 %owerand upperboundsof geometric meamiameterg30 nm and90 nn) and standard deviations
1105 (1.4and2.0) for hydrophobic BCare followingBond et al(2006)

1106
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1107 Table 2 GEOSChem simulatedlgbal annual mean BC budget

BC aging rate (ngC m2h™) . . _ Loading Wet ~
Emissions| Lifetime | Loading . Hydrophilic
References e . | above 5 km| deposition ,
<5km | >5km | mean | (TQyr’) (day) | (mgm) fraction (%)
(%) (%)
FIX 0.378 0.005 0.221 13.7 0.795 26.2 78.9 85.8
MPstp 0.560 0.324 4.21 0.244 7.32 80.3 98.8
MPchem 0.561 0.325 4.21 0.244 7.31 80.3 98.9
Dgcpo30 0.570 0.330 4.18 0.242 7.16 80.2 99.3
Dgcpc90 0.551 0.319 4.25 0.246 7.53 80.3 98.1
SDgcpol.4 0.571 0.331 4.18 0.242 7.14 80.2 99.4
This
SDgcp2.0 0.550 0.319 10.8 4.25 0.246 7.55 80.3 98.1
study <0.001
Dpi+50% 0.568 0.329 4.19 0.243 7.19 80.3 99.2
Dp-50% 0.548 0.317 4.27 0.247 7.68 80.2 97.8
SDp+0.2 0.567 0.328 4.19 0.243 7.20 80.3 99.2
SDpi-0.2 0.552 0.320 4.24 0.246 7.50 80.3 98.2
BETA2.5 0.569 0.330 4.19 0.242 7.17 80.3 99.3
BETA10 0.547 0.317 4.27 0.247 7.65 80.2 97.7
He et al. (2014, b) Fixed aging (U= 1.2 days) 8.1 6.6 0.29 18 83 -
Q. Q. Wang et al. ) L
Fixed aging U= 1.2 days) 6.5 4.2 0.15 8.7 77 -
(2019
Bond et al. (2013) Model ensemble mean 17 6.1 0.55 - - -
Jacobson (2012) Aging microphysics 9.3 3.2 0.18 - 94 -
Chung et al. (2012) | Fixed aging 6.3 5.5 0.19 - - -
Jacobson (2010) Aging microphysics 4.7 9.9 0.25 - 92 -
Schulz et al. (2008) | Model ensemble mean 6.3 6.8#.8 0.236.07 2141 - -

1108 “Based on AeroCom Phase | simulations after scaling to match AER@JE&bsorption optical

1109 depth AAOD).

1110 °Mean and standard deviations for eight models from AeroCom Phase | simulations. All AeroCom
1111  models use the same emissions.

1112  “Global total BC emissionsicluding anthropogeniandbiomass burning sources.

1113
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Figure 2. GEOSChem simulated annual mean BC aging rates (ngChi) in the
surface layer (top panels) and averaged zonally (lower panels)afforad BC aging

scheme (left panels) aramicrophysicsbasedagingscheme (right panelsgee text for
details.Model results are for 2009.
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Figure 3. Probability density functioof simulated annual mean BE&f@ding aging time

(h) over the globe for a microphysibssed scheme (solid line) and a fixed aging scheme
(dashed line)Also shown is95% uncertainty rang@n grey) of the microphysicsbased
aging timeestimated from a Monte Carlo method.
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Figure 4. GEOSChem simulated annual mean contribution of condensation to total BC
aging rate(sum of condensation and coagulatioayeraged within @ km above the
surface (top left) and zonally (top right) aneénnual mean contribution of
H,SO,-HNO3-NH3 condensation tthe BC aging rate through total condensation (sum of
H,SO-HNO3-NH3 and SOA condensation) averaged withid @Bm above the surface
(lower left) and zonally (lower rightModel results are for 2009.
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