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Abstract. Organics dominate the composition of the atmo- comparison with observations reasonable agreement for the
spheric aerosol, especially in the fine mode, influencing somé:C ratio within the limits of a global model of the simula-

of its characteristics such as the hygroscopicity, which is oftions is achieved.

climatic relevance for the Earth system. This study targets
an improvement in the description of organic aerosols suit-
able for large-scale modelling, making use of recent devel-y
opments based on laboratory and field measurements. In ad-

dition to the organic mass and particle number distribution,The composition of the atmospheric fine mode aerosol is
the proposed method keeps track of the oxidation state ofjominated to a large extent by contributions of substances
the aerosol based on the OH exposure time, describing SoM@mped under the term of organic carbon (eJgnenez et a).
of its chemical characteristics. This study presents the appligoog_ These aerosol compounds affect the climate of the
cation of the method in a global chemistry climate model, Earth system directly mainly by scattering and indirectly
investigates the sensitivity to process formulations and emisyia indirect aerosol effects by altering cloud properties (e.g.,
sion assignments, provides a comparison with observationgpcc core writing team2007). Furthermore, the chemical
and analyses the climate impact. composition and formation of organic aerosol compounds
Even though the organic aerosol mass distribution iscan also impact the chemical composition of the atmosphere
hardly affected by the new formulation, it shows impacts (re-que modifications in the oxidation pathways and therefore
gionally of the order of 10 % to 20 %) on parameters directly the oxidation potential, but on the other hand are also directly
influencing climate via the direct and indirect aerosol effects.impacted by the oxidation capacity of the atmosphere.
Furthermore, the glObaI distribution of the OrganiC O:C ratio Especia"y in |arge_sca|e models describing the atmo-
is analysed in detail, leading to different regimes in the oxi- spheric aerosols, all of these compounds are treated together
dation state: low O:C ratios over the tropical continents duejn 3 similar way, mostly lumped together as one compound
to small OH concentrations caused by OH depletion in Chem'per size category, named OC (Organic Carbon) or POM (par-
ical reactions, and enhanced oxidation states over the tropicajcylate organic matter) (e.gTextor et al, 2006. In reality,
oceans based on less OH scavengers and at high altitudes dif® actual compounds of this mixture are characterised by
to longer atmospheric residence time. Due to the relation begifferent oxidation states, and consequently different ratios
tween O:C ratio and the aerosol hygroscopicity the ageintf carbon to oxygen, and originate from various sources such
results in a more physically and chemically consistent de-3s anthropogenic emissions, biomass burning or secondary
scription of aerosol water uptake by the organic aerosol. Ingerosol formation from biogenic or anthropogenic volatile
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8688 H. Tost and K. J. Pringle: Improvements in organic carbon representation

organic compounds (VOCs) which have been processed ies in Canada that the hygroscopicity can be described by
the atmosphere reducing their volatility. The actual organica linear relationship with the observed O:C ratio, in agree-
aerosol in models therefore should represent the completenent withJimenez et al(2009. In their study the analysis
mixture of all of these compounds including their varying is taken one step further to compare predicted and observed
properties. Even though some of these properties equilibrat€CN numbers, based on the assumed and dexiveslues
quickly and can be described by mean characterisfcs ( of the organic aerosol and concluded that the consideration
dreae 2009, others change over time. One of these proper-of the O:C ratio for the determination the hygroscopicity and
ties is the oxidation state of the organic aerosol, describedotal CCN numbers is relevant. However, also in this study
by the O:C ratio which is found to be a suitable metric to it is stated that one value far for a typical aged and one
describe some of its chemical propertigsdll et al., 2011). for the completely non-aged type of organic aerosol would

Instead of treating all organic material in the particulate be sufficient for climate modelling. On the other hand, this
phase in only one compound, recently separate treatment aforresponds more or less to a decision whether the organic
secondary organic aerosols (SOA) has become more comeerosol is hygroscopic or not, but does not consider the full
mon (e.g.Tsigaridis and Kanakidq003 Kanakidou etal.  spectrum of aged organic carbon aerosol with different water
2005 O’Donnell et al, 2011). However, also this treatment uptake potentials.
does not provide an age spectrum, differentiating between The here presented modelling study aims to analyse the
aerosol particles being freshly formed or emitted or airborneimpact of the processing of organic aerosol material by age-
for several days. ing on the aerosol distribution. A major goal is to quantify the

In addition to the “classical” approach of treating the or- importance of the characterisation of O:C ratios and hygro-
ganic aerosol, a new modelling approach has been developextopicity values on large scales to transfer knowledge from
in the recent years, namely the volatility basis set (VBS)laboratory and field studies to the globally simulated context.
(Robinson et a).2007 Donahue et al2006 approach. VBS  Additionally, we present the global distribution of the O:C
separates the organic aerosol into separate classes basedratio in organic aerosols and corresponding organic aerosol
their volatility. This is used to describe both primary and sec-hygroscopicity values for global scale climate which are —
ondary particles, however with this approach the computa-according to our knowledge — not yet documented in the lit-
tional load of the aerosol module component is substantiallyerature, and compare the simulated with observed values for
increased. various regions.

This increase has also been further amplified by equipping This study is structured as follows: The next section deals
the VBS with a second dimensiadifnenez et a|2009 Don- with the description of the applied model, the modifications
ahue et a].2011, 2012: the ageing of organic aerosol parti- required to investigate the research goals and the simulations
cles. With this approach, chemical conversion can alter boththat have been performed to analyse the impact of a descrip-
the volatility of a compound and its oxidation state, repre-tion of the ageing of organic carbon aerosol. The results are
sented by the O:C ratio. Even for regional studies conductedliscussed in SecB with focus on the total atmospheric bud-
over a limited time frame, this concept was found too time get (Sect3.1), the oxidation state of the aerosol (SexR)
consuming, that a more simplified approach is requigdit and the impact on aerosol water uptake (S8@). Further-
vastava et al2017). more, the impact of low molecular weight organics and their

Based on observationdimenez et al(2009 show that dissolution into aerosol water is addressed (Sé@). In a
the O:C ratio can be almost linearly translated into a valuelast step, the impact on climate relevant parameters, namely
for the aerosol hygroscopicity (Petters and Kreidenweis the aerosol optical thickness (Se8t5 and on CCN num-
2007, and will therefore affect the water uptake of aerosolsbers (Sect3.6) is analysed. This work is summarised and
and their ability to act as cloud condensation nuclei (CCN).concludes in Sect.

This linear relationship is the main basis of this study; due to

some spread in the observations especially the offset for the

linear regression is slightly vague, such that some of thes@ Model description and simulation setup

uncertainties will propagate into the model simulations pre-

sented below. In this study the atmospheric chemistry climate model

Without doubt, the variety of organic aerosol compoundsEMAC (ECHAM5/MESSy Atmospheric Chemistry) has
show a considerable range of hygroscopicity valugsdgé  been applied. EMAC model is a numerical chemistry and
et al, 2012. In addition to the different hygroscopicity val- climate simulation system that includes sub-models describ-
ues obtained for various compoun&ajda et al(2012 also  ing tropospheric and middle atmosphere processes and their
provided frequency spectra for individual species, dependinteraction with oceans, land and human influendéskel
ing on different oxidation states due to competition for ox- et al, 2010. It uses the second version of the Modular Earth
idants. Lumping all of this information is required to trans- Submodel System (MESSy2) to link multi-institutional com-
fer it to field measurements of ambient organic aerosol. Foputer codes. The core atmospheric model is the 5th gener-
instanceChang et al(2010 conclude from their field stud- ation European Center Hamburg general circulation model
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(ECHAMS5, Roeckner et al2006. For the present study we Compared to the GMXe, described iringle et al.
applied EMAC (ECHAMS version 5.3.02, MESSy version (20103, an updated version of the aerosol module is applied,
2.41) in the T42L31 resolution, i.e. with a spherical trunca- which is equipped with a new internal flexible species struc-
tion of T42 (corresponding to a quadratic Gaussian grid ofture, which allows for an arbitrary number of compounds
approx. 2.8 by 2.8 degrees in latitude and longitude) with 31to be used for the microphysical calculations, making use
vertical hybrid pressure levels up to 10.0 hPa. The appliedf tracer information provided by the TRACER structure of
model setup comprised the submodels for radiation and largEMAC (Jockel et al, 2008. Additionally, the water uptake
scale clouds (seRoeckner et a].2003, convective clouds of organic aerosol is calculated with theapproach Pet-

and tracer transportTést et al, 20103, atmospheric gas ters and Kreidenwej007). Furthermore, GMXe has been
phase chemistrySander et al.2005, emissions Kerkweg  augmented by a more flexible scheme for emission flux as-
et al, 2006h Tost et al, 20078, dry deposition and aerosol signment for aerosol compounds. Additionally, an emission
sedimentationKerkweg et al. 20063, scavenging and wet parameterisation for marine organic aerosol has been imple-
deposition Tost et al, 2006 20073 and a representation of mented, using an approach followingnati et al.(2010.

the atmospheric aerosd?iingle et al(20103, described in  This emission scheme represents the co-injection of marine

detail below) and its radiative propertié¥dzzer et a] 2012). organic compounds in submicron aerosol particles with sea
_ _ salt based on bubble-bursting. The organic content of the sea
2.1 Representation of the atmospheric aerosol water is estimated from climatological satellite data from the

. N ) ) _ MODIS instrument Esaias et a)2002).
The atmospheric aerosol in this study is parameterised using

the MESSy aerosol submodel GMXeringle etal.20103. 5 1 7 Representation for the ageing of organic carbon
GMXe combines treatment of the aerosol microphysics (in a

similar way to the M7 modeNignati et al, 2004) with the 14 gescribe the time evolution of the organic aerosol, GMXe

aerosol thermodynamics model ISORROPIARD@Ntoukis a5 heen extended by a scheme which describes the chem-
and Nenes2007). The size distribution is described by four jc5| ageing of organic carbon. In this configuration the OC
hydrophilic and three hydrophobic lognormal modes, with ¢acer s split up into an arbitrary number of species (6 for

prognostic aerosol mass and number and a diagnosed megfs stydy) which represent organic carbon but also take the
radlgs. : ) , oxidation state in terms of the O:C ratio into account. The
Microphysical processes considered are the nucleation of.peme divides the OC tracer into the different species based
new sulphuric acid aerosol particles, coagulation of aerosoj, the OH exposure time (cf. Fig. 4b difnenez et aJ2009;
particles, and exchange of particles between the modes, inyg oxidation state of the bulk OC is calculated using the time
cluding the conversion of hydrophobic to hydrophilic modes varying OH concentration of the respective grid box. This is
via coating of the insoluble cores by soluble material. In ad'schematically displayed in Fig.
dition to the coating material added to hydrophobic mode g ynderlying chemical basis of this representation is that
particles by coagulation, the condensation of hydrophilic ma-,o organic compounds undergo a mixture of both heteroge-
terial (determined from the thermodynamics) can also lead tq,¢ ;s in the aerosol phase and to a higher degree gas phase
the transition from hydrophobic to hydrophilic modes. These iqation reactions in a series of re-evaporation and conden-
two process contribute to the microphysical ageing of organicgation processeDpnahue et a.200§. The oxidation po-

carbon, i.e. they can lead to the transfer of aerosol from th§eyiq| is described with the help of the most reactive oxidant
hydrophobic to the hydrophilic modes and also to the transfery¢ 1o troposphere OH. Since in many oxidation reactions

into other size classes. _ __ of organic compounds OH is also recycled (eTarabor-
Additionally, a transfer from hydrophobic to hydrophilic ;i et al, 2009 2012, it is assumed that there is no net

modes also occurs in case of cloud processing (by aerosol g joss or consumption by the ageing process. This is the
droplet coagulation processes), since it is assumed that thg,qis for the assumption that per each model time step in

droplets represent a complete mixture of hydrophobic andyc grid box the OH concentration is treated as constant for
hydrophilic material. Consequently, after evaporation the hy-y,iq ageing process. Of course, the gas phase chemical reac-
drophobic material is coated with hydrophilic material, such tj,ns determine the actual time varying OH grid box mean
that the whole internally mixed aerosol particle must be con-5 e An additional consideration of other oxidants, e.g. O
sidered as hydrophilic. Nevertheless, the hydrophobic mate o, or halogens is also possible with this approach, as the
rial does not contribute significantly to the aerosol water up-q exposure time could be replaced by a total oxidant ex-

take due to its low or zero hygroscopicity. - posure time; however at present robust observations of the
The aerosol compounds treated explicitly are'N&I™,  oyho5re time have only been published for OH. When the

+ — -
NH;, SO;~, HSO;, NO; and the bulk compounds of OC,  .¢ ratio of a compound and its increment due to an addi-
BC, dustand a bulk sea salt (the fraction that is not describegion | exposure time calculated using the fitted function ex-

by NaCl or sea salt sulphate). ceeds the threshold values of the individual tracers used in the

model (as listed in Tablg) all the mass of this compound is
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Table 1.List of O:C ratios and correspondingvalues for organic ‘
aerosol compounds. Heoee

0.70 0.21

Species  O:Cratio « value

ocC 0.3 0.01 F o017
WSOC1 0.38 0.05 0.60

WSOC2 0.46 0.09 wsoc3 5
WSOC3 0.54 0.13 2 -
WSOC4 0.62 0.17 5 &
WSOC5 0.7 0.21 S 050 %

— 0.09

wsocH1
0.40 —

transferred to the tracer with the next higher oxidation state. 0.05
In case of insufficient OH concentrations or too short an ex- .
posure time only a fraction of the mass of a tracer is con-

verted to the next higher oxidised one using an interpolation . S S SO oo
algorithm that takes the OH exposure time increment and the OH exposure time (10° molecules cm® s)

interval to the current and the next higher oxidation state mtoFig' 1. Schematic curve of ageing of the organic carbon. The hor-

account. This is done sequentially for all the OC and WSOCi ontal axis displays the OH exposure time, whereas the vertical

compounds in each mode; the WSOC compounds are treate‘é(is show the O:C ratio and correspondingalues. The horizontal

such that at the beginning of each time step their oxidation.gjoyred lines represent the threshold values for the O:C ratio for
state corresponds to the lower limit of the O:C interval repre-ihe individual OC tracers.

sented by this compound. The abbreviation WSOC represent
“water soluble organic carbon”, as with higher number of the
compounds, the O:C ratio and therefore its hygroscopicity in-the other feature of the VBS, namely the differentiation of
creases. the volatility and therefore the partitioning between gas and
Since the O:C ratio is almost linear to thevalue for or-  aerosol phase is not reproduced with the presented approach,
ganic aerosol according to measurements from all over th&howing the larger potential of the 2D-VBS. However, since
world (cf. Fig. 3 of Jimenez et a].2009, a« value is as-  in global climate models also the SOA is often described in
signed to each of the tracers with their corresponding O:Ca highly simplified way by the emission of primary emitted
ratio according to the right axis of Fid. as listed in Ta-  particles that have implicitly formed by the condensation of
ble 1. This representation is a source of uncertainties in theoxidised low volatility organic compounds originating from
modelling approach; however a shift in the offset or the biogenic VOCs, the chosen approach does not limit the ap-
slope does only to a minor degree change the total impacplication for SOA organic carbon in climate studies.
on the results. The total water uptake of organic carbon is Additionally, the fact that in general urban and remote, ru-
determined as sum of the individual contributions from the ral or stations downwind from pollution centers show similar
organic aerosol tracers using tkeapproach and the ZSR characteristics for the organic aerosol O:C ratiy (et al,
(Stokes and Robinspf960 relation. 2010 Andreag2009 provides a reasonable basis for the pre-
In the standard configuration of the scheme, this ageingsented approach.
process is only allowed for the organic carbon in the hy-
drophilic mode, but in one of the sensitivity tests, also the2.1.2 Non-equilibrium chemical processes in the aerosol
hydrophobic organic carbon can undergo this ageing with
identical rates. For this work, GMXe has also been augmented by an explicit
In contrast to the ageing processes described in the 2-Bcheme for the calculation of non-equilibrium processes in
volatility basis set (VBS) Donahue et al.2011, 2012 as  the aqueous aerosol phase. For that purpose a set of chemical
e.g. applied byShrivastava et a(201]) in the WRF-CHEM  reactions describing the uptake and release in the aqueous
model, this approach requires fewer tracers and operationgerosol phase according to a diffusion limited Henry's law,
making it computationally less expensive and suitable fordissociation and recombination reactions and oxidation pro-
global climate simulations. Only, the reduction of the VBS cesses has been compiled. This set of equations is converted
to a 2 species VBS bghrivastava et a(201]) uses a similar  into a set of coupled differential equations by the KPP (Ki-
amount of compounds, but it has been developed and appliedetic PreProcessor) softwaf@gmian et al.2002), including
for the region of Mexico City only and its performance for a differential equation solver using a Rosenbrock method of
other regions and hence other regimes of aerosol and oxidarhe third order with automatic time stepping contr8h6du
concentrations is still under investigation. On the other handet al, 1997). This approach offers similar possibilities as the

oc
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scheme described kiyerkweg et al.(2007), but since it is ical feedback) thus the meteorology is absolutely identical
treated decoupled from the gas phase chemistry due to thall simulations, which allows a direct comparison of the data
concept of operator splitting it is substantially cheaper from asets from the individual simulations without taking the inter-
computational point of view. Nevertheless, it is computation- annual variability or variations in the transport patterns into
ally more expensive than neglecting non-equilibrium pro- account. Instead, for aerosol radiation effects an aerosol cli-
cesses (adding an additional 15 to 20 % of computation timematology and for cloud effects fixed cloud droplet and ice
and is therefore more suitable for process research than longrystal numbers are assumed.

term climate studies. Note, that this extension is used in ad- The five simulation are summarised in the following sec-
dition to aqueous phase chemistry processes in the cloud artgbn:

precipitation phase, which is e.g. responsible for the domi-
nant oxidation of S@to sulphate.

With the help of this tool the uptake and dissociation of
low molecular weight organic compounds, e.g. formaldehyde
(HCHO), formic acid (HCOOH), acetic acid (GEOOH) is
taken into account. However, since the scheme calculates the.
uptake of these species into the aqueous phase of the aerosol,
these compounds are currently not considered for aerosol hy-
groscopicity and water uptake calculations, but they do con-
tribute to the total aerosol mass and participate in all aerosol
microphysical processes. Furthermore, it provides opportuni-
ties to explicitly calculate oxidation reactions in the aerosol
phase for organic and inorganic compounds, e.g. glyoxal pro-
duction or SQ oxidation in the aerosol phas&dst et al, 3.
20108. In the current configuration only inorganic and or-
ganic chemistry of low molecular weight organics (up to
C2 compounds) is taken into account, but the scheme is ca-
pable of a comprehensive aqueous phase chemistry mecha-
nism of reactions taking place in the aerosol phase (e.g. the
CAPRAM mechanismiderrmann et a).2005.

2.2 Simulation setup

For this study five simulations have been performed. All
of them span a period of 2 years, with the data from the
first year used as spin-up and not taken into account for
the analysis. The meteorological conditions are calculated
in a free running climatological mode, with climatological
(years 1995—-2005) sea surface temperatures originating from
the AMIPII databaseTaylor et al, 2000. Greenhouse gas
concentrations for the year 2000 have been applied and are
nudged towards the observations. The emission data base
for gaseous compounds are the IPCC-ARS5 emissions for the
year 2000 ltamarque et al.2010. Biomass burning emis-
sions for gaseous compounds are taken from the GFEDv3.1
inventory an der Werf et a).2010. Aerosol emissions are
from the AEROCOM data base, also representative for the
year 2000, including also sea salt and mineral dust emissions
(Dentener et al2006. The contribution of OC emissions are 5.
from fossil and bio-fuel burning, biogenic sources (represent-
ing SOA) and biomass burning. Additionally, also volcanic
emissions of S@are taken from th®entener et al(2006
data base.

Even though the aerosol optical properties and their CCN
potential are calculated, the actual radiation and cloud in-
teractions with the aerosol are excluded (as well as chem-

www.atmos-chem-phys.net/12/8687/2012/

1. No-Ageing In this simulation the chemical ageing of

organic carbon is ignored, and it can serve as a standard
aerosol simulation (comparable to the setup presented
in Pringle et al.20108.

Ageing-LQ In this simulation the chemical ageing of
organic carbon is taken into account. All hydrophilic
organic carbon is emitted into the compound with the
lowest O:C ratio, representing an almost hydrophobic
particle which increases its hygroscopicity only via the
chemical ageing. This should be represented by the
name “LO” meaning Low Oxidation state”.

Ageing-BG This setup, named according to thBest
Guess” of the emission attribution, is similar to the
Ageing-LOcase, except for a different assignment of
the hydrophilic organic carbon emissions, i.e. 10 % of
the total hydrophilic SOA emissions are emitted in the
lowest O:C class, 15 % in the WSOC1, 20 % in WSOC2
and 5% in WSOC3 each for Aitken and accumulation
mode, respectively. Similarly the hydrophilic fraction of
the biomass burning emissions is assigned with 20 %,
30%, 40% and 10% into the Aitken mode, respec-
tively. In addition the hydrophilic emissions from ma-
rine organics are also emitted with the same fractions
into the accumulation mode. This emission assignment
has been the result of sensitivity tests, but showed the
“best” agreement of the simulated O:C ratio with a few
selected measurement campaigns, e.g. AMAMEr(in

et al, 2010 and some of the results presented in Hig.
as well as comparing the OC atmospheric mixing ra-
tios with measurement stations (similaRdngle et al.
20103.

4. AerchemThis setup is identical to thageing-BGcon-

figuration, except for the additional treatment of disso-
lution and non-equilibrium chemistry, described by the
sub-submodelAerchen (Sect.2.1.2).

Insol: This setup has identical emission allocation as
Ageing-BG but in addition it allows chemical ageing

to also occur for the hydrophobic material at the same
rates as described in Se&.1.1 In the hydrophobic
aerosol the chemical conversion of the organic mate-
rial results in more hydrophilic matter such that the
aged organic aerosol is transferred into the hydrophilic
modes, i.e. this process represents another pathway for

Atmos. Chem. Phys., 12, 86809 2012
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hydrophobic organic aerosols to be transferred into thethe WSOGs compounds. One additional aspect to consider
hydrophilic modes besides the above mentioned aerosak that during the chemical ageing the particles also undergo
microphysical ageing and cloud processing. microphysical aerosol processes, such that for most OC com-
pounds the mass is quickly shifted from the Aitken to the
accumulation mode into one of the WSQGpecies. In ad-
3 Results and discussion dition, the ageing increases the CCN potential of the fine
mode organic aerosol such that nucleation scavenging be-
3.1 Global budget of organic carbon aerosol compounds comes more efficient, and hence causes a more efficient re-
moval process for organic carbon aerosol, compared to the
To analyse the impact of the chemical ageing process, thether scenarios. This leads to an overall reduction of Aitken
global atmospheric burden of the organic carbon aerosomode OC (depicted in the SUM column) of approx. 50 % for
compounds is displayed in Fig.on a logarithmic scale. The thelnsol simulation.
blue bars represent the simulation without chemical ageing, In principle the same processes also explain the differ-
the red bar thé\geing-LOcase, the yellow thégeing-BG ences in the accumulation mode mass distribution, again with
the green the results from therchemand the brown the the Insol simulation showing substantially reduced burden
Insol simulation. Except for thénsol case, the total organic (reduction of~20%). For the lower O:C ratio tracers the
carbon atmospheric burden in all modes is similar, indepenburden is even higher in this simulation due to the trans-
dent of the considered ageing and the emission redistributiorfer of aged material that originates from both the hydropho-
For the hydrophobic Aitken mode OC, all simulations exceptbic and hydrophilic Aitken modes. For the three simulations
Insol maintain a similar burden since the chemical ageingin which the chemical ageing is only allowed for the hy-
only indirectly affects the hydrophobic mode via changes indrophilic modes, there is hardly any difference for the higher
the size in the hydrophilic modes, which can subsequentlyO:C ratio tracers, whereas for the lower O:C ratio compounds
effect the aerosol microphysics. On the other hand, since irthe emission redistribution both in the Aitken and in the ac-
thelnsol configuration the Of is directly modified by both  cumulation mode contribute to the differences.
the chemical and the microphysical ageing (allowing a faster For the coarse mode thesol simulation does not a show
transformation into the hydrophilic mode) its burden is sub-reduced burden in the total: a reduced atmospheric load is
stantially reduced (almost up to 80 %). found for the un-aged compounds but for the other com-
For the hydrophilic Aitken mode, the differences in the pounds the burden is even increased. This is due to the more
burden mainly originate from the chemical ageing and theefficient ageing and the shift into the largest particle size rep-
attribution of the emissions, e.g. since less OC mass is diresentation via cloud processing with respect to the total or-
rectly emitted in the Ofg tracer in theAgeing-BGsimu- ganic aerosol mass before the aerosol loss processes remove
lation, but into species representing higher O:C ratios, thehe organic carbon aerosol mass from the atmosphere. Due to
burden of OGs is lower than in theAgeing-LOsimulation.  the enhanced emissions at higher O:C ratio irXgeing-BG
The difference between thdo-Ageingand theAgeing-LO  AerchemandlInsol simulation, the burden of the tracers rep-
simulation originates mostly from the chemical ageing itself. resenting higher O:C ratio are slightly enhanced compared to
Differences betweergeing-BGand Aerchemmust be at- theAgeing-LOcase.
tributed to the modified size distribution due to the uptake Note, that there is hardly any difference in the total OC
of additional compounds in therchensimulation, butthey = mass in the case without chemical ageing compared to any
are negligibly small. The most prominent differences occurof the sensitivity tests with the exception of thesol sce-
in the Insol simulation representing a reduction of almost nario. This shows — as for the other modes — that the age-
100 %. The first reason is the emission redistribution similaring process itself hardly disturbs the global mass distribution
to the Ageing-BGsetup, but as seen for the latter setup this (except for thelnsol case, due to the additional transfer to
can only account for a decrease of half an order of magnithe hydrophilic mode). A comparison with observations as
tude. The dominant difference is due to the chemical ageingshown inPringle et al.(20103 is therefore hardly affected
of the hydrophobic material. This conversion process occurand shows a similar agreement (therefore not repeated in this
at a faster rate than the conversion via the microphysical promanuscript). The respective surface mixing ratios are pre-
cesses of coagulation and coating by hydrophilic material.sented in Fig. 2 of the Supplement. Furthermore, a compar-
However, adding material from the hydrophobic to the hy- ison of the OC column burdens for the five simulations is
drophilic mode also represents a growth mechanism, suclpresented in Fig. 1 of the Supplement; this shows only very
that the organic material is quickly shifted into the accumu- small deviations between the different scenarios.
lation mode. Additionally, due to the rate of change in the
oxidation state (i.e. the “slope” of the graph in FD.the 3.2 O:Cratio and « value
increase in the O:C ratio is rapid for the lower O:C cate-
gories and then subsequently slows down. Consequently, thin addition to the global mass in each tracer representing the
material from OG; is not converted to Ofg, but to one of  oxidation state of the organic aerosol via the O:C ratio, the
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Fig. 2. Global atmospheric burden in kg (using a molar mass of 12, representing the carbon in the OC compounds) of the organic carbon
aerosol compounds in all modes. Additionally the sum per mode, and the amount of aerosol water attached to the organic carbon are shown
The different colours denote the simulations. Note the logarithmic scale for the mass. The abbreviations “k”, “a” and “c” denote the Aitken,
accumulation and coarse mode respectively, whereas the letters “i” and “s” denote the insoluble = hydrophobic and soluble = hydrophilic

characteristics of the modes.

geographic distributions of the oxidation state are analysedgion (displayed in Fig. 3 of the Supplement) the oxidising
Since in theNo-Ageingsimulation chemical ageing is not al- capacity of the atmosphere is low, resulting only in a slow,
lowed to occur, the O:C ratio is constant, and we assume #nefficient chemical ageing process. Towards the tropics with
typical « value for organic carbonc6c of 0.1 (e.g.,Pringle  higher OH levels, the O:C ratio increases, especially over the
et al, 2010h Wex et al, 2009 Poschl et al. 2010), thus  oceans and in other regions without pollutants competing for
the corresponding O:C ratio is approximately 0.48, accord-oxidants (e.g. the Sahara).
ing to the setup definition in Table For the other simula- Over the tropical rain forests the mean O:C ratio at the
tions, a mean O:C ratio of the organic aerosol is calculatedsurface is around 0.48 in Amazonia and more than 0.5 in
from the O:C ratios of the individual tracers as defined in Ta-Central Africa. This is caused by the balance of high OH
ble 1 and the mixture of the individual tracer mixing ratio formation rates, but substantial OH depletion by other com-
resulting in a weighted mean O:C ratio for each model gridpounds, e.g. isoprene. This agrees with observations, e.g.
box. Detailed figures, describing the contributions of the in- Pdschl et al.(2010 report a mean value of 0.44 for the
dividual OC tracers to the total organic carbon in each modeAMAZE-08 campaign in the Amazonian rain forest, but also
are shown in Figs. 4-15 of the Supplement. with laboratory experiments (e.gdallquist et al (2009, and
Figure3 shows in panel (a) the annual mean O:C ratio for references therein). However, it should be noted, that the re-
theAgeing-BGsimulation at the surface. The geographic pat- cently found OH recycling over the tropical rain forest (e.g.,
tern is characterised by lower O:C ratios in the mid-latitude Lelieveld et al, 2008 Taraborrelli et al. 2009 is not in-
storm tracks on both hemispheres with lowest values in thecluded in these model simulations, which could potentially
Southern Hemisphere. Due to the low OH levels in this re-lead to even higher simulated O:C ratios; on the other hand,
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“Ageing-BG” simulation
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Fig. 3. Annual averages of the O:C ratio at the surface (pajpahd in the zonal average (pamglfor the Ageing-BGsimulation. The dotted

regions are those in which the difference to the constant O:C ratio of the reference simulations is of a low statistical significance. The grey
shaded area represents the zonal average orography, indicating less data points in these regions. The lower panel in this graph determin
the number of points with differences of low significance. The red line represents the mean tropopause level. The lower groethe

figure show the relative differences (in %) for surfécpand zonal averaggl) between thé\geing-LOsimulation and thé\geing-BGsetup.

Again the black dotted regions mark regions of low statistical significance for the differences between the two simulations, and the number
of points of low significance is displayed in the lower panel.

this could be balanced by a different assignment of the emisthe simulated O:C ratio from the continental aerosol to the

sions into lower O:C ratio tracers (like an intermediate be-ocean over Mexico is analysed. Time resolved aerosol mass

tween theAgeing-LOandAgeing-BGscenarios). spectrometer measurements and the model simulations pre-
Comparing the simulation results with other modelling sented byShrivastava et a(2011) show varying values with

studies, e.gShrivastava et a(201]) using the 2-D VBS and a mean value of around 0.35 to 0.4 for Mexico City, but val-

a simplified version of it, a strong gradient (their Fig. 5) in ues of more than 0.6 over the ocean. Even though the values
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for Central Mexico of our model simulations slightly exceed reflect deviations due to the uncertainty in the best way to
the low observed values (with O:C ratios of 0.425 to 0.45),represent the aging. In the following sections fueing-BG
potentially due to an underestimation of the anthropogenicsimulation is chosen as a reference for difference plots, as
pollutants forming SOA and due to the large grid box of a this gives us a “best guess” baseline simulation. This allows
global model, the gradient towards the ocean is neverthelesss to examine the impact of different aging assumptions on
similarly captured with simulated values of approx. 0.6. the global distribution of O:C.

The variability (based on the 5 hourly output interval re-  As stated in Sec®.2, in the Ageing-BGscenario the emit-
sulting in a full diurnal cycle after 5 days) in the O:C ratio is ted OC is divided between different O:C categories, but this
relatively low (in terms of the standard deviation of the meandivision of aerosol between O:C categories is uncertain, thus
O:C ratio value), such that in a comparison with the constanin this section we compare it to the sensitivity scenario in
O:C value from theNo-Ageingsimulation the difference be- which all hydrophilic OC is emitted into the lowest O:C cat-
tween the simulations is in most regions statistically signifi- egory @Ageing-LQ. The lower panels of Fig3 show the rel-
cantly different from zero (which is used as null hypothesis) ative difference of thé\geing-LOto the Ageing-BGsimula-
with respect to an unpaired z-test and a 90 % confidence intion: the left panel shows the surface and the right the zonal
terval, except for the black dotted areas in Bg. This mea-  average distribution. The emission of all OC into the lowest
sure for the statistical significance between two simulationsO:C ratio tracer leads to a reduction of the simulated O:C
is applied throughout the whole manuscript. This means thatatio of up to 30 % in the Southern Ocean. Also the tropical
the spatial variability of the O:C ratio is far from being con- rainforests, which have high organic aerosol emissions and
stant, thus with a constant representation of the O:C ratio andurface mixing ratios, are subject to a substantial reduction of
consequently a constamtvalue, spatial phenomena cannot up to 20 % in the O:C ratio. The anthropogenic OC emissions
be captured accurately. in East Asia are not affected by the change in the distribution

Panel (b) of Fig.3 shows the vertical distribution of the of the hydrophilic OC emissions as they are mostly emit-
annual average zonal mean O:C ratio. Lowest values are olied into the hydrophobic mode. For this reason, the differ-
tained in the mid-latitudes over the oceans, as already deences in these regions are small and not statistically signifi-
scribed above. However, with increasing altitude the O:C ra-cant. Since the chemical ageing affects both simulations sim-
tio constantly increases. This is due to the fact that therdlarly, the oxidation capacity of the atmosphere cannot make
is less competition for oxidants at the elevated altitude, i.e.up for the O:C ratio difference at the emission, thus near
therefore higher OH levels (see also the Supplement). Anthe surface this characteristic is maintained for most of the
other even more important aspect is that, except for rapicaerosol lifetime. However, at higher altitudes, the differences
transport by deep convection, the organic carbon aerosol requickly converge towards zero, i.e. the ageing of OC above
quires a relatively long time to reach higher altitude. Sincethe boundary layer, which is important due to the longer at-
the ageing is a function of the OH exposure time, the O:C ra-mospheric residence time, is efficient enough to equilibrate
tio also increases with extended atmospheric residence timehe O:C ratio. However, the combination of boundary layer
This agrees with the observations showishrivastava et al.  mixing, shallow and deep convection and large-scale lifting
(2011), that at elevated altitude, i.e. in aircraft measurementsmake it impossible to determine the time scales for this re-
the O:C ratio can be substantially enhanced. Upper troposult. Nevertheless, on average air masses are mixed within 2
spheric aerosol is especially highly oxidised. This also agreeslays sufficiently well, that is time period represents a rough
with the results fronSchmale et al(2011), who found that  lower limit estimate for such an equilibrium time. Therefore,
organic aerosol in the polar upper troposphere is close to that higher altitudes there is little sensitivity to the emission as-
maximum oxidation level, even exceeding the maximum ob-sumptions and the O:C ratio is controlled mainly by the OH
tained in the simulations. In this work the uppermost classmixing ratios. This is even true in the tropics where the two
of O:C ratio represented by the WSOCS tracer has an O:Gimulations differ more significantly, i.e. fewer points are of
ratio value of 0.7 thus a higher value cannot be obtained with'low significance” but the differences in the O:C ratio never-
this setup, even if all organic aerosol were to have undergon¢heless remain almost negligible. This can also partly be ex-
complete ageing. It is clear from the zonal mean plot that,plained with the gradient of the ageing curve in Higwhich
in line with the surface fields, most values are significantly shows a quick response to changes for low O:C ratios and
different from the constant value of the reference simulation;slower impact for more oxidised compounds.
the number of data points contributing to the regions of low The difference plots for the other two sensitivity simula-
significance are shown in lower graph of this panel (with ations are provided in Fig. 16 of the Supplement. Both show
potential maximum value of 128 points, resulting from the differences not exceedingt5% (with slightly more impor-
zonal average of the model resolution). tance for thénsol simulation) with mostly low statistical sig-

While there are large changes between MmAgeing nificance, indicating that the ageing is hardly affected by ad-
and theAgeing-BGscenarios due to the introduction of the ditional compounds in the aerosol phadeichen), and only
chemical OC aging, the changes between the other scenaslightly impacted by the chemical ageing already starting in
ios (which all include chemical ageing) are more subtle; theythe hydrophobic Aitken mode due to the low contribution of
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the small particles in a mass weighted mean oxidation state. One aspect to consider is that generally the model under-
For this simulations only over tropical oceans and Southermpredicts the O:C ratio during winter time. This points to the
Asia the difference are between 5 and 10 % and the signiffact that the oxidation might not only be driven by OH with
icance level is reached, such that this additional ageing reits maximum production rate at the observation sites in boreal
sults mainly from the shorter atmospheric residence time (insummer, but potentially also by compounds which exhibit
agreement with the budget calculations from E2g. their maximum during winter time. One possible compound
A more detailed comparison with observations is per-would be SQ and its catalysing capacities as proposed by
formed with the data set presented Ny et al.(2010. For Spracklen et a2011), since it does not follow such a strong
some stations a relatively good agreement is obtained, but theeasonal cycle as the typical oxidants. Alternatively, the ox-
results de- viate substantially for other cases. One tendencigant concentrations during winter might be underestimated
of the model is to underestimate the high O:C ratio values,as well. Two prominent examples are e.g. Tokyo aiidéh,
both in industrialised and remote regions of Europe, Northfor which the model matches the observations well during
America and East Asia. Figureshows this comparison of summer (within the variability), but substantially underesti-
the simulated data (red symbols) with observed values (bluenates the O:C ratio values during winter time. Also the low
symbols) for the average OOA (oxygenated organic aerosol)simulated values in Reiden originate from winter time data
Since the observation data is from various years and onlypoints, where the model substantially underestimates the ox-
one year is used for the simulation the correct meteorolog-idation state.
ical conditions for the individual campaigns are not repro- Furthermore, a more detailed description of the primary
duced. Nevertheless, the dates of the campaigns (as providexhd secondary emissions would be required to explain e.g.
in the Supplemenig et al, 2010 are selected for the com- the extremely high values reported for Houston and Manch-
parison of observation and model, with the latter sampled aester, i.e. if those emissions contribute very high O:C ratios
the stations location (including a linear interpolation algo- already at the emission stage, this cannot be reproduced with
rithm). Given the large grid box size including local condi- our simplified scheme.
tions which cannot be captured by the model grid cells and For the remote regions it can also play a role whether bio-
the strong diurnal variability (as seen in the time series ofgenic aerosols could have been underestimated at emission
the O:C ratio provided in the Supplement), this comparisonstage, such that the remote stations which are less influenced
should be regarded more under qualitative than quantitativédy aged anthropogenic and more by fresh biogenic organic
aspects. An estimate for the temporal variability is markedaerosol result in underestimated values. However, in compar-
by the error bars, representing the temporakrdnge during  ison with data from Amazonia a higher biogenic O:C ratio
the campaign duration. The analysis froMg et al. (2010 would result in worse agreement in those regions. However,
also shows that there is a huge range of O:C ratios dependinthis requires more laboratory and field data, e.g. if the oxida-
whether low- or semi-volatile organic aerosol is measured.tion capacity would have been known together with the O:C
The model formulation of the different OC compounds canratios along the atmospheric transport pathways, a better pa-
be translated to also cover a similar range, with the low O:Crameterisation could have been developed.
ratio tracers resembling SV-OOA and those with a high O:C  Nevertheless, the qualitative agreement with observations
ratio LV-OOA, such that the mean O:C ratio of the total agedis encouraging given the simplified nature of the parameteri-
organic aerosol is described. The simulated data provide aation which does not resolve the detailed chemical reactions
good representation for the lower O:C ratios, whereas for theénvolved in the aging process.
observations of highly oxidised organic aerosol the agree- As the O:C ratio of the aerosol increases with aging so too
ment is not captured. Even though the model shows a simdoes the hygroscopicity value (Petters and Kreidenweis
ilar tendency in increasing values as the observations, th2007), as shown byJimenez et al(2009. Consequently,
magnitude cannot be reproduced. This partly results from themore aged organic aerosol will contribute more to the aerosol
model formulation not allowing higher oxidation states than water uptake. This dependence is seldom accounted for in
0.7, such that in the mean oxidation state those values caglobal models, which typically assume a constasic value
only be reached after maximum oxidation time with no influ- (e.g.,Wex et al, 2009 Poschl et al. 2010. This is the ap-
ence of any freshly emitted organic aerosol. The O:C ratiosproach adopted in th&lo-Ageingscenario where &org
of above 0.7 have been neglected, since the correspondingalue of 0.1 is assumed. To provide an estimate for the or-
« values for higher O:C ratios have not been reported and @anic kappa, the results from tiAgeing-BGsimulation are
linear interpolation to higher values might not be valid. How- shown in Fig.5 as the organie sampled at the height of the
ever, e.g. for Finokalia the model values exceed 0.625 statingpoundary layer (and then determining the annual average),
that basically all organic carbon is represented by the highestvhich is a typical cloud formation altitude. For comparison
oxidation state traceNg et al.(2010 report maximum O:C  with theNo-Ageingcase the constant value of 0.1 is marked
ratios for certain types of organics exceeding 1.0, which therby the sharp transition in the colour scale from green to yel-
in the mean can substantially increase the observed valudsw. This threshold marks regions in which the alternative
above the simulated ones.
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Fig. 4. Comparison of the simulated O:C ratios in the surface layer and a collection of observed O:C ratios from various measurement
campaigns using different methods and instruments collected and descrildégl ddyal. (2010. The blue symbols denote the observed

values and the red symbols the simulated mean values during the period of the campaign sampled at the station location. Note, that due tc
the limited simulation period, the exact year of the observations is not reproduced explaining some of the deviations. The error bars denote
the temporal model standard deviatianlg range).

a) k at PBL height in the Ageing-BG simulation b) Relative difference of the Ageing-LO simulation
to Ageing-BG
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Fig. 5. Annual averages of the organidor the Ageing-BGsimulation at the height of the planetary boundary layer (P@).)The individual
panels represent the three larger hydrophilic aerosol modes: Aitken, accumulation and coarse mode (from upper to low) plsyEts)s
the relative difference of thAgeing-LOsimulation to theAgeing-BGscenario (Ageing-LO — “Ageing-BG)/“ Ageing-BG -100 in % for
the three modes. The dotted regions are those in which the differences are of low statistical significance.
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description of OC and its chemical ageing leads to increaseds of minor importance, since sea salt dominates the aerosol
or reducedc values. population and its hygroscopicity.

For the hydrophilic Aitken mode (upper panel) most con- The other two simulationsAgrchemand Insol) show
tinental regions are characterised by a lowevalue, i.e.  smaller deviations, the corresponding figures are presented
the relatively freshly emitted organic carbon is less hygro-in the Supplement (Fig. 17). For thierchemexperiment
scopic than assumed in tho-Ageingsimulation. However,  the simulated fields oforg are very similar to those in the
over the oceans a substantial increase in hygroscopicity is obAgeing-BGscenario since the additional uptake does not con-
served, except for the subpolar regions in the high latitudestribute to the hygroscopicity as it accounts for dissolved ma-
For most regions the differences are statistically highly sig-terial. Consequently, the differences are below any statistical
nificant. significance. For thénsol simulation the largest differences

For the accumulation mode in almost all regions a sub-occur in the hydrophilic Aitken mode. This results from the
stantial increase is found often exceeding a 50 % increasadditional treatment of the hydrophobic, freshly emitted and
threshold, except for the storm tracks in the Southern Oceamot microphysically aged organic carbon from mostly an-
in which due to the low OH mixing ratios hardly any age- thropogenic sources. The strongest effects are seen over the
ing occurs. However, material reaching Antarctica has longocean due to the higher OH mixing ratios that arise in ma-
enough residence times, that also an increase in the hygraine regions because there are fewer competing oxidation re-
scopicity is simulated. actions. For the larger modes the differences become smaller

These characteristics are even more pronounced for thand less significant because they are affected by microphys-
coarse mode, resulting in a more than 100 % increase in th&al aging in addition to the chemical ageing and both these
organick over the tropical oceans and the desert regionsprocesses can convert material from the hydrophobic to hy-
Also for the tropical continents a significant increase in thedrophilic size modes.

« value has been calculated resulting in a higher potential Compared to observations it is difficult to judge which sce-
activation of the organic aerosols into cloud droplets. Es-nario is more realistic; e.g. the mass weighted global mean
pecially for the coarse mode, but also for the accumulationorganic« value for the accumulation mode is around 0.1
mode this increase in for the organic aerosol is not only an in the Ageing-LOscenario. However, especially for the fine
effect of the OH concentrations, but also of the general agenode aerosol in South America a value of 0.15 as found by
of the aerosol particles. Since the microphysical processind?dschl et al.(2010 can only be obtained with th&geing-
requires a certain amount of time before the aerosol particle8G model configuration. Especially, for the tropical con-
grow due to condensation and coagulation, they are naturallyinents the low OCk values obtained in thégeing-LO
longer affected by the OH exposure and encounter more agesimulation underestimate most observations. However, note
ing. that the assumption of the linear relation of O:C ratio and

The right column of Fig5 shows the relative difference «org, also differs from data set to data set, e.g.4Bgc of
between theAgeing-LOsimulation (where the organic car- Poschl et al.(2010 would correspond to a larger O:C ratio
bon is emitted completely into the lowest O:C category) andthan reported in their study. The O:C ratios reportecNagy
the Ageing-BGscenario. Especially for the Aitken mode, et al.(2010 mostly exceed the simulated values which cor-
the continents are subject to a substantial and significant deresponds to an even more enhanced valuedgg than ob-
crease in the organie in the Ageing-LOscenario, whereas tained from the model. Consequently, a mass weighted value
over the oceans the differences are mostly small and largelpf xorg = 0.1 should be at least adjusted to slightly higher
insignificant. For the accumulation mode, the differencesvalues ofkorg~0.14. Nevertheless, for CCN properties of
over the continents become smaller (around 10 %), but theyhe aerosol it is also necessary to take the size distribution
are still significant in some regions e.g. South America. Theinto account. Even though the mass weighted valuexat
substantial decrease ikbrc in the Ageing-LOscenario in  might be higher than previously estimated, a lot of small
the Southern Ocean results from the different emission asaerosol particles — dominated by the organic fraction in terms
signment of organic compounds emitted from the ocean. Inof composition — are characterised by a lower oxidation state
the coarse mode the differences become even smaller due tnd hence lowetorg values, resulting in less efficient acti-
the longer atmospheric residence time, such that the large difvation potential when compared to a constasig of 0.1.
ferences originating from the emission attribution reduce to
a few % in the coarse modeRrg value, with little statistical 3.3 “Organic” aerosol water
significance over most continents, whereas over the oceans
the influence from the accumulation mode emission attribu-The differences in the hygroscopicity of the organic aerosol
tion is transferred into the coarse mode via microphysicaldirectly affects the mass of water which can be taken up
aerosol ageing and cloud processing. The substantial differby the organic compounds and thus affects the total aerosol
ences between the two scenarios can directly be related tavater following the ZSR rule§tokes and Robinspi966.
the emission assignment. However, one has to note, that ove8ince most microphysical and loss processes are influenced
the oceans the organic aerosol and therefore the organic by the ambient aerosol size, i.e. the wet diameter, the organic
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Fig. 6. Annual averages of the organic aerosol water column burden (inTayfor the Ageing-BGsimulation (paned). Note the logarithmic
scale.(b) shows the relative contribution (in %) to the total aerosol water column burden for the respective column. Also note the irregular
color scale(c) and(d) display the relative differences of tiNo-Ageingandinsol simulations to thé\geing-BGscenario in %; dotted areas

mark regions of low statistical significance.

aerosol hygroscopicity also impacts the aerosol size distribument). The organie value plays a secondary role such that
tion. This section deals only with the fraction of the aerosol even regions with lowetorg have high water uptake due to
water attracted by the organics; for total aerosol water uptakédC when the OC burden is large.
we refer to a previous study(ingle et al.20108. An example for this can be seen in Amazonia, which is
Figure6 displays in panel (a) the column burden of aerosol characterised by a relatively high orgarigalue (cf. Fig.5a)
water attached to the organic aerosol in Ageing-BGsimu- but there is less organic aerosol water due to the lower OC
lation. The regions with largest organic aerosol water are théburden compared to Central Africa.
tropical continents (due to biogenic emissions and biomass The upper right panel of Figh shows the relative contri-
burning), South East Asia due to anthropogenic, biomasdution of the organic aerosol water to the total aerosol wa-
burning and biogenic emissions and to a lesser extent Norther. This illustrates that in Central Africa and and in Cen-
America. The oceanic regions hardly contribute to organictral South America (and to a lesser extent also South of the
aerosol water, except for transported organic aerosol outflowsahel in Africa) organic aerosol is one of the dominating
westwards of Africa. This pattern is to a large extent similar compounds for water uptake. In regions of mixed pollution
to the total organic column burden (see Fig. 1 in the Supplefrom organic and inorganic aerosol the inorganic compounds
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((NHg)2S0Oy, NH4HSOs and NHiNO3) mostly contribute  Table 2. Mass weighted contributions (in %) of the individual hy-
more to the total aerosol water (e.g., South-East Asia, USAdrophilic modes to the aerosol water attached to the organic aerosol
and Europe), whereas in regions additionally influenced bycompounds.

marine aerosol sea salt dominates the aerosol water uptake.

In this study dust is treated as completely hydrophobic and Aitken  Accumulation  Coarse
similar to black carbon both do not contribute to water up- No-Ageing 1.96 66.68 31.36
take. Ageing-LO  1.01 67.51  31.49

The panels (c) and (d) represent the relative difference of Ageing-BG 1.11 66.78  32.12
the organic aerosol water from th-Ageingandinsol sim- Aerchem 1.10 67.11 31.8
ulations to theAgeing-BGexperiment. Since for the larger Insol 0.69 65.86  33.48

modes the organic hygroscopicity is significantly higher in
Ageing-BGcompared tdNo-Ageingthe water attached to the
organic aerosol mass is substantially smaller for the lattekions from the Aitken mode are almost negligible. The lower
simulation. Except for the Southern Ocean with its relatively grganic aerosol mass in tesol simulation in the Aitken
slow chemical ageing, a reduction in the organic aerosol wamode is also represented by the lower contribution to the to-
ter burden of up to 50 % is calculated when aging is not in-ta| aerosol water, whereas the other two modes show a simi-

large change in water associated with OC is also obviouge|ative contributions are very similar in the simulations and
in the columns for organic aerosol water in FRj.only the  correspond to Figsa.

Aitken mode with a lower organic water contribution to the
total organic aerosol water exhibits larger water uptake for3.4 Dissolution of low molecular weight organic
the No-Ageingscenario. compounds in the aerosol phase
The other three simulations show lower differences com-
pared with theAgeing-BGscenario. For thinsolsimulation,  As the aerosol water represents an aqueous phase reservoir
values with+25% are not exceeded, and statistical signif- for atmospheric trace compounds, species can diffuse into
icance is mostly limited to oceanic grid boxes due to thethe aerosol particles and go into solution. For organic com-
longer residence time and associated ageing (low signifipounds this is analysed for three relatively soluble com-
cance is marked by the dotted regions in F8y. The re-  pounds, i.e. HCOOH, HCHO and GBOOH summed to-
gions characterised with larger differences betwlesnland  gether under the term of ORG. Figura presents the mix-
Ageing-BGare mostly marine regions influenced by conti- ing ratio of the sum of these three compounds dissolved in
nental outflow. Therefore, the different water uptake is notaerosol water of the accumulation and the coarse mode for
only influenced by differences in the orgaricbut also by  the surface layer. Due to the low aerosol water content, the
potentially more efficient removal processes due to the fasteother modes are neglected in this study; generally the coarse
conversion of hydrophobic to hydrophilic modes. mode dominates the contributions by more than 80 %. The
The differences for the other two simulations (Fig. 18 of turquoise contour lines also provide the percentage fraction
the Supplement) are substantially small&10%), lacking  of the total material ° ORG= ORGyas+ ORGyey) that is
mostly statistical significance. Only féwgeing-LOa signifi- dissolved. Due to the distribution of the gaseous compounds,
cant difference in the organic aerosol water is found in re-the dissolution takes place mostly in continental tropical re-
gions influenced by the marine OC emissions, and due t@ions and the maritime continent.
their low ageing caused by low OH concentrations, the emis- The second panel of Fig.expands the analysis to the to-
sions assignment and correspondirkc values influence tal column burden. Due to the temperature dependency of
the organic water. However, the organic aerosol water playshe Henry’s law coefficient the dissolution becomes more
a negligible role in those regions due to the high hygroscop-efficient with lower temperatures, but the aerosol water de-
icity of sea salt dominating total aerosol water. creases with altitude, such that these two effects compete
In the total burden (cf. FigR), all of these differences bal- with each other. Nevertheless, up to the mid-troposphere con-
ance each other and only small differences in the total organitributions to the ORGg are not negligible. Considering the
aerosol water are found. Only tiNo-Ageingscenario shows column burden leads to a slightly different distribution than
substantially less water in the two larger size modes, whereaanalysing the surface mixing ratios alone: even though the
the reduced values of tHasol simulation are caused by the regions with large uptake onto aerosol are the same, there are
lower total OC burden. subtle changes: South America becomes dominant and the
A separation of the total organic aerosol water per modeeffect in the Northern part of Central Africa is less important
(corresponding graphs are provided in the Supplement) rethan in the more Southern part. Dissolution effects visible in
sults in the following table: As expected the accumulationthe surface layer in Northern America and on the Arabian
mode contributes with approx. 66% most of the organicpeninsula are unimportant for the total column, mainly due
aerosol water, as already seen from RIg.The contribu-  to the reduced aerosol water at higher altitude.
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a) Surface mixing ratio of dissolved volatile organ- b) Column burden of dissolved volatile organics
ics
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Fig. 7. Panel(a) shows the annual averages of the surface mixing ratio of dissolved volatile organics, namely the sum of HCHO, HCOOH
and CHCOOH in nmol/mol. The turquoise contour lines represent the relative fraction to the total available sum of those confippunds.
shows the dissolved organic column burden in mgfn(c) displays the percentage fraction of the total column burden of the sum of the three
compounds, whereas (d) the contribution of the dissolved material to the total organic aerosol (OC and the aged components) is presented.
Note the different color bars and sometimes non-linear scales.

The total dissolution efficiency in the column load Finally, Fig. 7d brings this process into context by com-
(ORGger/Y_ORG- 100 in %) is shown in Fig7c. It shows  paring the amount of dissolved organic (ORG) to the burden
that along the Western coast of South America this fractionof the “traditional” organic aerosol. In most continental OC
exceeds 10 %, such that the uptake and dissolution of thessource regions the contribution of the dissolved ORG is rel-
soluble organics is not negligible. Similar fractions are ob- atively small. However, the importance of dissolved material
tained over the maritime continent and South-East Asia andncreases with increasing atmospheric residence time. This
to a lesser extent in the Southern part of Central Africa. Inis most prominent over the tropical warm pool, where up to
Europe and the USA the fraction does not exceed 5%, sug90 % of the total organic aerosol originates from dissolved
gesting that the consideration of this process is of minor im-compounds, but has also some relevance over other regions,
portance; this is due to lower total ORG mixing ratios and e.g. along the South American West coast. On the other hand
due to less efficient uptake into the aerosol phase. it should be kept in mind that the presented compounds are
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generally restricted to the tropics and that in most of the re-Table 3. Global mean AOD for the five simulations.
gions identified to be of importance for this process the total

“traditional” organic aerosol mass is relatively low resulting AOD
in large relative effects and contributions. No-Ageing  0.1881
In this study the uptake of methanol (gBIH) has been Ageing-LO  0.1892
neglected due to its lower solubilityone order of magni- Ageing-BG  0.1869
tude smaller Henry's law coefficient than acetic acid, which Aerchem 0.1869
additionally can dissociate in aerosol pH value regimes above Insol 0.1791

4). However, since the gas phase mixing ratios can exceed
those of the other considered compounds by up to a factor of
5 the dissolution of this compound may have some impactgyrthermore, Fighc also shows that the smallest relative

This, as well as the |.mpact of glyoxal and othe_r seml-volat|lechanges in organic aerosol water are over the ocean due to
compounds and their aqueous phase production E&¥ens  the lower OC burden in those regions. Since the organics

etal, 2017), will be analysed in a following study. in Africa originate to a large extent from biomass burning
_ ) and exhibit a strong seasonality, the picture in the annual av-
3.5 Impact on aerosol optical thickness erage smoothes out, seasonal averages depict even stronger

patterns (not shown). THasol simulation shows a statistical

Aerosol water is one of the dominating compounds for sjgnificant reduction over the whole tropics. This is due to the
aerosol optical depth (AOD) (e.g>0zzer et a).2012, thus  |ower organic aerosol burden, reducing the extinction. Addi-
the treatment of the OC may affect the AOD. Fig@rdis-  tjonally, the interaction with other aerosol compounds also
plays the annual average AOD values in &geing-BGex-  gajters the size distribution (less coagulation due to a more
periment. Overall the simulated AOD distribution reproducesefficient wet removal), such that even though the remaining
the global mean features; the dust sources of the Sahara domgarticles are slightly larger, there are less particles than in the
inate the regime of high values. A second maximum is foundAgeing-BGscenario (not shown), reducing the total extinc-
in the polluted regions of China, whereas Europe, the US;jgn.
East coast and also India are characterised by medium val- TheAgeing-LOsimulation (see Fig. 19 of the Supplement)
ues. The contribution from sea salt in oceanic regions usughgws only slight deviations frorgeing-BG except for the
ally does not exceed values of 0.2. The overall distributionmayitime continent none are statistically significant. For the
looks similar to the annual average observations derived frompgonesian region the difference results from similar reasons
MODIS and MISR both with respect to the patterns and thegg for theNo-Ageingcase. Similarly, inAerchenthe differ-
magnitude. A more detailed analysis of the AOD values isgnces are below-2% lacking statistical significance; even
presented imle Meij et al.(2011). though the additionally treated aerosol compounds (both in-

The panels in the lower row of Fi@ show relative dif-  organic and organic) slightly contribute to the extinction,
ferences of two of the sensitivity simulations, whereas thethis effect is not important as they do not influence the to-
graphs for the other two are found in the Supplement. Eveng| aerosol water. The total global mean AOD is listed in the
though the aerosol water associated with organic carbon igapje below, but shows only small influence: the difference
substantially lower in th&lo-Ageingsimulation comparedto  petween the minimum and maximum of the simulations is
Ageing-BG(see Fig.6c), the total AOD is only slightly af-  |ess than 5%.
fected with hardly any statistical significance over much of \whether the change in extinction and other aerosol prop-
the globe (in this figure the regions with statistical signif- erties is relevant for climate aspects especially in specific re-
icance are marked with a dotted pattern). Only in Centralgions where the differences are slightly larger, e.g. in Central
Africa, the region mostly dominated by the organic carbon africa, will be illuminated in an upcoming study, requiring

contribution of the aerosol as analysed above significant difyhe fy|| interactive coupling of aerosols, radiation and heating
ferences of up to 10 percent are found. The enhanced wgtes.

ter uptake leads to a slightly higher scattering. On the other

hand, over the maritime continent, the additional aerosolwa3.6 Impact on cloud properties

ter and its interaction with other aerosol compounds leads

to a slightly reduced OC and more important particle num-To analyse the potential impact of chemical organic aging
ber burden, such that the total extinction, which is alreadyon cloud properties the cloud condensation nuclei (CCN)
quite small, is even reduced by a few percent. The low sen€oncentration at the height of the boundary layer is calcu-
sitivity of the AOD to the aging of the OC is due to the lated for all scenarios. A reference supersaturation of 0.4 %
fact that aging produces the largest changes in the organits assumed in the CCN calculation, as describeBringle
aerosol water over the ocean where the AOD is low andet al.(2010h. We choose to examine CCN at the height of
where the organic fraction of the aerosol water has only athe planetary boundary layer (PBL) as it is at this level that
reduced importance for the total aerosol water (see@ky. clouds typically form, thus it is generally representative of
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a) AOD in the Ageing-BG experiment
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b) Relative difference in the AOD of No-Ageing c¢) ,Relative difference in the AOD of Insol compared
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Fig. 8. Annual averages of the total aerosol optical thickness at a wavelength of 550 nm(e)@nesents the absolute value for thgeing-
BG simulation. The panelé) and(c) illustrate the relative differences of tidp-AgeingandInsol simulations to the reference displayed
above. In contrast to previous figures dotted areas mark regions of high statistical significance.

cloud base. The upper left panel of Fgpresents the annual Eastern Europe cause regions with enhanced CCN concen-
mean CCN concentration at the PBL height. As one wouldtrations.

expect, there is a strong land sea contrast in CCN, with some The comparison with measurements of eMartin et al.
outflow from continental regions, especially over the tropical (2010, who observe 321 particles per émear the surface in
Atlantic Ocean. Highest CCN values are obtained in CentralAmazonia in unpolluted periods, provide a good agreement
Africa, India and China co-located with the strongest anthro-with the simulated values iAgeing-BGof 324 CCNcnt3
pogenic and biomass burning emissions of organic carbonin the surface layer and 255 CCNcfat PBL height, even
Due to their relatively small size at emission, the releasedhough the meteorological conditions in the observation and
mass corresponds to high particle emission number fluxessimulation period are only the same in the climatological
which can grow by microphysical and chemical processessense. For e.g. outflow from Beijingzunthe et al(2011)

until activation into clouds can occur. In most of these re-report campaign mean values of 1700 CCN¢énat 0.7 %
gions nucleation of fresh particles plays a minor role duesupersaturation, and the corresponding model values are
to the energetically preferred condensation processes. In ad440 CCNcn12 in the surface layer and 980 CCNchat
dition to the regions with the highest CCN values also thePBL height with the same limits concerning the meteorol-
biogenic and biomass burning contributions in South Amer-ogy, the higher supersaturation in the observations and the
ica, and the anthropogenic pollution in the Eastern US and
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a) CCN at top of the boundary layer height in b) Relative difference in the CCN of No-Ageing
Ageing-BG compared to Ageing-BG
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Fig. 9. Annual averages of the total CCN at the top of the boundary layer height calculated assuming 0.4 % superséisitaws the

absolute values (in #cn¥) for the Ageing-BGsimulation.(b) shows the relative difference to the-Ageingsimulation. The high statistical
significance in the differences is marked by the overlayed pattern. The panel in the lower row represents a histogram for the five simulations
taking only high CCN valuesx{~ 500 cm*3) into account. The different colours represent the respective simulations.

wide grid mesh of a global model to reproduce local pollu- gions with higher CCN are found in cases in which the age-
tion phenomena. ing is not allowed to take place. In contrast to this the Arabian

The upper right panel of Fig analysis the effect of the peninsula and Northern Africa are characterised by higher
ageing on cloud droplet activation comparing e Ageing CCN in case of ageing. However, in those regions the re-
with the Ageing-BGsimulation. In South America, the mar- quired supersaturation for activation is only seldom reached.
itime continent and Scandinavia statistically significant re-In Central and Southern Africa also higher CCN values are
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Table 4. Number weighted contributions (in %) of the individual total aerosol population. The low CCN value spectrum is pro-

hydrophilic modes to the total CCN. vided in the Supplement, but shows ambiguous results. For
all high CCN values the distributions look simildnsol has
Aitken  Accumulation  Coarse the lowest number of occurrences, this is due to the faster
No-Ageing 4.50 03.28 292 conversion from hydrophobic to hydrophilic modes which
Ageing-LO 3.99 03.82 219 reduces the total OC burden and thus also the aerosol num-
Ageing-BG 4.40 93.37 223 ber. The second lowest values are obtained byifré\geing
Aerchem 4.28 93.48 2.24 simulation, in which the OC contribution to the CCN is most
Insol 5.14 92.52 2.34 limited. Ageing-LOis characterised by the highest CCN val-

ues, since the ageing process favours increased hygroscop-
icity and therefore activation potential, but the activation is
slower compared té\geing-BGsuch that the aerosol parti-
obtained when ageing is considered, but they are lacking sigeles are subject to slightly smaller sink procesgegeing-
nificance, partly due to the high annual variability of the BG and Aerchemare intermediates (with almost no differ-
CCN values. Nevertheless, the differences in some regionences as also found in Fig. 20c of the Supplement), similar
can be attributed to the ageing process, e.g. the higher CClb No-Ageing In these simulations there is always the com-
values inAgeing-BGcompared tdNo-Ageingoffshore from  petition between more efficient activation due to enhanced
the African West coast are most likely a consequence of thénygroscopicity and lower particle numbers caused by more
higher activation potential of the aged and therefore moreefficient removal processes.
hygroscopic organic carbon aerosol originating from Cen- In total the effect on CCN is relatively small, and only the
tral Africa. The differences for the other simulations are pre-analysis of the impact of OC ageing on the radiative proper-
sented in the Supplement. The differencefgéing-LOand ties of the clouds will shed light onto the climate impact of
Ageing-BGshow a similar pattern as for tido-Ageingcase,  this process, which will be addressed in a follow-up publica-
but with lower values, stating that even though the ageingtion.
is allowed, the high oxidation states asAgeing-BGare
not reachedAerchemshows differences of less tha %,
resulting only from the minor influence of the additional 4 Conclusions
aerosol compounds on the aerosol size distributiaosol
again is mostly influenced by the lower OC and correspond-This study investigates the impact of a simplified ageing pa-
ing particle number burden, such that the highggg val- rameterisation organic aerosol without using the full com-
ues cannot compensate for the reduction in available particleplexity of the 2 dimensional VBSIJ{menez et a]2009, such
for activation. Only in the spots in South America, Western that it is suitable for global climate modelling. Even though
Africa and Indonesia the additional OC transferred from thethe processing of the organic aerosol has impacts on the char-
hydrophobic mode can enhance the cloud droplet numberacteristics of the aerosol, the global distribution is not heav-
significantly by up to 15 %. ily modified, maintaining the agreement with observations
Analysing the contribution of CCNs from the individual obtained from previous studies. Only the additional ageing
modes, a humber weighted mean has been calculated and @ the hydrophobic mode organic aerosol, resulting in a con-
listed in Table4. version into hydrophilic material, substantially alters the or-
For the CCN the number is completely dominated by theganic carbon aerosol distribution, and leads to a substantial
accumulation mode. However, especially over the ocean aeduction in the atmospheric burden of approximately 15 %
substantial amount of CCN originates from the coarse modewith substantial implications on radiative and cloud proper-
whereas the Aitken mode is mostly only relevant over theties. However, this degrades the agreement of model simula-
oceans due to fine mode sea spray with its high hygroscoption and observations from e.g. the IMPROVE network and
icity (figures provided in the Supplement). Freshly emitted must therefore be analysed in more detail whether the repre-
organic aerosol of the Aitken mode hardly activates, inde-sentation of the ageing is flawed or the previous agreement
pendent of its ageing state, since chemical and microphysiwith the observations results from compensating errors.
cal ageing quickly lead also to growth and hence a shiftinto The simulated O:C ratio of the aerosol shows a large vari-
the accumulation mode, whereas freshly emitted organic parability close to the Earth surface and the emission sources of
ticles are both too small to activate and also have a too lowthe organic carbon. With increasing altitude the distribution
hygroscopicity. gets more and more uniform; especially upper tropospheric
To obtain additional information a histogram of the oc- aerosol is simulated to have a high oxidation state due to its
currences of high CCN values is added in the lower panelong atmospheric residence time. Comparisons with values
of Fig. 9. Only values larger than 500 crh are considered obtained from measurement campaigns show a reasonable
for this analysis, since these values are obtained in regionagreement, especially for the low O:C ratios of the simu-
in which the organic aerosol is a important contributor to thelated and observed values. The high O:C ratios — especially in
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winter time — cannot be reproduced by the model, potentiallytowards an increased CCN distribution for polluted condi-
caused by other oxidants or uncertainties in the O:C ratios ations, whereas for remote regions with low CCN values the
the emission or formation stage of the organic aerosol. result is ambiguous.

The organick value derived from the O:C ratio conse-  The climate impact of the results will be presented in a
quently also shows a wide range of values from close to zersubsequent study, which allows for full atmospheric climate
to 0.2, depending on the atmospheric residence time. Théesedback.
simulated values are also in agreement with observations and Overall, the representation of the ageing and information
it should be considered whether a commonly assumed meaon the O:C ratio of the organic aerosol provides useful addi-
organick value of 0.1 is really suitable for global climate tional information at the expense of relatively low computa-
modelling due to the large dependency on particle size andional extra costs, which can benefit global aerosol chemistry
the geographical variability. climate simulations by a more accurate process description.

Assumptions on details in the ageing process cause only
small differences inorg, as pointed out by the low statis-
tical significance of the deviations in the sensitivity simula- Supplementary material related to this article is
tions, especially for larger aerosol particles and after an atavailable online at: http://www.atmos-chem-phys.net/12/
mospheric residence time of more than 2 days. Abeing- ~ 8687/2012/acp-12-8687-2012-supplement.pdf
BG or Aerchemsimulations appear to be the most realistic
scenarios, compared to ground based field campaigns.

Based on the hygroscopic properties of the aerosol, the
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