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Abstract. A global 3-dimensional chemistry/transport 1 Introduction

model able to describe £ NOy, Volatile Organic Com-

pounds (VOC), sulphur and NHchemistry has been ex- Atmospheric aerosols act as substrates for heterogeneous
tended to simulate the temporal and spatial distribution ofréactions and affect tropospheric chemistry (Dentener and
primary and secondary carbonaceous aerosols in the tropdrutzen, 1993). Aerosols can also back scatter or absorb
sphere focusing on Secondary Organic Aerosol (SOA) for-solar radiation modifying therefore the radiative state of the
mation. A number of global simulations have been per-atmosphere (IPCC, 2001). Black carbon aerosols are heat-
formed to determine a possible range of annual global SOANg the atmosphere by absorption of solar radiation, whereas
production and investigate uncertainties associated with théhe other aerosol constituents like organic aerosols are cool-
model results. The studied uncertainties in the SOA bud-ng the Earth’s atmosphere. Due to their longer lifetimes
get have been evaluated to be in decreasing importance: tHgan larger particles, fine aerosols are transported far from
potentially irreversible sticking of the semi-volatile com- their source regions and are thus expected to have stronger
pounds on aerosols, the enthalpy of vaporization of thesélimatic impact than larger particles. The Bbifraction of
compounds, the partitioning of SOA on non-carbonaceoughem can also damage human health (Jones, 1999; Harrison
aerosols, the conversion of aerosols from hydrophobic to hyand Yin, 2000). Hydrophilic aerosols can act as condensation
drophilic, the emissions of primary carbonaceous aerosolspuclei (CN) and even cloud condensation nuclei (CCN), hav-
the chemical fate of the first generation products and finallying thus an indirect climatic effect by modification of cloud
the activity coefficient of the condensable species. The largé@roperties (Novakov and Penner, 1993; Novakov and Corri-
uncertainties associated with the emissions of VOC and thgan, 1996). Organic material significantly contributes to the
adopted simplification of chemistry have not been investi-total fine aerosols by-20-50% at continental mid-latitudes
gated in this study. Although not all sources of uncertain-(Saxena and Hildemann, 1996) and as high as 90% in tropi-
ties have been investigated, according to our calculations¢al forested areas (Andreae and Crutzen, 1997; Talbot et al.,
the above factors within the experimental range of variations1988, 1990; Artaxo et al., 1988, 1990). A substantial fraction
could result to an overall uncertainty of about a factor of 20 in of the organic component of atmospheric particles consists of
the global SOA budget. The global annual SOA productionwater-soluble, possibly multifunctional compounds (Saxena
from biogenic VOC might range from 2.5 to 44.5Tg of or- and Hildemann, 1996; Facchini et al., 1999).

ganic matter per year, whereas that from anthropogenic VOC Andreae and Crutzen (1997) have suggested that the pro-
ranges from 0.05 to 2.62 Tg of organic matter per year. Thesgluction of organic aerosols from the oxidation of biogenic
estimates can be considered as a lower limit, since partitionorganic compounds might ranges from 30 to 270 TYy

ing on coarse particles like nitrate, dust or sea-salt, togethe@nd thus can be comparable in magnitude to the produc-
with the partitioning and the dissociation of the semi-volatile tion of biogenic and anthropogenic sulphate aerosols (Pan-
products in aerosol water has been neglected. Comparisodis et al., 1992). Laboratory studies have shown that mainly
of model results to observations, where available, shows ®zonolysis, and to a smaller extent oxidation by OH anggNO
better agreement for the upper budget estimates than for thedicals of several biogenic compounds likeand 8-pinene
lower ones. produces organic substances, which can condense onto par-
ticulate phase (Hoffmann et al., 1997; Griffin et al., 1999a;
Christoffersen et al., 1998). Aromatic compounds emit-
Correspondence tadvl. Kanakidou ted from human activities can also contribute to the chem-
(mariak@chemistry.uoc.gr) ical formation of organic particulate matter (Odum et al.,
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1997). Griffin et al. (1999b) performed an exploratory study The emissions of aromatic hydrocarbons adopted here
of the present-day Secondary Organic Aerosol (SOA) forma{EDGAR database; Olivier et al., 1996) consist of 6.7 T§y
tion from the oxidation of biogenic Volatile Organic Com- of toluene, 4.5Tgy! of xylene, 0.8 Tgy?! of trimethyl-
pounds (VOC) and estimated a global production of SOAbenzene and 3.8 T} of other aromatics. Primary emis-
of 13-24Tgyl. Kanakidou et al. (2000) calculated that sions of carbonaceous aerosols from fossil fuel are taken
this source of SOA has increased from 17-28 T§ in pre- from Cooke et al. (1999) and consist of 5.1 TgfyBlack
industrial times to 61-79 Tgy* at present. This 3-4-fold en- Carbon (BC) and 7.0 Tgy* Organic Carbon (OC) for the
hancement of the formation of organic aerosol from biogenicprimary organic aerosol (POA). For the biomass burning
VOC has been attributed to an increase in ozone and priprimary emissions of carbonaceous aerosols from tropical
mary organic aerosol from anthropogenic sources. Recentlyforests we have adopted the Cooke and Wilson (1996) es-
Chung and Seinfeld (2002) re-evaluated the present-day SOfimate of 6.0 Tgy* for BC, while for POA we use an an-
formation at 11.2 Tgy* whereas Derwent et al. (2003) esti- nual flux of 12.5 Tg OC y* that results from the fossil fuel to
mated a higher global SOA production of 63 Tgly biomass burning emission ratio given by Liousse et al. (1996)

Knowledge on the formation and properties of SOA and estimates, which was applied to Cooke et al. (1999) inven-
their spatial and temporal variability is far from being satis- tory. Temperate and boreal forests emit annually 2.9 TgBC
factory, although it is needed to evaluate their environmen-and 6.1 Tg OC, by assuming that POA emissions are 12.3%
tal impact. Therefore, a careful identification of the critical of the temperate and boreal CO emissions, whereas BC is
gaps in our knowledge is needed to allow further researctb.9%. In the case of POA, 50% of the emitted particles are
to highlight the aerosol impact on chemistry and climate. Inassumed to be hydrophilic; in the case of BC, 20% of the to-
this perspective, the present study focuses on the estimat@l emissions are assumed hydrophilic (Cooke et al., 1999).
of the mass distribution of SOA and the identification of In our model, these primary particles serve as pre-existing
physicochemical processes that have not been satisfactorilgerosol for the condensation of the chemically formed low
addressed in previous studies and are shown to be critical fovolatility compounds, both from biogenic and anthropogenic
these calculations. It also addresses the importance of arkydrocarbons.

thropogenic versus the natural component of SOA. )
2.2 Gas-phase chemistry

The model uses a modified version of the Carbon Bond
Mechanism 4 (CBM-4) chemical mechanism (Gery et al.,

The model used for the present study is the weII—documente&gsg) to simulate gI_obaI atmospheric chemistry as described
off-line chemical transport model TM3 (Houweling et al., In detail by Houweling et al. (1998), together with sulphur

1998; Dentener et al., 1999; Jeuken et al., 2001). This mode"T‘nd ammonia chemistry (Dentener et ‘?"-’ 1999; Jeuken et
version has a horizontal resolution of78°x5° in latitude al., 200_1)' For the pr_esent study, reactions of terpenes and
and longitude, and 19 vertical hybrid layers from the sur- aromatics have been included to affect both gas-phase chem-

face to 10 hPa. Roughly, 5 layers are located in the boundiStry ar?d aerobgol pr(_)dLJSc(t)izn. The anci/;ggineKne rlt(e‘;()jre—

ary layer, 8 in the free troposphere and 6 in the stratospheres.?ntzgoeotwoh.l'ogter'c g)rec,iursor ( tatr;]a It ou et
The model’s input meteorology varies every 6 h and comes” )’. while Toluene and xylene represent the two an-
from the ECMWF ERA15 re-analysis data-archive for the thropogenically emitted aromatic compounds that form SOA

year 1990 (Gibson et al., 1997; http://www.ecmwf.int/data/ (Odum etal., 1997). This lumping is justified by the missing
era/html) ' ’ knowledge on the molecular composition of the biogenic and

anthropogenic organic emissions and their fate, together with
the enormous number of compounds present in the SOA. The
lack of data on the gas-phase removal parameters and on the
For the biogenic VOC emissions, the Global Emission In- SOA formation yields for most of the organic substances, and
ventory Activity (GEIA) database (Guenther et al., 1995) On their oxidation products is also implying the lumping of
and the Emission Database for Global Atmospheric ResearcH'€ almospheric precursors of SOA. Similar approaches with
(EDGAR) version 2.0 database (Olivier et al., 1996), both for different number of surrogate compounds have been used
the year 1990 have been adopted. in previous studies (Griffin et al., 1999b; Kanakidou et al.,

According to the GEIA database (Guenther et al., 1995)2000; Chung and Seinfeld, 20025 Der_went et_al., 2003).
about 127 TgC (1 Tg=18g) of monoterpenes are being A two-product _model approxmfat_lon, which has been
emitted annually in the atmosphere. Other Reactive VolatileS"WWN 10 be the simplest way to efficiently represent aerosol
Organic Compounds (ORVOC) are being emitted by aboutformat'f)n both from biogenic (Hoffmann gt al., 1997) and
260 TgCyL. 32% of them are assumed to be able to Ioro_aromatlc VOC (Qdum et al., .1997), is being used to repre-
duce particles (Griffin et al., 1999b). Note however that this sent SOA formation on line with the VOC gas-phase:

percentage is highly uncertain. VOC + oxidant — a1 P1+az P>+high volatility products(1)

2 Model description

2.1 Emissions
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whereg; is the mass-based stoicheiometric coefficient of theand NG radicals are considered, but any particulate mat-

low volatility product P; that partitions between the gas and ter formation from these reactions is neglected in the present

particulate phase with a partitioning coefficigt. study. This assumption is not expected to be critical for the
P; can further oxidize to gas-phase high-volatility prod- outcome of the study, since it is known that low volatile com-

ucts and second generation low volatility surrogate com-pounds are formed mainly fromzJeactions with biogenic

poundsB;. This oxidation chain can continue until either VOC (Hoffmann et al., 1997). For simplicity, these OH and

full oxidation (down to CO, C@, etc.) or removal of the NOg reactions are assumed to exclusively produce R(d-

gaseous or/and the aerosol phase species from the systanals that follow the isoprene oxidation chain. This assump-

by wet and dry deposition. As a first approximation, and tion needs to be improved in the future.

because the oxidation pathways and products of the second A similar approach is followed for aromatic hydrocarbons,

generation species are almost totally unknown, we assumby assuming that the products that are able to partition are

that the second generation products considered only in casgmilar to known semi-volatile compounds (Forstner et al.,

S1.3 are stable enough to have slow oxidation rates in tha.997; Cocker Il et al., 2001b):

gas-phase. This assumption is being supported by the fact

that the second generation produdts)(are expected to have toluéne+ OHand Q@ — ay(tol—Py)+

more functional groups than the first generation produgts (  a2(tol— P2 + Methylglyoxa) + 7*(X —a1—a2)PAR (8)

and thus to be enough low-volatile to reside most of theirxylene+ OHand G — a1(xyl—P1) + az(xyl— P>

lifetime in the particulate phase. Therefore, in this sensi- *

tivity study discussed in Sect. 3.4, all biogenic first genera_+MethngIyoxaI+ PAR) +87(X—a1-a2)PAR ©)
tion semi-volatile products are considered to oxidize downtol—P; 4 oxidants— B, (10)
to similar bulk specie®;, while the anthropogenic ones ox-

idize to B,. These species®, B,) are not further oxidized, ~tol— P> + oxidants— B, (11)

and are removed from the atmosphere only by wet and dry ]
deposition. Note however that possible reactionoand ~ XY!—P1 + oxidants— B, (12)
B; products in aerosols leading to modification of the chem- .
ical composition and the mass of the aerosol have been nex-yl_lDz + oxidants— B, (13)

glected in the present study due to missing knowledge.  \yhere PAR is paraffinic carbon as in the original CBM4
For carbon balance purposes the following mass-basethechanism (Gery et al., 1989, Houweling et al., 1998). The
stoicheiometric reactions are taken into account, by assuM,ctors 7 and 8 apply to the carbon balance conservation. Re-
ing that the products of biogenic VOC that a.re.able to par-5ctions (10), (11), (12) and (13) are considered only for sen-
tition between gas and aerosol phase are similar to knowRjsiyiry study shown in Sect. 3.4. The reactions of aromat-
terpene products (Christoffersen et al., 1998; Calogirou et.q ith NO; radicals are considered producing only high

al., 1999; Cocker Il et al., 2001a): volatility products represented in the model by appropriate
e pinenet O3 = ar(a—pin—Fu+ ot that the chemical lmping of VOC forming SOA
. . ote that the chemical lumping o orming pre-
az(a.—pln—Pz) +2 (X—al.—az)(ROz) @ cursors and their products is a source of large uncertainties
p—pinene+ O3 — ai1(f—pin—P1 + HCHO) (Pun et al., 2003) that requires systematic evaluation in the
+az(B—pin— P2 + HCHO) + 2*(X —ay—a2) (ROy) 3) future on the basis of targeted experiments. Unfortunately,
all requested information to evaluate the SOA formation pa-

a—pin—Py + oxidants— ALD2 + B), (4)  rameterization in our model against chamber experiments is
a—pin— P, + oxidants— ALD2 + Bj, ) not available in the literature. O_nly the fgll set of expe_ri-
mental data from chamber experiments with time evolution
B—pin— Py + oxidants— HCHO + B, (6) of gaseous and particulate compounds can allow evaluation
of both the gas and particulate chemistry in the model. The
B—pin— P, + oxidants— HCHO+ By, (7)  time evolution of the oxidant levels that deplete the VOC pre-

) ) cursor molecules of the VOC levels and of the aerosol mass
where RQ is further treated in CBM4 as the correspond- jp, the chamber is the minimum prerequisite for evaluation of
ing radical formed during isoprene oxidation and ALD2 is {14 aerosol module.

a lumped aldehyde product as in the original CBM4 mecha-  1g 4qqpted rates for the reactions (2)—(13) are shown in
nism (Gery et al, 1989; Houweling et al., 1998). X denotesype 1.

the ratio of the molecular weight of the parent VOC to the

molecular weight of the condensable products. The factor 2.3 Aerosol formation — factors of uncertainty

applies to the carbon balance conservation. Reactions (4),

(5), (6) and (7) are considered only for the sensitivity study Assuming an equilibrium partitioning into an absorptive or-
shown in Sect. 3.4. The reactions of biogenic VOC with OH ganic matter phase (Pankow, 1994a; Pankow, 1994b; Odum

www.atmos-chem-phys.org/acp/3/1849/ Atmos. Chem. Phys., 3, 1849-1869, 2003



1852 K. Tsigaridis and M. Kanakidou: Global modelling of secondary organic aerosol in the troposphere

Table 1. Temperature dependant reaction rates of particle precursor VOC (biogenic and anthropogenic) withaDel N@; used in the
model. P1, P, are the first generation products of the corresponding VOC

OH O3 NO3
A B A B A B
a-pinene  1.21e-11 444 1.01e-15-732 3.15e-13 8414
p-pinene  2.38e-11 357  1.5e-17 - 1.66L10 —1248
toluené  596e-12 -  2.34e-12 —6694  6.8e-17 —
xylend  1.72e-1f - d d 3.54e-16¢ -
a-pin-P;  4.28e-12 - 0 - 0 -
a-pin-P{  93e-11 -  89e-20 - 5.4e-14 -
g-pin-P¥  3.03e-12 - 0 - 0 -
ﬂ-pin-Pz’ 1.7e-11 - 5.0e-21 - 1.1e-15 -
tol-P; i - 0 - i -
tol-P» i - 0 - i -
xyl- P J - 0 - J -
xyl- P, J - 0 - J -

K=A xexp(B/T), whereT is the temperature in Kelvin. Taken from Atkinson (1997) unless noted differently.
—: No temperature dependence.

4 Martnez et al. (1998).

b ptkinson (1994).

¢ Average ofortho-, meta andpara-isomers.

4 Average of temperature dependence dotho-, meta and para-isomers: (2.4E-13 exp(5586/T)+5.37E-13 exp{6039/T)+1.91E-13
exp(=5586/T))/3.

¢ Treated as pinonic acid. Kwok and Atkinson (1995).

f Treated as pinonaldehyde. Hjorth et al. (1996).

8 Treated as pinic acid. Kwok and Atkinson (1995).

h Treated as nopinone. Hjorth et al. (1996).

! Treated as toluene.

J Treated as xylene.

et al., 1996), the equilibrium between the gas and the aerosakhere R is the gas constantf is the mass fraction of the
phase of a condensable spedidisat is produced from VOC total suspended particulate matter that acts as the absorbing
oxidation and can partition between the two phases, is govphase M W is the mean molecular weight of the absorbing

erned by: matter,s; is the activity coefficient of compoundn the par-
ticulate phasepg ; is the vapour pressure of the compound
A _ ,
G; = — (14) i in temperaturg’ and the factors 760 and 4@pply for the
KiM, conversion of units. Assuming thg@tand M W remain con-

whereG;, A; is the gas and the aerosol phase concentratiorst@nt, the changes ik; with temperature can be calculated
of the speciesin ng m-3, respectivelyk; is the partitioning by applying the Clausius-Clapeyron equation (Atkins, 1990):
coefficient of the species, infwg~1, and M, is the total In 0
particulate phase concentrationzig m—2: NPLi _ AH (17)

dr RT?’

Mo=FF+ Z Ais (15) whereA H; is the enthalpy of vaporization of the compound
l i. By combining (16) with (17) we get:

where PP is the mass (inug m=3) of the primary parti-

cles that can serve as absorptive medium. The partitioningg 7 — KTSCEL [ﬂ <1 — i)} , (18)
coefficientK; of the oxidation product;, is described by ' " GTsc | R \T Tsc

(Pankow, 1994a; Pankow, 1994b): ) o o
WhereKiT is the partitioning coefficienk; at temperaturé,

~__ I60RTf andK I5¢ is the smog chamber measured valu&pft tem-
i (16) : g
" MWk p? peratureTsc=298 K (Table 3). The value oA H is highly
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— Strader et al., 1999 (AH=156kJ/mol)

TE+13 — Andersson-Skdld and Simpson, 2001 (AH=79kJ/mol) Table 2. A values used for the interactiona {;) between species
1E+11 — Chung and Seinfeld, 2002 (AH=42kJ/mol) in carbonaceous aerosols. Note that only the interactions between
— No temperature dependence of vapor pressure (AH=0KJ/mol) SOA affect the aerosol pl’OdUCtiOﬂ. The SUbSCfiptS “ins” and “sol”

declare the insoluble — hydrophobic and the soluble — hydrophilic
fraction of the corresponding aerosol type, respectively. “Other”
stands for non-carbonaceous aerosol

SOA OAps OAgy BCins BCso Other

SOA 10 08 09 07 08 07
OAps 08 10 08 08 07 08
‘ ‘ ‘ ‘ ‘ ‘ OA 09 08 10 07 08 07
200 220 240 260 280 300 320 BCinS 0.7 0.8 0.7 1.0 0.8 0.7

Temperatare (K) BC, 08 07 08 08 10 08
Other 07 08 07 07 08 10

Fig. 1. Variation of K, with temperature, for the cade,=0.11 at
298 K.

uncertain and variable between species, and strongly affectémestep, then the aerosol concentration of each species is

the value ofK; (Fig. 1). given by:
The activity coefficient;; of the individual components (A®+ GO+ AGP) KiM,
may change with time as a function of the chemical compo-Ai = 1+ KM ) (20)
1 o

sition of the particulate phase. To take this into account, the
multicomponent Wilson equation has to be used (PrausnitzwhereG? and A? are the concentrations of the specids
1969; Bowman and Karamalegos, 2002): the gas and the aerosol phase, respectively in the previous
timestep andAGf is the change in the gas-phase concen-
xi Ak tration of the speciesdue to chemical production (all prod-
Ing =1—1In (Z Xinj> - Z Zx—A (19) ucts) and destruction (first generation products) in the current
J k 7 Jfik timestep. This approach assumes that all SOA has the poten-
tial to fully evaporate from the particle at each timestep. By
wherex; is the mole fraction of the componentA;;, Ajx solving the mass balance Eg. (15) using Eq. (20) we can cal-
andA j; are parameters representing the interactions betweeoulate iteratively the value o¥f,. In the present study the it-
the compoundsandj, i andk andj andk, respectively, and erative solution forM, is calculated based on the bisectional
all summations are over all species. For simplicity, compo-method. The number of iterations dependsip and on
nent interactions are assumed symmetriégl €A ;;). The the relative error allowed that is prescribed to be 1% and not
A values for the different species present in the carbonaceouarger than 10 ng mé. Then the aerosol concentrations can
aerosols (Table 2) have been selected on the base of the elgse derived fromV/,, using Eq. (20) and subsequently the gas-
pected chemical similarity of the species and lie within the phase concentration of the specidsy applying Eq. (14).
overall range of 0.2-1 given by Bowman and Karamalegos However, if the semi-volatile organics undergo chemical
(2002) for highly dissimilar to identical in nature POA and or physical processes on patrticles (e.g. chemical reactions
semi-volatile compounds. In this manner, all secondary or-to form non-volatile compounds and/or inhibition of evapo-
ganic species are assumed to behave alike between them aration by other non-volatile components on the particle), the
quite similar to the hydrophilic primary organics. The hy- evaporation of SOA is being suppressed. It is expected that
drophobic primary organics behave less similar to the secsome reactions do occur on the particles but they do not nec-
ondary organics. All organic aerosol species are not so simessarily transform the total amount of SOA to non-volatile.
ilar to the hydrophobic particulate black carbon particles, In that case by neglecting evaporation from the patrticles, an
while the hydrophilic black carbon fraction is assumed to beupper limit of the SOA production can be calculated and the
quite similar to the hydrophilic organic particles. In Table 2, equilibrium equation is applied only to the gas phase of the
A values are also given for sulphuric and ammonia aerosokemi-volatile compounds.
on which SOA could also partition. The values vary from When neglecting evaporation of the patrticles, Eq. (20) that
0.7 to 1 for dissimilar to similar with SOA compounds, ex- gives the new aerosol concentration is modified to:
pected to be representative for atmospheric conditions (Bow- 0
man and Karamalegos, 2002). A = A° (G + AG]) KiM,
While the concentration ofi; varies, M, also changes 1+ KiM,
(15). If we assume that the total amount of semi-volatile M, is calculated iteratively based on Eqgs. (15) and (21).
products (both aerosol and gas-phase) repartition in eacfihen, the aerosol concentratidn is calculated by Eqg. (21)

(21)

www.atmos-chem-phys.org/acp/3/1849/ Atmos. Chem. Phys., 3, 1849-1869, 2003
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Insoluble-to-soluble decay, February, surface (hr)

K. Tsigaridis and M. Kanakidou: Global modelling of secondary organic aerosol in the troposphere

Insoluble-to-soluble decay, August, surface (hr)

g 5
3 g
130W150W120W 90W 60W 30W (OE 30E 60E 90E 120E 150E 180E 180W150W120W 90W 60W 30W (E 30B 60E 90E 120E 150E 180E
longitade (deg) longitude (deg)
- | B | -
0 48 96 144 192 240 0 48 96 144 192 240
Insoluble-to-soluble decay, February, 500hPa (hr) Insoluble-to-soluble decay, August, 500hPa (hr)
60N 60N
30N 30N
g 5
EQ EQ
8 5
308 308
605 60S
130W150W120W 90W 60W 30W (OE 30E 60E 90E 120E 150E 180E 180W150W120W 90W 60W 30W (E 30B 60E 90E 120E 150E 180E
longitade (deg) longitude (deg)
- | B | -
0.0 4.8 9.6 14.4 19.2 24.0 0.0 48 9.6 14.4 19.2 24.0
Insoluble-to-soluble decay, February, zonal mean (hr) Insoluble-to-soluble decay, August, zonal mean (hr)
200 200
g F a0
] i
g 600 'g 600
800 800
1000 ! 1000 .
-50 0 50 =50 0 50
latitude (deg) latitude (deg)
| DN | e | |
0 40 80 120 160 200 0 40 80 120 160 200

Fig. 2. Calculated lifetimes of hydrophobic primary carbonaceous aerosols for case S1 at surface (top panels), 500 hPa (middle panels) anc
zonal mean (bottom panels) for February (left panels) and August (right panels).
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Table 3. Partitioning ) and stoicheiometrica( coefficients for biogenic and anthropogenic SOA formation

a-pinené  B-pinenéd toluend xylend B, B,

a1 0.125 0.026 0071 0038 10 1.0
K;1  0.088 0.195 0053 0042 ¢ ¢

ap  0.102 0.485 0138 0167 0 O
Ki,  0.0788 0.003 0.0019 00014 - -

4 Oxidanti is Og (Griffin et al., 1999a).
b Oxidanti is OH and @ (Odum et al., 19974, b).
¢ Maximum of the precursor species at given temperature.

and the gas-phase concentrat@nby: and HO on particle surface sites, measured to be 5s and
. ) 0 ) 3.1073s, respectively.
Gi =GO+ AGY (GP +AG]) KiM, _ (G7 + AGi). 22) We assume that the conversion of hydrophobic to hy-
! ! 1+ KM, 1+ KM, drophilic aerosol occurs when a monolayer of hydrophilic

carbonaceous material is formed. To parameterize this phe-

nomenon we adopted a mean aerosol size of rA%nd a

monolayer thickness of 2.5 nm from the particle surface.
POA ageing is treated similarly to the ageing process

As mentioned in Sect. 2.2, SOA formation from biogenic
VOC oxidation initiated by OH is of minor importance rela-
tive to that by @Q and is neglected here. In addition, SOA for-

mation by NQ radical reactions with VOC, although occur- ; ; . .
ring, is poorly studied and thus also neglected in the presen?f hydrophobic BC, since the POA contains also aromatic

work. These assumptions lead to an underestimation of th@"OuPS (Fuzzi et al., 2001) like those coating the soot par-

global SOA production and need future investigations. ticles. The validity of this hypothesis for the entire pri-
mary carbonaceous aerosol though is questionable since

2.4 Ageing of primary hydrophobic aerosol benzog)pyrene is probably not the most adequate compound
to represent the primary carbonaceous aerosol and thus re-
To take into account the ageing of primary carbonaceougluires to be experimentally checked.
aerosol from hydrophobic to hydrophilic, we assume that this  The thus calculated lifetimes of hydrophobic primary car-
process occurs by oxidation of organic material that coatdoonaceous aerosols are shown in Fig. 2. Note that the cal-
the particles by @ as has been observed for soot particlesculated values are of the same order of magnitude with the
in chamber experiments ¢Bchl et al., 2001; Decesari et al., values reported by Cooke et al. (1999) for the whole tro-
2002). To parameterize this phenomenon we use the formuposphere, and with high spatial differences. In the trop-
lation experimentally determined bysgchl et al. (2001) for  ics, where relative humidity is much higher than the mid-

soot particles coated by benadpyrene: latitudes the parameterization based oy didation gives
higher lifetime for the hydrophobic aerosols, since water in-
. rooRog[O3] (23)  hibits the hydrophobic-to-hydrophilic conversion. Also note
14 Ros[03] + Rp,0[H20]’ that longest lifetimes of hydrophobic aerosol are calculated

whereR is the pseudo-first-order decay rate coefficient in for_ areas with I_OW concentrations (.)f ozone, which acts as t_he
oxidation medium for this conversion. In the northern hemi-

the limit of high ozone concentrations and has been exper- here the lifetime i duri due toi d
imentally found to be equal to 0.015%5 Ro, is the ad- sphere the lifetime increases during summer due to increase

sorption rate coefficient of ©that serves as the oxidation water vapour concentrations. The simultaneous increase in

medium andRy,o is the adsorption rate coefficient ob8 ozone is not able to reduce the hydrophobic aerosol lifetime

that serves as an inhibitor by competitive adsorption. TheS!NCe the inverse effect of humidity is stronger. The same

adsorption rate coefficients ofsGand HO, are computed applies to the summer of the south hemisphere.

following the equation by &schl et al. (2001): 2.5 Wet and dry deposition

= %U, (24) The wet deposition of the gas-phase aerosol precursors de-
s pends on their solubility in cloud droplets according to
where Sp; is the sticking coefficient of © and HO their Henry's law coefficients{). The parent VOCs are
(3.3-10°3 and 04-10°3, respectively)w; is the mean ther- poorly soluble and have low Henry’s law constants, mak-
mal velocity, [SS]; is the surface concentration of adsorp- ing their wet deposition negligible. On the contrary, the
tion sites for the studied soot particles and measured to béirst generation products are better soluble, since they con-
5.7-10M sites cnm? andt; is the mean residence time 0O  sist of multi-functional compounds including carbonylic and

i
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Table 4. Outline of simulations performed in this study

Simulation  Description

Partitioning on carbonaceous aerosols, with evaporatidit=42 KJ mol1,
S1 without oxidation of the first generation semi-volatile products, the hydrophobic

to hydrophilic conversion depends o @d HO — Sect. 2.4

S1.1 As SIAH=79KJImol! — Eq. (18)

S1.2 As SIAH=0KJmol1 —Eq. (18)

S1.3 As S1, with oxidation of the primary condensable products — Sect. 2.2

S1.4 As S1, without dependence on the activity coefficient — Eq. (19)

S15 As S1, with strong dependence on the activity coefficient — Eq. (19)

S1.6 As S1, with double primary carbonaceous aerosol emissions — Sect. 2.1
S1.7 As S1, with constant conversion rate of hydrophobic to hydrophilic aerosols — Sect. 2.4
S1.8 As S1, without conversion of hydrophobic to hydrophilic aerosols — Sect. 2.4

S2 As S1, irreversible sticking of SOA on pre-existing aerosol

S3 As S1, including the partitioning on sulphuric and ammonium aerosol

S4 As S3, irreversible sticking of SOA on pre-existing aerosol

carboxylic groups, while the second generation products ard¢iculate phase, the temperature dependence of the partition-
expected to have even more functional groups. From theng coefficientk; of a compound due to the enthalpy of va-
compilation of Henry’s law coefficients by Sander (1999), porization, the solubility and the activity coefficient of the
H is ~10°-10* for monocarboxylic acids an# is ~10°— condensable species, the chemical fate of the first generation
10® M atm~1 for dicarboxylic acids. Hence, a Henry coeffi- semi-volatile oxidation products of VOC, precursors of SOA
cient of 18 for most first generation products andf¥6r the and the ageing of particles with regard to their hydrophilic
secondary products has been used, exegpn-P;, B-pin- properties. For this purpose, simulation S1 has been modi-
P; and xyl-P; that are assumed to behave as pinonic acidfied appropriately and has been used as a reference case for
(keto-monocarboxylic acid), pinic acid (dicarboxylic acid) simulations S1.1to S1.8 and S2 to S4. These simulations are
and toluic acid, respectively. For these acids the Henry valuesummarized in Table 4.

have been assumed to be*10P and 1d, respectively. The

temperature dependence of Henry coefficients is describe@.1 Impact of the absorbing matter and evaporation — irre-

by (Sander, 1999): versible sticking — cases S2, S3, S4, S1.6
dinH _ AH, (25) Simulations S1 and S3 (as well as S2 and S4) differ on
ar RT? the amount and nature of the absorbing aerosol phase. S1

where AH; is the heat of dissolution and equalstd2 K considers only the condensation on carbonaceous aerosols,
(Sander, 1999) for all compounds. For the dry depositionbOth organic and BC, while S3 assumes that condensation

of the gaseous species, the Ganzeveld and Lelieveld (19953)Iso occurs on sulphuric (sulp_hate and methanes_ulphonate)
scheme has been used, which is based on the formulation d&"d @mmonium aerosols, for instance by absorption. Note
veloped by Wesely (1989). For the aerosol phase, wet and1at BC consists both from graphitic carbon and organic

dry deposition is parameterized as suggested by Parungo gaterial at percentages not precisely quantified. There-

al. (1994) and already applied to sulphate particles in thdre; in our study we include black carbon as an absorptive
model (Jeuken et al., 2001). medium for SOA with decreased ability compared to the pre-

existing SOA. This is parameterized usingvalues of 0.7
(for hydrophobic BGns) to 0.8 (for hydrophilic BGy)) that is
3  The simulations smaller than that of 1.0 adopted for SOA (Eqg. 19; Table 2).
For ammonium and sulphate aerosol typesAhalue of 0.7
A number of global simulations have been performed to in-is used. Simulations S1 and S2 (as well S3 and S4) differ on
vestigate uncertainties associated with the model results anthe consideration of evaporation of pre-existing semi-volatile
determine a possible range of annual global SOA producproducts. S1 and S3 consider that the semi-volatile products
tion. Several factors of uncertainty in the model calculationscan evaporate from the particles whereas in S2 and S4 irre-
have been studied, like the primary carbonaceous emissionggrsible sticking is assumed to occur on the particles.
the amount and nature of pre-existing absorbing aerosol, the The sensitivity of the model results to the emissions of
effect of evaporation of semi-volatile products from the par- primary carbonaceous aerosols has been tested by doubling
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Table 5. Global annual SOA production performed using the results of chamber experiments, versus the results of the present 3-D global
modelling study

Production Case VOC precursors Pre-existing Evaporation Transportof  Reference
(Tgy b (number) particle’ intermediates
13-24 Present day Biogenic (30) No No No Griffin et al. (1999b)
61-79 Present day Biogenic (2) C No No Kanakidou et al. (2000)
16.5-28 Pre-industrial  Biogenic (2) C No No Kanakidou et al. (2000)
11.2 Present day Biogenic (5) C Yes Yes Chung and Seinfeld (2002)
63 Present day Biogenic (1) C Yes Yes Derwent et al. (2003)
7.2(0.37  Presentday  Biogenic (2)

& anthropogenic (2) C Yes Yes This work — S1
44.0 (2.0f Presentday  Biogenic (2)

& anthropogenic (2) C No Yes This work — S2
13.3(0.7% Presentday  Biogenic (2)

& anthropogenic (2) CSN Yes Yes This work — S3
445 (2.6 Presentday  Biogenic (2)

& anthropogenic (2) CSN No Yes This work — S4

@ C: Carbonaceous aerosols, CSN: Carbonaceous, sulphate, methanesulphonate and ammoniufReaosats Biogenic VOC contri-
bution to SOA (Anthropogenic VOC contribution to SOA)

the emitted amounts in case S1.6. because as mentioned 8ect. 2.4) assuming that the organics in the particulate phase
Sect. 2.1 the inventory of carbonaceous aerosols is highlican be represented by benzjgyrene. This work has to be

uncertain. considered as a first effort to apply a spatially and tempo-
rally variable conversion rate of hydrophobic to hydrophilic
3.2 Temperature effect — cases S1.1 and S1.2 aerosol. This has been compared to the approach by Cooke

et al. (1999), i.e. by applying a globally constant hydropho-
To investigate the effect of temperature on the partitioningbic to hydrophilic conversion rate corresponding to 1.15 days
of semi-volatile organics between the gas and aerosol phas¢yrnover time (case S1.7). To investigate the importance of
different enthalpies of evaporatiohn H have been used in this conversion for the SOA burden, an additional simulation
Eqg. (18) to calculate the partitioning coefficient as a functionhas been performed by neglecting the transition of hydropho-
of temperature (Strader et al., 1999; Anderssoik$land  bic to hydrophilic aerosol (case S1.8).
Simpson, 2001; Chung and Seinfeld, 2002). Very large dif-
ferences up to 10 orders of magnitude in low temperature8.4 Secondary oxidation products — case S1.3
are calculated and depicted in Fig. 1. Such differences result
in critical discrepancies between the models and need to b&he gas phase oxidation of the SOA precursor species men-
reduced by adequate experimental studies to provide a morgoned in Sect. 2.2 produces the first generation semi-volatile
accurate estimate of the SOA production, especially in highproducts that are able to partition between the gas and aerosol
latitudes during winter and at high altitudes in the mid and phase. These can, in turn, further oxidize in the gas-phase
upper troposphere. To evaluate the errors in the model caland give secondary semi-volatile products that can also par-
culations due to the uncertainty in the enthalpy of vaporiza-tition. This hypothesis is taken into account in case S1.3 and
tion, an additional calculation of the SOA production is madeis not contradicted by the smog chamber experiments. Sim-
by adopting thex H value of 79 K mot?® (Andersson-Sild ple box model calculations considering #laeand 8-pinene
and Simpson, 2001; case S1.1) that is close to recent data kyxidation as described in Sect. 2.2 have been performed us-
Pun et al. (2003) whereas case S1.2 considers that the vapoiirg conditions close to Griffin et al. (1999a) experiments.
pressure does not vary with temperature. They show that the calculated difference in the aerosol yield
between S1 and S1.3 exceeds 2% after more than 10h. To
3.3 Hydrophobic to hydrophilic conversion — cases S1.7our knowledge, most chamber experiments do not last long
and S1.8 enough to detect these expected differences in the aerosol
yield that are also within the uncertainty of the experimental
The spatial and temporal variability of the hydrophobic to data. However, this procedure might be important globally
hydrophilic aerosol conversion rate is also a source of uncerand in longer timescales and has been therefore investigated
tainty and has been parameterised in case S1 as describedhere on the basis of the simulation S1.3.
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Table 6. Global annual SOA production, changes in SOA chemi- densgtlon of SOA as well as the surrogate VOC? compounds
cal production with regard to the reference case S in percent angonsidered to form SOA precursors and have different treat-

global annual mean SOA burden (from surface up to 10 hPa) calcuent of the evaporation. They also differ in the consideration

lated in all studied cases of this work or not of primary carbonaceous aerosol and in the amount of
it that is being emitted into the atmosphere. To these con-
Chem. prod. % change Burgen ceptual particularities of the models, more generally applied
TGy 1 from S1 Gg technical differences are added like the spatial and tempo-
Case SOAb SOAa SOAb SOAa ral resolutions of the models, the parameterizations and in-
s1 7.2 0.27 0 475 2.2 put data used to represent transport and wet deposition pro-
S1.1 183  1.05 +159 1156 7.8 cesses. Such differences have been identified in the past to
S1.2 2.5 0.05 —66 13.7 0.5 contribute to large discrepancies in the concentration of ra-
S13 88 0.24 +21 54.6 21 dionuclides and sulphate aerosols that have more simple pro-
si4 77 029 +7 516 25 duction and decay terms than SOA (Jacob et al., 1997; Bar-
S5 66 024 -8 418 19 fie et al., 2001). Therefore, only the use of the same global
gig 2'; g'gg _+721 42’%0 222'9 model for diffe_rent_ simulations as performed in the present
: . ’ y ' study can clarify differences.
S1.8 13.4 0.71 +89 85.8 4.8 . .
S2 44.0 202 +516 3698 246 . When comparing the mgdels that do not include evapora-
s3 133 0.70 +87 105.1 6.3 tion of the particles, Kanakidou et al. (2000) calculate a much
S4 445 262 +531 356.9 273 higher SOA production compared to Griffin et al. (1999b),

since the latter assumes the condensation of semi-volatile
compounds only on pre-existing SOA and not on primary

carbonaceous particles. This assumption leads to much lower
pre-existing particle concentrations which can serve as ab-
sorptive matter for newly formed condensable products. The

The partitioning coefficient of the semi-volatile products results of Kanakidou et al. (2000) can also be compared with

used in this study has been measured in chamber studie%2 that considers condensation of SOA only on carbona-
with almost pure SOA. In the real atmosphere though, theCeous aerosols. The present study (S2) has been performed

mixed aerosols have non-uniform physicochemical properVith @ higher resolution model and with updated, slightly

1 1N i
ties. These differences have been taken into account ifCWer (@bout 40Tgy"™ versus 73Tgy"), primary carbona-

Eq. (16) by the use of the activity coefficient that is calculated °€9US partic'le emissions. Thu; S2 r_esults in about 30% Iovyer
in Eq. (19). TheA values used in this equation lie within the SOA formation than that earlier estimate. Chung and Sein-

expected range representative for typical atmospheric conf—eIOl (2002) also use higher POA emissions by a factor of

1 . .
ditions (Bowman and Karamalegos, 2002). To evaluate the2 than Sl,(8.1 Tg_y )- Wher:jdloublmg thbe primary cgrbpﬂa-
model sensitivity to the variation of the activity coefficient ceous emissions in our model (1.6 to be compared with S1),

of SOA with the aerosol chemical composition simulations the globgl annual chemical production _Of SOA and the cor-
have been performed both neglecting its variatiga=(. in responding burden in the .model domain are enhanced only
Eq. (16); case S1.4) and assuming a stronger influence Y 20_% and 24%' resp_ectlvely. _Therefore about 25% of un-
the activity coefficient (allA values equal to 0.7, reflecting certainty associated with the primary carbonaceous aerosol

semi-volatile organic compounds less similar to the aerosof M'SSIoNs should be expected on the SOA budget. .Larger
components; case S1.5) Increases (about 87%) are calculated when considering that

condensation of SOA occurs also on aerosols other than car-
bonaceous (S3 compared with S1). Comparison of S2 with
4 Budget calculations S4, considering that condensation occurs also on sulphuric
and ammonium aerosols in addition to carbonaceous parti-
The calculations of the global annual SOA production per-cles and irreversible sticking of semi-volatile organics, re-
formed using the results of chamber experiments for the foursults in little additional SOA from biogenic VOC but rel-
different cases (S1 to S4) are summarized and compared withtively much higher increase of SOA coming from anthro-
earlier global modelling studies in Table 5. Our model re- pogenic VOC, since this additional aerosol surface is present
sults are within the range of earlier estimates by Griffin etmainly over anthropogenically affected areas.
al. (1999b), Kanakidou et al. (2000), Chung and Seinfeld The model simulations that consider SOA evaporation
(2002) and Derwent et al. (2003). In order to understand thegive relatively lower global SOA formation estimate than
differences between the different model results, including thesimulations considering irreversible sticking of the semi-
present work, we need to compare the different assumptionsgolatile organics on the particles. The budget seems to con-
of the various model studies. All models follow rather differ- ditionally depend on the total aerosol in the model and max-
ent approaches; they assume different substrates for the coimises in cases S2 and S4 reaching approximately the same

3.5 Activity coefficient — cases S1.4 and S1.5
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Fig. 3. Calculated surface SOA concentrations for case S1, both biogenic (SOabrim 3, top panels) and anthropogenic (SOAa in
ug m~3, bottom panels) components, for February (left panels) and August (right panels).

level of about 45 Tg y! that appears in these two cases to our simulations S1.1 and S1.2 this factor can provide large
independent of the pre-existing aerosol. This is in agree{ositive or negative deviations when compared to S1 (up to
ment with smog chamber experiments showing that at highLl60% for the studied cases). The enthalpy of vaporisation
aerosol loading the aerosol yield depends on the stoichiometseems to be a major source of uncertainty in SOA budget
ric coefficient g;) of the semi-volatile products (Seinfeld and that requires improvements in our knowledge. Since the hy-
Pankow, 2003). In these simulations the SOA chemical for-drophilic aerosols are faster removed from the troposphere
mation is expected to be mainly determined by the adoptedy dry and wet deposition than the hydrophobic ones, the
lumped chemistry for the formation of semi-volatile SOA burden of carbonaceous aerosols in case S1.8 is higher than
precursors. The higher SOA production calculated by Chungn case S1. This appears to be a critical factor of uncertainty,
and Seinfeld (2002) compared with case S1 is possibly dueince the chemical production of SOA is almost doubled in
to the consideration by these authors of SOA formation fromcase S1.8 and the corresponding burden increases by about
all 3 oxidant reactions of VOC, also considered by Derwent80%. In addition, the variable conversion rate approach (S1)
et al. (2003). This difference can also reflect the disparity incompared to the constant turnover time (S1.7) is overestimat-
the number of surrogate species of each model. ing the SOA production above tropical areas with strong pri-

It can also partly reflect the differences in the partitioning mary carbonaceous aerosol sources by about 10%, whereas
coefficients of the semi-volatile precursors of SOA and theit makes only a 6% overestimate to the chemical production
corresponding enthalpies of vaporisatianH). According  of biogenic SOA (Table 6).
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Fig. 4. Comparison of the total SOA concentrationgim m-3 (sum of biogenic and anthropogenic) of cases S1 (top-left panel), S2 (top-right
panel), S3 (bottom-left panel) and S4 (bottom-right panel) for August.

The model is not very sensitive to the variation of the ac- exceeds that from anthropogenic one by an order of mag-
tivity coefficient of SOA with the aerosol composition since nitude and particularly the maximum SOADb is by about 30
simulations S1.4 and S1.5 add an uncertainty of abdit%  times (30 in February, 36 in August) higher than the maxi-

to the estimated SOA global budget when considefngl- mum SOAa concentration.
ues within the expected range representative for atmospheric The annual production of SOAb is calculated to be higher
conditions. by more than a factor of 25 than that of SOAa. SOAa con-

tributes to the total SOA concentration by 30% to 65% above

and downwind of industrialized areas in the northern hemi-
5 Calculated SOA distributions sphere where its contribution maximizes during winter and

becomes less than 15% during summer when biogenic VOC
Figure 3 shows the calculated SOA concentrations for theemissions are high. These numbers show that although the
lowest model level (surface), corresponding to both SOAglobal annual SOA production is by far dominated by the
formed during biogenic VOC oxidation (SOAb) and SOA biogenic VOC, in industrialized areas during the winter when
formed during anthropogenic VOC oxidation (SOAa) com- the emissions of biogenic VOC are very low, the anthro-
ponents, for February and August for the case S1 that is useBogenic hydrocarbons can contribute significantly to the total
as a reference case in the present study. The calculated cofecondary organic aerosol.
centration of SOA produced from biogenic VOC oxidation
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Fig. 5. Calculated zonal mean SOA concentrations for case S1, both biogenic (SOAIin3), top panels) and anthropogenic (SOAa (in
ng —3), bottom panels) components, for February (left panels) and August (right panels).

Similar patterns are calculated for SOA distributions when The zonal mean concentrations for February and August,
considering condensation also on sulphuric and ammoniunagain for the case S1, for SOAb and SOAa are shown in
aerosols (cases S3 and S4), and when assuming irreversibkeg. 5. Both for SOAb and SOAa, the upper troposphere
sticking of semi-volatile products onto the aerosol phaselocal maximum is due to condensation of the gas-phase com-
(cases S2 and S4). The SOA surface distribution of casepounds transported at these altitudes, where temperatures are
S1, S2, S3 and S4 are depicted in Fig. 4 for comparisonvery low and thus the partitioning coefficient is high.

Although the patterns are similar, the absolute concentra- These vertical distributions of SOA are affected from the
tlons_ increase from S1 to S3 to S2 to S4. !n particular, thetemperature changes when varying the enthalpy of vaporiza-
maximum calculated total SOA concentrations for Augustiion, of the condensable SOA precursors (S1.1. and S1.2) or

increase by factors of 1.7, 3.0 and 3.4 for S3, S2 and S4yhen, considering that the primary condensable products can

respectively. In addition, enhancements of SOA concentragrher oxidize to lower volatility secondary ones (S1.3).

tions over continental tropics are calculated when irreversible L -

sticking is assumed (cases S2 and S4) due to both the high The effe_ct of t_emperature on the partitioning co_efﬂments

air temperature favouring evaporation and the vicinity of in- ©f (€ Sémi-volatile compounds is reflected on the differences

tensive SOA sources. in the calculated f[otal SOA concentrations (_sum of b_logenlc
and anthropogenic, case S1.1) when adopting the high value

for the enthalpy of evaporation and the reference case S1 are
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Fig. 6. Calculated differences of the total SOA concentrationﬁzg'rm*3 (sum of biogenic and anthropogenic) with increased enthalpy of
vaporizationA H (case S1.1) compared to the reference case S1 for August, both for surface (left panel) and zonal mean (right panel). Red
means increased SOA concentration with increased enthalpy of vaporization and blue means decreased SOA concentration with increase
enthalpy of vaporization. The contours in the surface plate show the area with air temperature equal to 298 K and those in the zonal mean
plate show the SOA concentration of the case S1. Note the different scaling between the positive and negative values.

shown in Fig. 6. In general, higher SOA concentrations with6 Comparison with measurements

decreasing temperature are calculated in S1.1 than in the ref-

erence case, since the partitioning coefficient increases fast&€omparison of the model results with observations may iden-
in S1.1 with decreasing temperature. Near the surface, inify which simulations and assumptions are more realistic.
areas where temperatures are higher than 298 K the aerosol Unfortunately, the measurements of carbonaceous
concentration decreases, as expected from Eq. (18). At temaerosols around the world are sparse. Additionally, the
peratures lower than 298K, the partitioning coefficient de-comparison of model results with measurements cannot be
creases faster with increasing temperature when the enthalpyone with all data available, since the model grid represents
of vaporization is higher than the base case, while when thehe mean concentration of rather large areas. In this respect,
temperature is higher than 298K the trend is opposite. Thét is not appropriate to compare the model with the measure-
enhancement of the total aerosol yield (Fig. 6) due to thements from a site with high local influence, i.e. the centre
temperature dependence &f, displaces the geographical of a city. Therefore, we selected the measurements that
location of the secondary maximum of aerosol mixing ra- could be representative of relatively large rural, remote and
tios towards lower levels (lower altitudes) i.e. at higher tem-marine areas. Another uncertainty in the model evaluation
peratures. This reveals the importance of accurate knowlwith the observations comes from the conversion of organic
edge of the temperature dependence&gfand thus of the  aerosol mass (OA) that is simulated by the model to the
physicochemical parameters of the condensable compoundsrganic carbon (OC) content of the aerosol measured in the
The chemical structure and chemical fate of the low vapourfield. To convert the model calculated OA concentration to
pressure products seem to be also very critical for the SOAOC concentration we use the global mean ratio OA/OC=1.3
simulations. Indeed, the calculated differences that occusuggested by Liousse et al. (1996). Note that this ratio
when taking into account the further oxidation of the primary is expected to vary spatially but this variation has been
condensable products (case S1.3) compared to our referengeglected here. This is not the case though for black carbon,
case can be seen in Fig. 7. Near the surface, taking into acvhere the comparison with measurements is direct.

count the formation of the secondary condensable products, Figure 8 compares BC measurements with our model re-
leads to higher SOA concentrations compared to the refersyits, including the results from Liousse et al. (1996) and
ence case. This happens because the second generation pr@thung and Seinfeld (2002) where available. No specific
ucts are assumed to have higher partitioning coefficients, retrend in all three different models is observed from this fig-
sulting in higher aerosol yield. On the contrary, in the upperyre. All models seem to capture the order of magnitude of
troposphere a decrease of SOA concentration is calculateghe BC data. Note that the scale in this figure is logarithmic
because of the condensation of the gas-phase condensakifid unfortunately no statistically significant correlation can
species at lower altitudes. be derived from this comparison.
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Fig. 7. Calculated differences of the total SOA concentratior‘ysgrm_?’ (sum of biogenic and anthropogenic) when taking into account the
oxidation of the primary oxidation products of the SOA precursor VOC (case S1.3) compared to the reference case S1 for August, both for
surface (left panel) and zonal mean (right panel) case. Red means increased SOA concentration when we take into account the oxidation o
the primary products and blue means decreased SOA concentration when we take into account the oxidation of the primary products. The
contours in the zonal mean plates show the SOA concentration of the case S1.

In the case of organic aerosols (Fig. 9a) the observationslopes from 0.69 to 0.96 (case S4 simulates best the mea-
are sparser. Comparison of model results to observationssurements). Case S1.6 (with double primary carbonaceous
where available, shows a better agreement for the upper budrerosol emissions) overestimates the high rural data since the
get estimates than for the lower ones. All model simula-corresponding slope is 1.26. The results of Chung and Sein-
tions (range of results depicted as vertical bars in Fig. 9a)feld (2002) also seem to generally underpredict the measure-
and particularly S1, underestimate OC concentrations belownents in remote marine areas, while Liousse et al. (1996)
1ugm3ie. over relatively clean rural and marine areas. results, even the few available numbers, agree relatively well
Note also that at OC levels below.dy m—3, measurements with the measurements (Fig. 9a). Both these earlier studies
are subject to high uncertainties. With the actual knowledgeuse an almost two times higher source of POA than in our
it is difficult to attribute the discrepancy between model re- study.
sults and observations to the primary or the secondary car-
bon, since it is hard to separate the secondary from the pri- An interesting feature one can raise is that since in our
mary carbon in the field measurements. To analyse the differmodel we have similar treatment of POA particles and BC
ences between calculated and observed OA concentrationBarticles, one would expect that their comparison with mea-
the rural, marine (coastal) and open ocean data have been digurements would follow the same pattern. This is not the
tinguished in Fig. 9a with different colours. The areas wherecase, since the model calculates the BC carbon measure-
the model predicts too low OC concentrations are mainly re-ments in remote marine areas much closer to the measured
mote marine areas, suggesting either that the model mighenes than for OA. This might be an indication that there are
have very high removal of organic aerosols or that condensalocal sources of POA or that the main problem in the OA cal-
tion on sea-salt aerosol (not taken into account in our studyyulation is not the primary fraction, but the secondary one.
might be of importance for these areas or that an oceani€igure 9c presents the SOA/OA ratio as a function of the OA
source of organic particles is missing. Indeed, neglecting thé@bservations and supports that indeed SOA can be more than
hydrophobic to hydrophilic conversion of primary organic 50% of the total organic aerosol in many cases and up to
particles the removal of the aerosols from the atmospher@0%. Thus, discrepancies between modelled and observed
is reduced and the corresponding comparison between cafrganic aerosols can be partially due either to high SOA re-
culated and observed organic aerosol data is improved (cagg@oval by wet deposition or too low SOA chemical produc-
S1.8, Fig. 9b). For all simulations the least square correlaion, or both. Improved knowledge of the chemical formation

tion coefficient-2 ranges between 0.45 and 0.53440) with ~ and properties of SOA is needed to reduce these discrepan-
cies.
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1.E+05 1 ) pogenic SOA. However these values have to be considered
'5232‘;:2?;6':;222002 as a lower limit, since SOA formation from NQeactions
STER04 ok . with all VOC and from OH oxidation with biogenic VOC has
e ; Al A s been neglected,. as well as condensation on nitrate, sea-salt
© 1 E+03 - frorab 20 a_nd _dus_t pre-existing particles and aerosol water. The SOA
::T \ .‘.:' )5 Vs d!strlbunon maximises at the surface, clqse to the source re-
2 1502 | LS ,:'::,*. gions of th.e precursor VOC, and also gives lower intensity
e L 45 SR maximum in the upper troposphere, close to the tropopause
3 N .: Koan o region where temperatures are very low and partitioning co-
E1E+ 01 o w Awmmw it efficients very high.
" . é According to our sensitivity analysis, the most critical fac-
1E+00 _t s ‘ ‘ ‘ tors of uncertainty studied here for the SOA budget turn out
1E+00  1.E+01  1E+02 1E+03 1E+04 1E+05 to be the potential irreversible sticking of semi-volatile com-
BC measurements (ng C m") pounds onto the aerosol phase, the aerosol mass on which

the gas-phase of the semi-volatile compounds can condense
Fig. 8. Comparison of black carbon measurements with our model@nd the temperature dependence of the partitioning coeffi-
results and other models (Liousse et al., 1996; Chung and Seincient that is linked to the enthalpy of vaporization of the
feld, 2002). The continuous line shows the 1:1 relationship be-semi-volatile products. Thus the fate of semi- volatile com-
tween model results and measurements. Measurements taken fropounds once condensed on the aerosol requests investigation
Andreae et al., 1984; Dzubay et al., 1984; Ohta and Okita, 1984y chamber and field experiments with regard to heteroge-
Cachier et al., 1986; 1989; 1990; 1994; Japar et al., 1986; Wolffnegqus reactions or physical processes that might result to low
etal., 1986; Hansen et al., 1988; 1991; Noone and Clarke, 1988y|4tjlity products and thus to irreversible sticking of organic
Clarke, 1989; Mukai et al., 1990; Heintzenberg and Bigg, 1990; 1\ y1er on the aerosol phase. The enthalpy of vaporization of

Jennings and O’Dowd, 1990; Hopper et al., 1991; Yaaqub et al. . . .
1991; Jennings et al., 1993; Polissar, 1993; Raunemaa et al., 199 he condensable species is a highly uncertain parameter that

1994; Chow et al., 1994; Heintzenberg and Leck, 1994; Parungo eg’eserves to be experimentally studied in detail since it affects
al. 1994 Bodhaine. 1995: Berner et al. 1996- Liousse et al.. 1996P0th the chemical production and the spatial distribution of

Lowe et al., 1996 Pio et al., 1996; Smith et al., 1996; Bahrmannthe SOA and displaces the upper tropospheric maximum in
and Saxena, 1998; Wolff and Cachier, 1998; Bizjak et al., 1999;SOA mass in lower altitudes for compounds with highei
Castro et al., 1999; Gfek et al., 1999; Hitzenberger et al., 1999; compared to species with lowarH. The ability of aerosol
Zappoli et al., 1999; Kaneyasu and Murayama, 2000; Kim et al.,other than carbonaceous to act as absorbing surfaces for SOA
2000; Novakov et al., 2000; Puxbaum et al., 2000. condensation has to be also evaluated.
Another major point of uncertainty is the deposition pro-
cesses, since the mass and size distributions and the solubil-
7 Conclusions ity of the organic compounds are needed in order to param-
eterise correctly these procedures. In order to reduce the er-
A global 3-dimensional chemistry/transport model has beenors introduced by these latter uncertainties, a more sophisti-
extended to simulate the temporal and spatial distribution ofcated model is needed, considering the evolution of both the
carbonaceous aerosols in the global troposphere with focuphysicochemical behaviour and the size distribution of the
on the secondary organic aerosol formation. It also considaerosols in addition to the above analysed factors.
ers the conversion of primary carbonaceous aerosols from
hydrophobic to hydrophilic. The- and g-pinene, toluene AcknowledgementsiVe would like to thank F. J. Dentener and
and xylene have been used to represent the biogenic an- Krol for heI_pfuI comments concerning t_he T™M3 model_, P. J
anthropogenic VOC forming SOA precursors, respectively.cr“tzen' N. Mihalopoulos and S. N. Pandis for constructive dis-

The chemical lumping of SOA precursors and their oxidation cussions, S. N. Pandis for communication of data prior publication,
J. H. Seinfeld for pertinent comments during and after the Joint

produclts Is by far th.e largest sourpe of uncgrtai'nties in SC)'A1GAC/CACGP 2002 International Symposium and Serena Chung
modelling that requires systematic evaluation in the fUtureand the two anonymous reviewers for their suggestions that helped

on the basis of targeted experiments and should rely on deej,poving the presentation of our results. This work has been sup-

understanding of chemical pathways that lead to the SOAyorted by the EU project PHOENICS (EVK2-CT-2001-00098).
formation. The model sensitivity to the other input parame-

ters and to the model assumptions has been carefully inves-
tigated, since the missing knowledge on SOA formation and
properties inhibits an accurate SOA budget estimate.

The global annual production of SOA has been calculated
to vary from 2.5 to 44.0 Tgy* for the biogenically pro-
duced SOA and from 0.05 to 2.62 Tg¥ for the anthro-
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Fig. 9. (a) Comparison of organic carbon measurements with our model results. The continuous line shows the 1:1 relationship between

model results and measurements and the vertical bars represent the range of all studied cases. The model results by Liousse et al. (1996) a
Chung and Seinfeld (2002) are depicted by open squares and closed diamonds, respectively. Measurements taken from: Hidy et al., 1974
Hoffmann and Duce, 1974; 1977; Ketseridis et al., 1976; Chesselet et al., 1981; Andreae, 1982; 1983; Andreae et al., 1984; Dzubay et al.,
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1984; Ohta and Okita, 1984; Cachier et al., 1986; 1989; 1990; 1994; Japar et al., 1986; Wolff et al., 1986; Clarke, 1989; Mukai et al., 1990;

Novakov and Penner, 1993; Chow et al., 1994; Liousse et al., 1996; Novakov et al., 1997; Castro et al., 19%9%M\bI999; Zappoli et
al., 1999; Kim et al., 2000; Puxbaum et al., 20@0) Comparison of OC calculations in case S1.8 with observati@)sSOA to OA ratio

(dimensionless) as calculated by the model for all studied cases as a function of the OC measurements.
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