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Abstract. The global chemical transport model Oslo CTM2 penes. Reducing the yield farpinene and limonene oxida-
has been extended to include the formation, transport and ddion in line with recent measurements reduces the global frac-
position of secondary organic aerosol (SOA). Precursor hy+tion of SOA formed from NQ@ oxidation products from 27%
drocarbons which are oxidised to form condensible specieso about 21%. This study underscores the need for SOA to be
include both biogenic species such as terpenes and isoprenepresented in a more realistic way in global aerosol models
as well as species emitted predominantly by anthropogenién order to better reproduce observations of organic aerosol
activities (toluene, m-xylene, methylbenzene and other aroburdens in industrialised and biomass burning regions.
matics). A model simulation for 2004 gives an annual global
SOA production of approximately 55 Tg. Of this total, 2.5 Tg
is found to consist of the oxidation products of anthropogeni-4
cally emitted hydrocarbons, and about 15Tg is formed by

the oxidation products of isoprene. The global productionThe study of atmospheric aerosol is important for many rea-
of SOA is increased to about 69 Tgyrby allowing semi-  sons, ranging from its impact on human health, to its influ-
volatile species to partition to ammonium sulphate aerosolences on atmospheric chemistry and climate.

This brings modelled organic aerosol values closer to those Organic matter makes up a significant portion of the global
observed, however observations in Europe remain signifizerosol burden, accounting for around 20-50% of total fine
cantly underestimated. Allowing SOA to partition into am- aerosol mass at continental mid latitudes, with a contribution
monium sulphate aerosol increases the contribution of angf up to 90% in tropical forested areakanakidou et al.
thropogenic SOA from about 4.5% to 9.4% of the total pro- 2005. This organic aerosol can be emitted directly into the
duction. Total modelled organic aerosol (OA) values areatmosphere through processes such as biomass or fossil fuel
found to represent a lower fraction of the measured values irburning' and aerosol emitted in this manner is termed pri_
winter (when primary organic aerosol (POA) is the dominant mary organic aerosol (POA). In addition, organic species
OA component) than in summer, which may be an indicationthat are emitted as volatile gases (VOC) may undergo oxi-
that estimates of POA emissions are too low. Additionally, gation reactions to form substances with lower vapour pres-
for measurement stations where the summer OA values argureS, which Subsequenﬂy condense to form Secondary or-
higher than in winter, the model generally underestimates th%anic aerosol (SOA).

increase in summertime OA. In order to correctly model the \while black carbon (BC) aerosol absorbs solar radiation
observed increase in OA in summer, additional SOA sourcegng generally leads to a warming of the Earth’s atmosphere
or formation mechanisms may be necessary. The importancgiaywood and Shine1995 Penner et a).1998 Schulz

of NO3 as an oxidant of SOA precursors is found to vary et al, 2006, the direct radiative effect of organic carbon
regionally, causing up to 50%-60% of the total amount of (OC) aerosol is negative.jousse et al.1996 Cooke et al.
SOA near the surface in polluted regions and less than 25% 999 Schulz et al. 2006. In addition to the direct effect

in more remote areas, if the yield of condensible oxidationon the Earth’s radiation balance, carbonaceous aerosols can
products forg-pinene is used for N@oxidation of all ter- jnfluence the formation, lifetime and radiative properties of
clouds. This may occur through aerosol either causing a
Correspondence tcC. R. Hoyle modification in the temperature profile of the atmosphere
(c.r.hoyle@geo.uio.no) (Hansen et al.1997 Ackerman et al.2000, or serving as
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5676 C. R. Hoyle et al.: Secondary organic aerosol in the Oslo CTM2

cloud condensation nuclei and directly influencing the num- As the Oslo CTM2 has not been used for detailed studies
ber and size of cloud particles as well as the lifetimes ofof SOA previously, the chemical scheme has been updated
clouds T'womey;, 1959 1977 Albrecht, 1989. to account for the necessary processes. The SOA scheme

Apart from the climatic effects of SOA, effects upon hu- Used in this study is based upon thatGifung and Seinfeld
man health may also be significant as particulate matter i§2002, however, it has been extended to include several new
known to exacerbate respiratory illnesses and generally inSPecies. Additionally, the fields of20H and NQ used to
crease mortality@stro and Chestnut998 Jones1999. oxidise the SOA precursors are calculated using an on-line

Under certain conditions, SOA may form the majority of chemistry scheme. The results pre_sented here provide a new
the organic aerosolTgigaridis and Kanakidqu2003 Pun estimate of the global SOA production and burden and are an

etal, 2003 Zhang et al.2005 Volkamer et al, 2006 Robin- important contribution towards exploring the uncertainty in
son et al. 2007, therefore an accurate representation inthe global SOA production and burden figures. As the SOA

global models is necessary if these are to be used to Ca|CLP—Cheme used here is similar to tha_tC_d_ﬁung and Semfel_d
late the climatic effects of organic aerosol. The inclusion of (2002, the results illustrate the sensitivity of SOA formation

SOA is also important for comparisons of modelled aerosol®© the characterlstles of the unde.rlymg CT.M.'

optical depth with that measured from satellites, and the eval- In the next section, a very brief deserlptlon of the Oslo
uation of the model’s representation of spatial and temporaPTNI2 W'” be prov!ded,_and the newl_y implemented SOA.
variations in the optical depth. The inclusion of SOA in the code will be described in some detail. The model experi-

Oslo CTM2 completes the set of major aerosol component e_nts and result_s W!” be described in Seeand the contri-
in the model. ution of NG; oxidation to global and regional SOA forma-

. . . . tion will be discussed in Sect. A summary and conclusions
Several modelling studies have given estimates of the,;, o presented in Sech.

global burden and distribution of SOA from predominantly
natural precursorsQhung and Seinfe|d®002 Griffin et al.,
19993 Derwent et al.2003 Henze and Seinfe|@006. 2 Model description

Some classes of compounds included in anthropogenic
emissions are capable of forming SOA upon oxidation in the2-1  The Oslo CTM2
atmosphere. These include toluene, xylene and trimethyl-

benzenes. The contribution of these species to global SOAI—he Oslo CTM2 is a three dimensional off-line chemistry

budgets has been evaluated Bgigaridis and Kanakidou transport model, which was run with T42 (approximately

(2003 as well asLack et al.(2004, and found to be a mi- _2.8°x2.8’) horizontal resolution for this study. The model
. . . includes 40 layers between the surface and 10 hPa. The mete-
nor fraction (approximately 2—6%, and 5-8% respectively)

S . . orological data used was generated by running the Integrated
of the contribution from naturally emitted precursorEsi- Forecast System (IFS) of the European Centre for Medium
garidis et al.(2009 evaluated the natural variability of the Range Weather E ts (ECMWE). for th 2004 and
chemical production of SOA over a decade and found this ge wweatner rorecas S ( ), for the year > an
to be equal to the formation of SOA from oxidation of an- was updated (off-line) in the CTM every three hours. The

thropogenic VOC (8%).Kanakidou et al(2000 evaluated chemical time step in the t_roposphe_re Is 15 min, n the free

: : . . troposphere the transport time step is one hour, in the bound-
the anthropogenic effect on the concentrations of oxidants |nar laver it is 15 min. In the confiquration used in this stud
the troposphere, and found that increases in tropospheric 0x; ylayerit! n. \guration u N tis study,

idants have lead to a factor of three to four increase in SOAshzggsdeall"'r;?\ljv?]?cshlazrze ?riisan:rtggnql%resigemifre Zgﬁgnrfgl
production via @ oxidation of biogenic precursor gases, be- Ecounts for the most im ortF;nt erts of the ozo)r/1 NO
tween pre-industrial times and the present. They also foun(fI b P G

: . . ydrocarbon chemistry cycle. For the chemistry calculations,
g‘g;%nro'gﬁ:;%ie in anthropogenic POA has lead to greatetthe QSSA chemistry solveHgsstvedt et al1978 is used.

: _ o Emissions of CO (1121.8Tg(CO)W), NOy

In previous modelling studies it has been. suggested thaf44_3 Tg(N)yrl) and non-methane hydrocarbons are
SOA formation as a result of hydrocarbon oxidation bydNO  aen from the Precursors of Ozone and their Effects in the
is very minor in comparison te that by ozone enq the hy'Troposphere (POET) inventorg(anier et al.2005.
droxyl radical Chung and Seinfeld2002 Tsigaridis and More detailed descriptions of the model, as well as vali-
Kanakidoy 2003, however the results of several measure- yation against measurements can be founBémtsen and
ment campaigns show oxidation of VOC by the nitrate radi- Isaksen(1997); Brunner et al(2003; Berglen et al(2004);

cal may be significantrown et al, 2005 Vrekoussis etal.  |gaksen et al(2009; Schulz et al (2006 andMyhre et al.
2004 Geyer et al.2003 Allan et al, 2002 Penkett et aJ. (2007.

1993. Chamber experiments also show that the oxidation of
several monoterpene species by{\Nfan lead to SOA forma-
tion (Griffin et al,, 1999h Bonn and Moorgat2002 Spittler

et al, 2009.
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Table 1. The class to which the different precursors are assigned,Table 2. Global, annual emissions of organic compounds used in

and the fraction of the biogenic emissions they account for. the Oslo CTM2 for this study. For the conversion of the units of
biofuel and fossil fuel POA from mass of carbon to mass of organic
Monoterpenes Contribution (%) matter, emissions were multiplied by a factor of 1.6.
and class LOther Reactive Volatile Organic Compounds (ORVOC).
a-Pinene 35 I
B-Pinene 23 [ Species Emission Reference
Limonene 23 Il
Myrcene 5 Y, Toluene 7.1Tgyr! Schultz et al. (2008)
Sabinene 5 | M-xylene 55Tgyr! Schultz et al. (2008)
A3-Carene 4 | Trimethylbenzene 1.1Tgyt Schultz et al. (2003)

. Other aromatics 3.4Tgyt Schultz et al. (2008)
OCImene 2 v Monoterpenes 127 Tg(C)yt1 Guenther et al(1995
Terpinolene 2 i ORvOCH 259Tg(C)yr! Guenther et a1995
a— &y—Terpinene 1 I Isoprene 220 Tgyr! Granier et al(2005,
ORVOC IPCC(200)

Terpinoid Alcohols 9 v POA (bio/fossil fuel) 8.8Tg(C)yr!  Bond et al (2004
Sesquiterpenes 5 V POA (biomass burning) 21.5Tgyt van der Werf et al(2006

Terpenoid Ketones 4 |

1 schultz, M. G., Pulles, T., Brand, R., van het Bolscher, M., and
Dalsgren, S. B.: A global data set of anthropogenic CO, NOx, and
NMVOC emissions for 1960-2000, in preparation, 2005.

2.2 Biogenic VOC emissions
many species do in fact exhibit a strong dependence on light,

Emissions of monoterpenes and Other Reactive Volatile Orwith negligible emissions taking place during the hours of
ganic Compounds (ORVOC) are listed in Talleand are  darknessKesselmeier and Staydt999 Kuhn et al, 2002
from the Global Emissions Inventory Activity (GEIA) data Otter et al, 2003 Greenberg et 312003 S.Moukhtar et a.
base. They are representative of 1980énther et aJ1995. 2005 Dindorf et al, 2009. Further, it has been shown during
The uncertainties associated with these emissions are esttudies in the AmazorkKuhn et al, 2002, in southern Africa
mated as being between a factor of@ugnther et al.1995 (Greenberg et al2003 and in EuropeRindorf et al, 2006,
and a factor of 5 Kanakidou et al.2005. The emitted that the emissions of monoterpenes from many species may
species are assigned to 12 tracers using global contributiohe modelled in the same way as isoprene emissions.
factors fromGiriffin et al. (19993 (see Tablel). The use of Here we apply the equation given @uenther et a(1999
a single factor, globally, for the contribution of a particular to represent the temperature dependence of isoprene emis-
species to the regional monoterpene or ORVOC emissions isions, to scale both isoprene and monoterpene emissions,
justifiable as the contribution factors do not vary greatly with Eq. (1). Although this will not be correct for all species of
location Kanakidou et a].20095. plants, we believe that the majority of global emissions will

The 12 tracers are Subsequenﬂy grouped into 5 C|asse§’e aCCUrately representEd in this way, and this represents a
combining species which form oxidation products with sim- first step towards a better temporal integration of biogenic
ilar aerosol forming propertie€hung and Seinfe|®002). VOC emissions from inventories in the Oslo CTM2.

Emissions of isoprene are from the POET inventory exp[c”(T—Ts)]
(Granier et al. 2005, however they are scaled down to ¢, RT,T
220Tgyr! (IPCC 2001). This is rather low compared 1+exp[M]
to the range of likely global isoprene emissions (250-
750 Tgyr1) given in Kanakidou et al(2005, as well as  The temperature dependence of the emissions is given
other recent estimatekdthiére et al.200§ Guentheretal. by Cr, and R is the gas constant (8.314 3Jkmol™1).
2006, therefore the SOA contribution from the oxidation The remaining variables are empirical coefficients
products of isoprene may be underestimated slightly. In theC71=95000J mot?, Cr2=230000J mot! and
model, the total monthly emissions of monoterpenes and iso7,,=314 K) (Guenther et al.1995. In order to limit
prene are distributed throughout the month, with emissions athe monoterpene and isoprene emissions to the day time, the
a particular location and time depending on temperature andolar elevation angle was calculated accordingdtitslag
light. The emissions of monoterpenes have been modellednd Ulden(1983 for all model grid points at the Earth’s
previously by an equation which does not take into accountsurface, with a time resolution of one hour, and emissions
a light dependenceézuenther et al.1995. Recently, a num- were switched off when the sun was below the horizon.
ber of studies have shown that monoterpene emissions froriivhen the sun was above the horizon, emissions were scaled

1)
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Table 3. Reaction rates, taken fro@hung and Seinfeld2002. Table 4. Reaction rates used for aromatiéstKinson 1994 and
The temperature dependence of the rate constants is given bigoprene Atkinson 1990. The temperature dependence of the re-
KTo) _ ey — £ L_TL 1, whereT; and T, are temperatures in  action rates is given by=A x exp(B/T), whereT is the tempera-

1

}]z(TlE) is the activation energy andl is the gas constant. The value ture in K. Isoprene reaction with OH was considered to be the ma-

of E/R for a-pinene oxidation is used for all classes, i.e. 732K, Jor pathway leading to SOA formatiokignze and Seinfe|@006,

—400 K, —490K for reaction with @, OH and NG, respectively. and in this model, reaction prodL_Jcts fro_m reaction with@d NOg
do not contribute to SOA. Reactions without a temperature depen-

dence are indicated by N/A. The reaction rates for m-xylene are

Hydrocarbon ko, x10M®  kopx10M2  kyo,x 1012 the average of those for tla¥tho-, meta-and para- isomers. For

Class | 56 84 7 reaction with O3, this & (2.4x10~13exp(—5586/T)+5.37 x

Class II 200 171 12 1013 exp(—6039/ 7)+1.91 x 10~ 13 exp(—5586/T))/3.

Class Il 7700 255 89

Class IV 423 199 15 O3 OH

Class V 11,650 245 27 A B A B
Toluene  2.3410°12 _6694 59610712 N/A
M-Xylene a a 1.72x1071  N/A
Isoprene - - 25410711 410.0

using Eg. ). During the day time, the emissions were

dependent on temperature, and for simplicity, we did not

include a light dependence. This is justifiable, considering )

the model grid resolution and the 1h time steps used for2-4 Representation of POA

emissions, as well as the overall uncertainty in the emission%OA can serve as a surface for the condensation of SOA

and their distribution. During the polar night, no emission . .
" CISHIBbUM urnng P '9 158! S(Kanak|dou et al.2005 and the mass of SOA in the model

scaling was carried out, so that any (very small) emission
; ; : : : herefore depends partly upon the mass of POA. The treat-
in these areas contained in the data files would be included ) L .

ent of POA in the Oslo CTM2 is similar to that described

The total monthly isoprene or monoterpene emissions at o ;
particular grid point are unchanged by this temperature an y quke et aI.(1999. Emissions Of. OC from fossil fuel
and biofuel combustion are from the inventoryBiuind et al.

light scaling. (2009 and are representative of 1996. Total fossil fuel and
biofuel combustion OC emissions are about 8.8 Tg(C¥yr
2.3 Anthropogenic VOC emissions with approximately a factor of two uncertaintBgnd et al,
2009. A scaling factor of 1.6 was used to convert from units
of mass of OC, for fossil fuel and biofuel combustion, to

Emissions of toluene, m-xylene, trimethylbenzene, as We”units of mass of organic matter (OMJirpin and Lim 2001

as t_he_lumped spet_:ies other aromatic species”, are from th@ttri et al,, 2007). Emissions of OC from biomass burning
emissions inventories produced in the RETRO (REanaIyS|521.5_|_g y’rl in total) are taken from the Global Fire Emis-

of the TROpospheric chemical composition over the past 40" .
. sions Database version 2 (GFEDv2), for 2004 der Werf
years) project (Schultz et al., 20)5for the year 2000. The et al, 2009. POA is transported in four variables, accord-

total global emissions from these species are listed in Table . . . . .
. . ing to source (biomass or fossil fuel burning) and solubil-

The seasonal dependence of the sources is taken into accoup : : . .
ity. The hydrophobic part is assumed to be insoluble, while

in the RETRO inventory. In the Oslo CTM2, emissions of the hydrophilic part is completely soluble, and subject to wet
trimethylbenzene are added to the m-xylene tracer, as thesg ydrop P P y ' )

species have similar aerosol forming properti@d§m et al, L%?:ggigz g?%vfﬁgvi;\;iecngcar:g Ik? rdgreosri?nls (r;:lg ’ aF(c:)(r)rTe
1997. Emissions of “other aromatic species” are added to yarop yarop .

the toluene tracer. This latter lumping is necessary to reducé’ers’ion rate of 21% dayl is used Waria et al, 2004. It
) hing Y inhould be noted that while POA is treated as non-volatile in

the number of species which the model needs to transpor, is studv. verv recent research has indicated that this ma
and react. Considering the lack of species-specific data foF 'S study, vety indi ! y

emissions, oxidation and partitioning, as well as the low to—nOt be strictly true. As emissions are diluted away from

tal mass represented by the “other aromatic species” cat et_helrsources, species with relatively high effective saturation

; A , concentrations may evaporate, in addition, organic species
gory, this lumping is justifiable, and will not greatly affect 7 ) ) :
the results may undergo oxidation reactions leading to more volatile

POA species$hrivastava et 312006 Donahue et a].2006
Robinson et a).2007).

1schultz, M. G., Pulles, T., Brand, R., van het Bolscher, M., and
Dalsgren, S. B.: A global data set of anthropogenic CO, NOx, and
NMVOC emissions for 1960-2000, in preparation, 2005.
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Table 5. Mass based stoichiometric coefficients for the products Table 6. Gas to aerosol phase partitioning coefficients at 298 K,

formed by oxidation of the precursor hydrocarbons. except isoprene which is given for 295 K.

Hydrocarbon OH + @oxidation NO3 oxidation Hydrocarbon OH + @oxidation NOg oxidation
@11 @;,1,2 @21 Ki1n1  Kiip2 Ki21

Class f 0.067 0.354 1.0 class f 0.184 0.0043 0.0163
Class IR 0.239 0.363 1.0 class IP 0.055 0.0053 0.0163
Class IIP 0.069 0.201 1.0 class lIP 0.133 0.0035 0.0163
Class VA 0.067 0.135 1.0 class NV 0.224 0.0082 0.0163
Class \# 1.0 - 1.0 class \A 0.0459 - 0.0163
Toluen& 0.071  0.138 - Toluen& 0.053  0.0019 -
M-Xylene®  0.038 0.167 - M-Xylene? 0.042  0.0014 -
Isopren&d  0.232  0.0288 - Isopren&d  0.00862  1.62 -

@ FromChung and Seinfel(2002). 8 FromChung and Seinfel(2002.

b From Tsigaridis and Kanakido(2003. b From Tsigaridis and Kanakido(2003.

¢ FromHenze and Seinfel(R006. ¢ FromHenze and Seinfel(R006.

d The only oxidant considered for isoprene is OH. d The only oxidant considered for isoprene is OH.

partitioning coefficients is given by:

Ki jx(T) T AH;jr (1 1
LT = —exp ——= 2
Kiji(T) T, R T T
Precursor hydrocarbons are transported in the model, and un- . .
d L . . S whereT, is a reference temperaturg,is the temperature of
ergo gas phase oxidation via reaction with eithgr@H or

NOs. The rate constants for the oxidation of monoterpenes'mereSt’R Is the gas constant ankif; ; « is the enthalpy of

and ORVOC are shown in Tab8 oxidation rates for the m- V%’Xr&iztr"cz)gal: dtgziﬁ;ggbgg gﬁﬁﬁ_;z dk;gilr(:‘rel (;%r()%”
xylene and toluene tracers as well as isoprene are shown iﬁ 9 '

Table4. The use of the samg/ R values for the calculation The concentration of each of the oxidation products in the

of reaction rates in all classes may introduce some uncerJas phase is given by:

tainty, as the temperature dependence of the reaction rates [Alijk
will vary for different species, however this approach sim- [Gli.j.x = Ko oM, ®)
plifies the chemistry scheme in the model and allows us to bR
compare our results better with thoseGifung and Seinfeld =~ where[G];  « is the gas phase product concentratlot; ; «
(2002. is the condensed phase product concentrationdn the

. total mass of organic aerosol (i.e. the sum of POA and SOA).
A two product model (sekloffmann et al. 1997) is used Using Eq. @), M, is calculated iteratively:
. ) o ’

to represent the oxidation products of the precursor hydro-
carbons and their aerosol forming properties, whereby the Ki,j,k(T)([A],Q_,"k + [G]?,,',k) [POA]
mass based stoichiometric coefficientg &nd equilibrium A+ K — (M) : YA
gas-particle partitioning coefficient&§j are empirical values  i.j:¢ iJ.k ° ¢
determined from chamber studidddffmann et al. 1997). _ .
The values of the stoichiometric coefficients for produof "0 the initial gas and aerosol phase concentratiphi( ,
the reaction of hydrocarbanand oxidantj, «; ; x are given and[G1?; , respectively). As the precursors are oxidised in
in Table5. The reaction products of oxidation via OH and the chemistry routine, which is called before the partitioning
Os are considered together, and as thesNd®idation rate of is calculated, newly oxidised gas phase products are included
B-pinene is used to represent biOxidation of all class | —  With the existing gas phase compoundgd°. The final
class V hydrocarbons, only one product is necessary in thi@€rosol phase concentration is calculated using:
case Chung and Seinfeld®002 Griffin et al., 19994. 0 0
Ki,j,kMo([A]l',j’k + [G]i,j,k)

1+ K, jxM,)

2.5 Formation of SOA

)

The partitioning between the gas and aerosol phases iEAli.j.x = (5)
calculated assuming equilibrium and using the partitioning
coefficientsk; ; «, listed in Table6. Under the assumption and the final gas phase concentration can be calculated using
that the activity coefficient of each compound is constant, inEg. (3). The partitioning calculation is performed after every

the organic aerosol phase, the temperature dependence of thas phase chemistry integration, in this study every 900 s.

www.atmos-chem-phys.net/7/5675/2007/ Atmos. Chem. Phys., 7, 56982007
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Table 7. The Henry’'s Law coefficients used for: 3 Results

8The biogenic parent hydrocarbons and the biogenic oxidation ) . . )
products (including isoprene)Chung and Seinfel002); In this study, two main model experiments were carried out,

PAIl of the aromatic oxidation products (except product 1 of inthe first (“R1”), SOA was allowed to partition into existing

m-xylene oxidation, which is given separately}sigaridis and  organic aerosol. In the second experimemg(j”), SOA

Kanakidoy 2003. was allowed to condense into ammonium sulphate aerosol as
CFrom (Tsigaridis and Kanakidq2003. well as existing organic aerosol.
Ammonium sulphate aerosol has been used in many smog
Class H (Matrm? at 298 K) chamber experiments as a seed aerd®dufn et al. 1997,
| 0023 Kroll et al., 20(_)?_: Northcross and Jan@007, Kleindie_nst
I 0.072 et al, 1999 Giriffin et al, 1999h. It was found byKlein-
I 0.0672 dienst et al(1999 that even with relatively high concentra-
vV 542 tions of ammonium sulphate aerosol, the partitioning model
Vv 0.04% of Odum et al(1997 described the SOA yield satisfactorily.
Bio. Prod? 1x10° Therefore, it is possible that the dry mass of ammonium sul-
Aromat.Prod? 1x103 phate aerosol can not simply be added to the existing organic
Prod. 1 m-xylen& 1x104 aerosol in order to calculate the SOA partitioning. Never-

theless, doing so provides a useful sensitivity experiment. A
study byEdney et al(2000 suggests that the amount of wa-
ter in the ammonium sulphate aerosol does not affect yields
of SOA formed from toluene oxidation products. In this
study, liquid water in ammonium sulphate aerosols has been
assumed not to affect the partitioning of any semi-volatile
A number of loss processes must be included, both for theyrganic species.

gas and aerosol phase oxidation products, as well as for As a sensitivity test, a third experimenRa,) was run

the precursor hydrocarbons. We assume that 80% of th@uhere the partitioning coefficients were increasedsd @->
aerosol phase oxidation products dissolve into cloud dropletgo that essentially all of the semi-volatile species formed
when clouds are present and for all the gas phase oxidafrom the oxidation of SOA precursors partitioned to the
tion products of SOA precursors, a Henry's Law coefficient aerosol phase. This test then provides the upper limit of the
of H=1x10°Matm! is used Chung and Seinfel2003,  mass of SOA which can be formed in this model, with the

2.6 SOA and Precursor Loss Processes

with a temperature dependence given by B, ( current precursor emissions, and oxidation product yields.
dinH _ AH, © 3.1 Global production and burden of SOA
dT ~ RT?

The total global production of SOA is a very uncertain quan-
tity, as the results of previous modelling studies show. Us-
Wh.ere'AHA/R:—lz K (for aI'I precursor hy‘?'rocart_’ons and ing a similar approach to that used he@&hung and Sein-
oxidation products), and H, is the heat of dissolution. The o4 (2002 estimate a total annual SOA production of about
temperature dependence of the Henry’s Law coefficients forll.ZTg yrL, while Tsigaridis and Kanakido(2003 suggest
the precursor hydrocarbons does not need to be accountggi,, e SOA production from biogenic volatile organic com-
for, and the values used for each class of hydrocarbons arﬁounds (VOC) might range from 2.5 to 44.5 Tgyr with
given in Tabler. an additional contribution from anthropogenic VOC of 0.05
Wet deposition related to large scale as well as convecto 2.62 Tgyr!. A range of about 12 Tgyr* to 70 Tgyr?!
tive systems is represented in the model, and depends on th total SOA formation is given bKanakidou et al(2005),
amount of precipitation crossing grid box boundaries, whichsummarising the results of several different model studies.
is a model input field. In the case of large scale rain, the cloudrhe total tropospheric SOA production for 2004 was calcu-
fraction and amount of mass exchanged advectively is useghted to be 55 Tgyr!, for Ry, which is within the higher end
to put an upper limit on the amount of a tracer which can beof the range of these values. The SOA production for 2004
removed from a grid box. An iterative approach is used toin Rqyf was 69 Tgyr?.
calculate condensed water available for taking up gas phase Setting the partitioning coefficients toxIL0Y in Rmax
species in convective clouds. The wet deposition routines ar@aad to an annual production of 178 Tgyr and a global

described thoroughly iBerglen et al(2004. burden of 2.1 Tg.

A dry deposition velocity of 0.1 cnTs is applied in the The annual mean SOA burden for 2004 R, was calcu-
lowest model layer, for all SOA specietidusse et al. lated as 0.52 Tg, which is again significantly larger than the
1996. 0.19 Tg calculated bZhung and Seinfel2002, but closer
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Table 8. The annual production and burden for the different model runs.

Run Production Burden Description

(Talyr) Tg
Rq 55 0.52 condensation on POA
Rsulf 69 0.7 condensation on POA and ammonium sulphate
Rmax 178 2.1 complete partitioning to aerosol
Rage 65 0.67 1.15 day aging time for hydrophobic POA

to the 0.39Tg calculated bidenze and Seinfeld2006. dou (2003, who found a small change in the production of
Other global estimates of SOA burdens, with SOA schemesSOA (—7%) when a constant aging rate was used, rather than
of varying complexity include 0.36 Td3riffin et al, 19993, a rate dependent ornzg@oncentrations and relative humidity.

1.2-1.6 Tg Kanakidou et a].2000, 1.4 Tg Derwent et al. With regard to transport, the GISS GCM II', which was
2003 and 0.05-0.39 TgTisigaridis and Kanakidqu2003. used byChung and Seinfel¢2002, has a more rapid trans-
The SOA burden foRsyif was 0.70 Tg. port of tracers from the source regions than the Oslo CTM2
The production and the burden for the various model runs(Schulz et al.200§. This can reduce POA over areas with
performed in this study are summarised in Table high levels of SOA precursors, reduce the concentrations of

One of the reasons th&y results in a larger value for to- oxidation products and thus affect partitioning, or it could
tal SOA production than that @@hung and Seinfel@002), result in a faster transport of SOA into model levels with
despite a similar treatment of SOA formation, is the inclu- clouds, where wet removal is efficient. In addition, differ-
sion of isoprene and anthropogenically emitted aromaticsences in cloud water fluxes and precipitation cause different
as SOA precursors. This leads to an additional formationremoval rates for a species in two different models, even if
of 15 Tgyr ! of SOA from the isoprene oxidation products the solubility of the species is the same in both models.
(which accounts for about 28% of the annual average global The contribution of each of the modelled SOA species to
burden). The contribution from aromatics is 2.5 Tgyr the total global SOA production is shown in TaBleThe ox-
The additional aerosol mass also leads to an enhancemeittation products of the class | hydrocarbons make the largest
of the SOA formation from other hydrocarbons. SOA forma- contribution of any species to the global SOA production in
tion via isoprene oxidation was added to an existing SOAboth experiments (about 32% in bol and Rsyis), mainly
scheme similar to that o€hung and Seinfeld2002, by due to NQ@Q oxidation. The second largest contribution is
Henze and Seinfel{2006, who found that the global SOA from the oxidation products of isoprene (27% and 25%in
produced directly from the oxidation products of isoprene and Rgys respectively). Allowing the condensation of semi-
was 6.2 Tgyr?, or about 71% of the production due to other volatile species into ammonium sulphate aerosols not only
VOC in their model. They also noted that the extra aerosolincreased the total SOA production, but it increased the im-
enhanced the production of SOA from other VOC in their portance of anthropogenic SOA precursors from about 4.5%
model by 17%. However, isoprene emissions of aroundin Rj to 9.4% inRsys. The greater enhancement of anthro-
500 Tgyr ! are used in the model dfienze and Seinfeld pogenic SOA over natural SOA is a result of the co-location
(2006 (compared with the 220 Tgyt used here), so this of the ammonium sulphate aerosol source and the sources of
can not be the sole explanation for the greater SOA producthe anthropogenic SOA precursors. This effect is particularly
tion calculated in the present study. evident in the eastern USA, Europe and South East Asia.

Other factors which may contribute to the higher SOAbur- A similar study was carried out byTsigaridis and
den in our model, as compared to thatGfung and Seinfeld Kanakidou (2003, where the effect of SOA adsorption
(2002 include the transport of aerosol components by theinto sulphuric and ammonium aerosols was investigated.
model and the concentrations (and transport) of oxidargs (O They found that the total SOA production increased from
OH, NO3) used. Also, an exponential decay lifetime of 1.15 7.2 Tgyr ! to 13.3 Tgyr?, an increase of around 85%, if
days was used bghung and Seinfel(2002 to convert hy-  reversible uptake is assumed, as it is here. This is substan-
drophobic POA into hydrophilic POA, which is shorter than tially larger than the 25% increase betwegenrand Ry ;. Ad-
the 21%day? used here, however, the sensitivity of SOA sorption into sulphuric and ammonium aerosols caused the
burden to the aging rate of the POA was tested by using thdraction of the total production due to anthropogenic SOA
same 1.15 day aging time in our model, and performing aprecursors to increase from about 3.8% to 5.3%idaridis
run which was otherwise identical ®syi (run Rage, and and Kanakidou2003.
the change in SOA burden was found to be small (the annual The surface concentration and total column amount of
mean burden reduced to 0.67 Tg). The effect of the rate oSOA for both model runs are shown in Fify.as an annual
POA aging was also investigated bgigaridis and Kanaki- mean. The regions with the highest SOA concentrations are
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Fig. 1. Annual mean plots of SOA at the surface from rutsand biomass burning source. Values are also high at northern

Reyit (panels(A) and(B) respectively). PandC): The increase in ~ Mid latitudes, due to fossil fuel combustion. The distribu-
annual mean SOA concentration at the surfac®4gs (i.e. Rsyi— tion of the SOA shows similar patterns, as emissions of pre-

R7). Pane(D): Annual mean primary organic aerosol at the surface. CUrsors are also high in the tropics, and concentrations of
PanelgE—H): as for (A-D), except values are for an integrated col- POA mass available for condensation are also high. Concen-
umn. trations of SOA and POA generally decrease with increas-
ing altitude, due to wet deposition. However, a secondary
maximum for SOA is found in the upper troposphere, as de-
those where emissions of precursors are highest, for examereasing temperatures force more of the semi-volatile oxida-
ple South America, and Africa. The supply of oxidants andtion products into the aerosol phase. This effect is also illus-
POA has an impact on the SOA concentrations, which ararated by panel C of Fig2, which shows how the SOA pro-
also high in relatively polluted regions such as the east coagportion of total OA increases with increasing altitude. The
of North America, parts of Asia, and Europe, where the con-secondary SOA maximum in the upper troposphere has also
centration of POA is highest (Panels D and H). Including thepeen found in other model studies, for exam@kung and
condensation of SOA to ammonium sulphate aerosol generSeinfeld(2002); Tsigaridis and Kanakido(2003. Figure2
ally increases the SOA burden over industrialised areas, egs comparable with Figs. 7-9 @hung and Seinfel2002).
pecially South East Asia and the east coast of North Amer-The POA shown in Fig. 7 o€hung and Seinfel@002) is
ica, although a smaller increase is also visible over southergreater than that in the present study, at all altitudes, due to
Europe (Panels C and G). Rsuir, SOA makes up the ma- the much larger fossil and bio-fuel OA emissions in the data
jority of the organic aerosol at the surface, on the east coasget ofLiousse et al(1996 (approximately 80 Tg, compared
of North America, however this is not the case in other in-to the 35 Tg used here). Near the surface, global, annual
dustrialised areas. For the column values, SOA is found tanean, area weighted SOA concentrationsRinare higher
be the dominant contributor to total organic aerosol over parthan inChung and Seinfel(2002 (87.4 ng nT3 compared to
of Europe, as well as a significant part of North America. 77.53 ngnt3 at 959 hPa), which can be explained by the ad-
The major fraction of organic aerosol over Asia, however, ditional precursors used in this study, as well as an increased

remains POA. oxidation by NQ@, which leads to a higher yield of conden-
sible products. Although concentrations of SOARn are
3.2 \Vertical distribution of OA higher than inChung and Seinfel@2002 at low latitudes,

they drop off faster towards the poles, especially in the North-
The annual, zonal mean concentration of SOA and POAern Hemisphere. Higher in the troposphere, the difference in
from run Ry are shown in Fig2, for altitudes between the the SOA loading increases, for example, at 201 hPa, we find
surface and 40 hPa. Concentrations of POA are highest benean SOA concentrations of 38.5 ng#n compared to the
low about 700 hPa in the tropics, consistent with a major19.5 ng nt3 given byChung and Seinfel002. This may
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be due to a more rapid transport of conde_nsible species tG?able 9. The lifetimes and contribution to total SOA production of
the upper troposphere, as the Oslo CTM2 is known to havepe modelled SOA species. Subscript indexes correspond idsthe

a relatively strong convective transport, or also partly due toand j's andk’s in Table5. The first set of numbers are fromy,
differences in upper tropospheric temperature between th@hereas those in brackets are fray.

models.
Precursor oxidant species lifetime Contribution
3.3 SOA lifetimes and the contribution of different species or class (hours) to production (%)
to SOA production Product 1
- I OH/O3  SOA 95.4 (101.2 6.2(6.0
The annual average lifetime of SOA was calculated tobe 3.2 OH/og SOAE 88.0((95.7)) 5.5((5.4))
days inR1, increasing to 3.7 days iRgyj;. Both these values 1 OH/O3 SOAg;; 92.6(97.3) 0.29(0.3)
are significantly shorter than the 6.2 days givenGiyung \Y OH/O3 SOA411  90.0 (94.2) 2.5(2.3)
and Seinfeld2002. As the major loss process for SOA in  V OH/O3  SOAs1y  82.3(87.5) 11.5(10.7)
both studies was calculated to be wet deposition (here it was f;g;ee”e g,:i Ssggﬂ gg‘g Eg?g; 107586((107'36;)
found to be, on average, 95% of the total loss for 2004) and touene  oHIG SOAeﬁ 72.4 (90.8) 1.3(1.5)
the same scavenging efficiency was used for SOA, the dif-
. . . . Product 2
ference probably lies in the calculation of convection and
precipitation in the models. The annual mean lifetimes of ! OH/O3 SOA11p  74.2(81.1) 8.8(8.7)
different species range between about 2.7 and 4.6 days (Ta- ::I 83//83 282212 ;‘3‘3 Egé‘% ggggg;
ble 9), with one of the oxidation products of isoprene having OH,OE SOA?&; 74.7 (81.9) 1.7(1.6)
the longest lifetime in both model runs. Isoprene  OH SO4» 109.7(112.0) 8.9(7.7)
As allowing SOA to partition to ammonium sulphate  Xylene  OH SOA1,  68.3(69.5) 1.2(1.1)
aerosols changes the distribution of the SOA burden, the in-_Toluene  OHI@  SOAg1>  67.7 (72.2) 1.7(6.5)
crease in SOA lifetime betweeR;1 and Rgy; may be ex- Product 1
p.Iained'b)./ an increase in the SOA burder.l'in mid latitude NOz  SOA; 727 (88.1) 16.7(17.1)
(industrialised) areas where the wet deposition is not as ac- | NO3 SOApy;  72.3(88.4) 3.3(3.2)
tive as in the tropics. 1 NO3 SOAzp;  73.2(89.5) 0.3(0.3)
Y NO3 SOA421  72.4(86.5) 7.3(5.7)
% NO3 SOAsp1  73.4(87.7) 0.7(0.4)

3.4 Comparison with measurements

In order to compare the mass of organic aerosol (OA) that the
model predicts with measurements from a number of sites,
mean burdens of organic aerosol have been calculated, froffiose for Mammoth Cave NP and Chassahowitzka NWR are
both model and measurement data. These values are showyithin a standard deviation of the mean measured value (al-
in Table10. Total OA mass concentration, as well as the con-though this is partly due to the large variability in the mea-
surements, for example at Denali NP). Values frBgs are

ditionally the total OA concentration when all semi-volatile generally closer to the measured values, yet there is still a sig-
nificant underestimation of the measurements. In the model

Allthe sites except Ispra and Nanjing are rural or backgroundun where SOA partitioned entirely to the aerosol phase,
sites, and the latter two sites are included here as they are Ignost of the modelled values are close to the observed values,

cated in large industrialised agglomerations, where the modand in several cases, the modelled values are significantly

centration of SOA alone are shown for ruRsand Rgf, ad-

species are partitioned to the aerosol phase is sh@wga.

elled aerosol levels should be elevated.
The measurement data in the first section of Talle

ments. The modelled total organic aerosol values fim

higher than those observed.

The effect of irreversible condensation of SOA was con-
comes from the Interagency Monitoring of Protected Visual sidered byTsigaridis and Kanakido(@003, who found it
Environments (IMPROVE) Aerosol Network data base, andlead to a516% increase in SOA production. However, even if
is a mean of all values available at each selected station fothe condensation of SOA is considered to be irreversible, this
2004. The stations were selected based on their location, twill not lead to a partitioning of the entire semi-volatile mass
provide data points spread over most of North America. Theinto the aerosol phase, as described here (this is demonstrated
modelled values were interpolated to the latitude and longi-by the increase in SOA production reportedTisygaridis and

tude of the station and a mean was calculated over the sanméanakidou(2003 when condensation onto sulphate and am-
days as for the measurements, using data from the moddhonia aerosols, as well as irreversible partitioning is consid-
level with an altitude closest to the altitude of the measure-ered).
For Europe, the model is compared with measurements

are lower than the measured values, for all IMPROVE sta-made during a one year measurement campaign, which took
tions except Brigantine. However, all modelled values exceptplace in 2002-2003 and focused on elemental and organic

www.atmos-chem-phys.net/7/5675/2007/ Atmos. Chem. Phys., 7, 56982007



5684 C. R. Hoyle et al.: Secondary organic aerosol in the Oslo CTM2

Table 10. A comparison between measured and modelled organic matter (OM), for the three model expe®neRtgys and Rmax-

Also shown is the SOA component of the OM for these runs. With the exception of Ispra and Nanjing, these are rural or background sites.
The latter two sites are located in large agglomerations spanning several model grid boxes. The IMPROVE measurements (first section of
table) are from 2004, the years of the other measurements are given below. The modelled data corresponds to the year 2004, and for thos
measurements which do not cover the whole year, modelled averages have been calculated for the same time periods as the measurement:
1 EMEP measurements are annual means for one year from July 2002.

2 puxbaum et al(2000, May 1997

3 Han et al(2005, November 2001-August 2003

4 Takami et al(1995, March—April 2003

5 Yang et al(2009, November 2001

6 Viirkkula et al.(2006, January 2000

Station lat lon alt meas. OM OMR}) SOA (R1) OM (Rgyi) SOA (Rsyif) OM (Rmax)
(degN)  (deg) (m)  ggm=3)  (ugm3)  (ugm3)  (ugm=3)  (ugm3)  (ugm3)

Brigantine NWR 39.47 —74.45 5 2.1%1.34 3.18:2.29 0.981.42 3.7@¢2.77 1.511.98 7.1:6.60
Chassahowitzka NWR 28.75 —82.55 4 2.65:-1.49 1.1#0.77 0.48:0.60 1.76:1.34 1.12:1.22 7.24:5.31
Denali NP 63.72 —148.97 658 5.2517.34 1.06:2.35 0.120.25 1.06:2.33 0.110.22 1.28:2.54
Hawaii Volcanoes NP 19.43 —-155.26 1258 0.280.22 0.06:0.04 0.06:0.01 0.08:0.07 0.03:0.05 0.24:0.32
Mammoth Cave NP 37.13 -86.15 235 2.561.20 1.05:0.76 0.53#0.63 2.09:1.83 1.551.74 7.14:7.09
Mount Rainier NP 46.76 —122.12 439 1.791.57 0.54:0.49 0.1#0.17 0.590.52 0.16:0.23 1.842.24
Virgin Islands NP 18.34 —-64.80 51 0.28-0.25 0.1#0.07 0.02-0.02 0.120.11  0.08-0.07 0.8@:0.61
Weminuche Wilderness  37.66 —107.80 2750 0.8080.69 0.13:0.09 0.04:0.05 0.22-0.21  0.14:0.18 0.72:0.81
Yellowstone NP 2 4457 —110.40 2425 0.980.88 0.230.38 0.0&0.15 0.26:0.42 0.12-0.20 0.82:1.09
Yosemite NP 37.71 -119.71 1603 2.916.73 0.24:0.19 0.05:0.07 0.2%0.22 0.09:0.08 1.13#1.30
KoSetice 49.35 15.05 534 6.4B.65 0.71+0.29 0.1%#0.11 0.9A0.50 0.3A0.37 1.91%1.59
Virolahti 60.31 27.41 4 3.543.16! 1.60+£1.60 0.29-0.40 1.8A1.71  0.56:0.78 3.493.57
Langenbiigge 52.48 10.45 74 7.35.80' 0.79-0.45 0.13:0.15 1.0%0.62 0.36-0.38 2.06:1.93
Kollumerwaard 53.20 6.17 1 4.408.25 1.03:0.49 0.13:0.18 1.21#0.67 0.32-0.40 1.95:1.78
Mace Head 53.20 -9.54 340 1.681.81 0.13+0.10 0.02-0.02 0.26:0.15 0.08-0.08 0.35:0.34
Ispra 45.48 8.38 209 12.480.8¢ 0.63:0.24 0.1@:0.10 0.86:0.41  0.33-0.31 1.86:1.65
Birkenes 58.23 8.15 190 2.62.62 0.35+0.32 0.06:0.11 0.49:0.48 0.2@:0.29 1.04:1.53
Braganca 41.49 —6.46 691 7.388.39 0.39:0.29 0.06:0.05 0.52-0.35 0.19:0.14 1.18:0.82
Aspvreten 58.48 17.23 20 339724 0.71+0.47 0.12£0.16 0.840.62 0.28:-0.36 1.83:1.89
Sta@a Lesra 49.09 20.17 808 6.421.34 0.80+0.35 0.14-0.15 1.12:0.65 0.46:-0.48 1.95:1.70
Nylsvley NR,

South Afric& 24.39 28.24 1000 22.56 0.20.04 0.040.00 0.2#0.06 0.0A0.03 0.82:0.12
Gosan, Kored 33.17 126.1 3.442.96 1.18:0.65 0.12-0.18 1.46:0.90 0.43:0.56 2.45:-1.95
Fukue Island, Jap4n 32.8 128.7 27 5.03 1.3%0.79 0.06:0.06 1.45-0.87 0.16:0.16 1.86:1.17
Nanjing, Chin& 32.04 118.49 267 22.79 3.30.65 0.140.10 3.43:1.77 0.25:0.25 3.7%&2.00
Aboa, Antarctic8 73.03 —13.05 470 0.120.07 0.05:0.05 0.06:0.00 0.05:0.05 0.6£0.0 0.05:0.05

carbon, as part of the European Monitoring and Evaluationis too coarse to resolve this area of high emissions, or that
Programme (EMEPXttri et al., 2007). The modelled data this region is in reality poorly ventilated, and that this is not
was averaged over the whole year and interpolated to the loeaptured in the synoptic winds driving the model.

cation of the measurement station. Again, values fi®m In the third section of Tabl&0, the modelled data is com-
significantly underestimate the measured values, by aroun@ared with measurements from stations in countries other
80%-95% in most cases. Some improvement is seen whethan Europe and the USA. Where these measurements were
the SOA is allowed to partition to the ammonium sulphate made for less than a whole year, the modelled data is an av-
aerosol, however, the modelled values remain low. In con-erage of the corresponding time period. TRevalues are
trast to what was seen in the comparison with the IMPROVEfar lower than those measured, and againRkeg values are
stations, the results of model rutmax are still significantly  generally higher than those iR; (except at Aboa). Also
lower than most of the corresponding observations. Thefor these stations, partitioning all semi-volatile species to the
modelled OA at the Ispra site is only the sixth highest valueaerosol phase does not produce enough OA to match the ob-
for the set of European stations, whereas itis clearly the highserved values. It is interesting to note the increase in mod-
est among the measured data, which suggests the model griglled SOA between the background stations of Gosan and
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Fig. 3. Comparison of individual days of measurements from the 1 2 3 4 5 6 7

IMPROVE sites in Tablel0, with model data from the same days.
The black symbols show data froRy, Rgyf is shown in red, and
the purple symbols denote data fratmax. The centre dashed line
shows a ratio of 1:1, points within the upper and lower dashed lines
are within a factor of two of the measured values. Fig. 4. Comparison of measurements from the EMEP sites in Table
10, with model data. The black symbols show data frRm Rgys
is shown in red, and the purple symbols denote data fRyax.

Fukue, and the Nanjing station is less than a factor of twoAnnual mean data is represented by a plus sign, winter mean (1
This indicates that despite the fact that the measurement st&2¢tober—1 April) data by an asterisk, and summer mean (1 April to
tion is located in a region of elevated emissions larger than a OStoPer) by a diamond. Note that the x- and y-axis scales differ.
model grid box, suburban SOA levels remain higher than the
model can predict.

The fraction of OA which consists of SOA is rather vari- _ Although there are a few stations in Talile where the
able and ranges from 0%, at Aboa, to 74% at MammothSOA values inRmax are significantly higher than the ob-
Cave, in runRsy. At most of the stations, SOA makes up Served values, for most locations, even with all semi-volatile
around 30% to 40% of the total modelled OA. Because ofordanic species partitioned to the aerosol phase (itself an un-
the greater existing aerosol massRigur, a higher fraction of ~ realistic scenario), the model underestimates the observed
OA consists of SOA than is the caseRn, where SOA frac-  levels of OA. This indicates that the cause of the underes-
tions range between about 10% and 30% at most stations. timation does not lie with the partitioning of SOA between

In the last two sections of Table0, some of the under- 935 and aerosol phase, rather that emissions of precursors or
estimation of the measured OC mass may be explained by OA May be too low (including the possibility of SOA pre-
the measurements being from a different year than the mogcursors which are yet to be identified), or that loss processes
elled values. As there are few reported OC measurement¥! the model may be too fast.
for 2004, in most regions it was necessary to use available The individual days of measurements which make up the
measurements from other years to compare with the modmeans shown in TablEO are plotted against modelled values
elled data. Thus an additional uncertainty is introduced infor the same days in Fi@. Although the data iR, gener-
the modelled values, firstly as meteorological conditions mayally underestimates the measured values, there are also many
vary between the measurement and modelled periods, bringlays when the model matches or overestimates the measured
ing different levels of OC from source regionsl and secondlyva|ues. The inclusion of condensation on sulphate aerosols
as the biomass burning activity varies between years. makes little difference to the low bias in the modelled values,

Model resolution may also explain a part of the generaland the values fronkmax give the best agreement, although
underestimation of the measured OC values. As the modelhey tend to slightly overestimate the measured values.
grid boxes cover relatively large areas, it is not possible for Data from the EMEP stations listed in Taldé and Ta-
the model to reproduce high OC values associated with eible 12 are shown in Fig4. Again, including condensa-
ther localised emissions, plumes, or topographical featuresion on sulphate aerosol leads to a slight improvement in
in which aerosol tends to collect, such as large bowls andhe match between modelled and measured data, however
valleys. as discussed above, evenRpax the model underestimates

Model OA (ug/m3)

www.atmos-chem-phys.net/7/5675/2007/ Atmos. Chem. Phys., 7, 56982007



5686 C. R. Hoyle et al.: Secondary organic aerosol in the Oslo CTM2

Table 11. Similar to Tablel0, except for winter. IMPROVE winter values, and modelled values are for January, February and December
2004. EMEP winter means are for 1 October 2002—1 April 20Q&i(et al., 2007). Modelled values compared with the EMEP values are
means for data from 1 January—1 April 2004 and 1 October—1 December 2004.

Station lat lon alt meas. OM OMR7) SOA(R;) OM (Rgyf) SOA (Rsyif) OM (Rmax)
(degN)  (degE) (M)  Agm3)  (ugm3)  (ugm 3  (ugm 3 (ugm3)  (ugmd)
Brigantine NWR 39.47 —-74.45 5 2.161.03 1.480.57 0.0&#0.07 1.53:0.59 0.12:0.11 1.83#0.85
Chassahowitzka NWR 28.75 —82.55 4 3.0&2.17 0.66£0.28 0.1#0.09 0.84:0.35 0.3@0.17 247111
Denali NP 63.72 —148.97 658 0.240.16  0.02:0.01 0.06:0.00 0.02:0.01  0.06:0.00  0.04:0.03
Hawaii Volcanoes NP 19.43 —155.26 1258 0.220.19 0.04£0.02 0.0@:0.00 0.06:0.02 0.01%0.01 0.14:0.06
Mammoth Cave NP 37.13 -86.15 235 2.020.71  0.46:£0.17 0.0%0.04 0.580.24 0.1Z0.13  0.96:0.51
Mount Rainier NP 46.76 —122.12 439 0.840.91 0.21#0.11 0.0%0.01 0.23:0.11 0.02:£0.01 0.3%0.20
Virgin Islands NP 18.34 —64.80 51 0.230.18  0.06:0.06 0.06£0.00 0.0%40.06 0.02-0.01  0.26:0.15
Weminuche Wilderness  37.66 —107.80 2750 0.580.24 0.050.03 0.0#0.00 0.06:0.04 0.02£0.02 0.1@0.07
Yellowstone NP 2 4457 —110.40 2425 0.440.20 0.04:0.02 0.06:0.00 0.05:0.02  0.0%0.01  0.0&0.05
Yosemite NP 37.71 -119.71 1603  0.4%0.29 0.0&40.06 0.0&£0.01 0.08:0.07 0.0#0.01  0.1A0.13
KoSetice 49.35 15.05 534 6.84.15 0.64:0.29 0.05:0.05 0.73+0.36 0.14+0.15 1.02:0.68
Virolahti 60.31 27.41 4 2.84192  0.85£0.50 0.05:0.03 0.89+0.51 0.09+0.06 1.06t0.52
Langenbiigge 52.48 10.45 74 8.486.83 0.72:t0.53 0.06t0.07 0.78+0.56 0.12+0.12  1.08t0.77
Kollumerwaard 53.20 6.17 1 4.88.49  0.91049 0.05£0.05 0.95+051 0.09+0.09  1.15:0.65
Mace Head 53.20 -9.54 340 196216  0.10£0.12 0.0%0.01 0.12+0.15 0.03+0.04  0.19t0.25
Ispra 45.48 8.38 209 18.36296 0.5740.28 0.04:0.04 0.66+0.32 0.13+0.13 0.98t0.58
Birkenes 58.23 8.15 190 23248  0.210.18 0.080.02 0.24+0.21 0.04+0.05  0.34:0.27
Braganca 4149 —-6.46 691 10.021102 0.24t0.19 0.02:0.02 0.31+0.23 0.09+0.08 0.6A0.51
Aspvreten 58.48 17.23 20 237213 0.48:t0.25 0.04:0.04 0.51+0.27 0.07+0.06 0.72:0.43
Sta@é Lesra 49.09 20.17 808 5.523.00 0.62:t0.30 0.05:0.06 0.71+0.39 0.14+0.17 0.92+0.66

Table 12. Similar to Tablel0O, except for Summer. IMPROVE summer values and modelled values are for June, July and August 2004,
EMEP summer means are for 1 July 2002—1 October 2002 and 1 April 2003-1 July\2h0&t(al., 2007). Modelled values compared
with the EMEP values are means for 1 April 2004—1 October 2004.

Station lat lon alt meas. OM OMR1) SOA(R;) OM(Rgyf) SOA (Rsyif) OM (Riax)
(degN)  (degE) (M)  Agm 3 (ugm 3  (ugm 3 (ugm3)  (ugm=3)  (ugm3)
Brigantine NWR 39.47 -—74.45 5 2.7t161 5.1#2.44 24%1.63 6.5%2.78 3.84:2.05 13.345.14
Chassahowitzka NWR 28.75 —82.55 4 2.55:1.23 1.6#1.00 1.0£0.85 2.9%1.74 2.34:1.60 11.554.56
Denali NP 63.72 —14897 658 17.9830.26 3.9&3.24 0.44:0.31 3.843.20 0.410.27 4.54:3.18
Hawaii Volcanoes NP 19.43 —155.26 1258  0.180.23  0.06:0.04 0.0%0.02 0.1%#0.11 0.06:0.09  0.4@0.52
Mammoth Cave NP 37.13 -86.15 235 325142 1910.82 1.2#0.68 4.281.69 3.641.63 12.834.53
Mount Rainier NP 46.76 —122.12 439 2.551.99 0.85%0.55 0.240.24 0.9&0.61 0.38:0.31 3.96:2.70
Virgin Islands NP 18.34 —64.80 51 0.160.32  0.14:0.04 0.03:0.01 0.25:0.07  0.14:0.04  1.140.36
Weminuche Wilderness  37.66 —107.80 2750 1.311.06 0.22£0.09 0.02:0.07 0.43:0.26 0.3%0.25 1.59%:0.80
Yellowstone NP 2 4457 —110.40 2425 1.881.28 0.4%0.69 0.1%0.27 0.6&0.73  0.3@&0.32  2.08&1.35
Yosemite NP 37.71 -119.71 1603 7.2B11.95 0.4%0.17 0.11#0.08 0.48:0.23 0.18:0.16 2.49%1.28
KoSetice 49.35 15.05 534 5.F2.49 0.78:0.43 0.1A40.15 1.21+0.68 0.61+0.44 2.78:1.76
Virolahti 60.31 27.41 4 4.303.96  2.33t2.34 0.53t059 2.82+2.38 1.03+1.05 5.8A44.19
Langenbiigge 52.48 10.45 74 4.4A.39 0.85:0.57 0.2H-0.22 1.24+0.81 0.59+0.50 2.9H-2.15
Kollumerwaard 53.20 6.17 1 3.9298 1.15:069 0.22:0.25 1.484+0.93 0.54+052  2.75:2.08
Mace Head 53.20 -9.54 340 1#44.34 0.16£0.17 0.03:0.03 0.27+0.25 0.14+0.12 0.510.52
Ispra 45.48 8.38 209 6.22.30 0.69:0.32 0.16:0.13 1.05+0.55 0.53+0.39 2.72t1.64
Birkenes 58.23 8.15 190 3.282.69 0.49045 0.1%#0.16 0.73+0.66 0.35+0.39  1.74:1.93
Braganca 41.49 -6.46 691 48364 0.53:0.34 0.09:0.07 0.73+0.39 0.28+0.16  1.7G:0.88
Aspvreten 58.48 17.23 20 413.10 0.95:0.74 0.26t0.22 1.24+0.89 0.49+0.49  2.93t2.10
Staa Lesra 49.09 20.17 808 7.44%624 0.98:046 0.23:t0.19 1.51+0.79 0.77£057 2.96:1.78
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the measurements. Also included in Higis a comparison o5 F : : : : :
of summer mean data (1 July—1 October 2002 and 1 April T 200 Norway E
2003-1 July 2003 for the measured data, and 1 April-1 Oc- < s 3 = E
tober 2004 for the modelled data), indicated by the diamond C P S E
symbols, and winter mean data (1 October 2002—1 April 2 : e ]
2003 for the measured values, 1 October-31 December and < 5; E—o- ]

1 January-1 April 2004 for the modelled values), indicated 0 ; : : : : -
by the asterisks. There is some indication that the model may 20k Cape Grim |
represent the summer measurements better than winter or an- '
nual mean values, especially for data fr@®mqax.

Tables1l and 12 show data for the same IMPROVE and
EMEP stations as Tabl&0, for winter and summer respec-
tively. The contribution of SOA to the total modelled OA is

Altitude (km)

#%leﬂh

much lower in winter than in summer, due to the lower emis- _ gg i Tenerife ]
sions of precursors. FakR;, SOA makes up less than 10% £ : ]
of the OA mass in winter at all stations. For the IMPROVE o 15F E
stations,R; winter time OA values are mostly around 10— R E E
20% of the measured values. This fraction increases in sum- g 5F — & E
mer, when the modelled values are significantly closer to the okt ‘ ‘ ‘ ‘ ‘ 3
measured values for all the listed IMPROVE stations except -2 0 2 4 6 8 10
Yosemite NP, where there is a huge increase in measured [NO3] (x1E8 molecules/cm3)

values in summer. In summer, the fraction of modelled OA

which is SOA increases at all stations, to between about 30—

60% for most stations, indicating that the reason for the in-Fig. 5. Comparison of mean modelled N@solid line, with range
crease in modelled OA in summer is predominantly due toof one standard deviation shown by horizontal grey bars) and mea-
the increase in SOA. Three of the IMPROVE stations (Chas_surgm_ents at three Ioc_ations (squares, with range of one standard
sahowitzka NWR, Hawaii Volcanoes NP and Virgin Islands deviation shown by horizontal bars, froftlan et al.2003.

NP) show lower measured OA values in summer than in win-

ter, a feature that is not seen in the modelled values, which .
. . L - Is mostly less than the measured increase, bothRfoand
are all higher in summer than in winter. Similar patterns are

seen forRgyir, however the SOA fraction of modelled OA is Rsu. Thg increase in OA mass betvyeen summer and vym?er
higher than forR; in both summer and winter, being around for Rmaxis larger than the measured increase for the majority

10-30% in winter and mostly over 50% in summer. The in- of EMEP and IMPROVE stations.

. . : . This indicates that the underestimation of modelled OA
crease in modelled SOA in summer is greategjir than in may be due to both too low POA values (as these are domi-
R1. In Rgyif, the SOA fraction of OA at Denali NP is higher y

S . nant in winter), and a too small increase in SOA in summer.
in winter than in summer.

For the EMEP stations, the SOA fraction of modelled OA h.c the amount of POA was mpreased, and more SO.A part.|-
. . o tioned to the aerosol phase in summer, the comparison with
is again very low in winter foR; (less than 10%), but about

10-20% for most stations iRsys. Again the fractions in- measured OA values would be improved.
crease in summer, to around 20% 1, and 40-50% for
most stations iRgyr. The modelled values faRgys in sum- 4
mer compare much better with the measured values than in
winter, with modelled values being within one standard de-as mentioned above, in this study, the oxidation of SOA pre-
viation of the measurements for six stations. Although thecyrsors by N@ is found to lead to a large fraction of the
modelled OA values were higher in summer than in winter tota] SOA formation. This is examined in more detail here,
for all EMEP stations, the measured OA values are lowergng the influence of the yield of Nfxidation of SOA pre-

in summer for six of the stations. The increase in modelledersors is discussed. As the best match between modelled
SOA between winter and summer f@igr was higher than  and observed OA was achieved will i, the analysis be-

that seen inky. low will be restricted to this run.
At those stations where the measured summer OA values

were higher than the winter values, the relative increase 4.1 Comparison of modelled N@vith measurements

OA from winter to summer was higher, in nearly all cases, for

modelled values than for the measured values. This lead tdhe modelled night-time N@concentrations can be com-
the better agreement between modelled and measured valupared with measurements from several different locations.
in summer. However, the absolute increase in modelled OAMeasurements made using a zenith sky spectrometer, were

Influence of NO; on SOA formation
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the modelled abundance of these species with measurements.
40 3 3 Model mixing ratios of NO and N®from Oslo CTM2 have
= 30k 3 been compared with measurements from Hohenpeissenberg
& 3 in Germany, byisaksen et a2005, where both the absolute
s 20F E values and the seasonal cycle have been shown to be well
e 10%_ 3 reproduced by the model. Tropospheric Nfdiom a range
3 of models is compared with measured values, retrieved from
OF e o T 3 GOME data, byvan Noije et al(2006. The Oslo CTM2 is
1 2 3 4 5 6 7 8 9 101112 shown to have one of the higher N®alues of the models,
Month and to compare well with measured values.

4.2 A ion f N idi h
Fig. 6. Monthly mean night-time modelled NOmixing ratios SOA production from N@oxidised hydrocarbons

(solid line, with vertical bars giving range of one standard devia- .
) . . The fraction of annual mean SOA produced from precursors
tion) and measurements made on Crete (lower line, with range of

one standard deviation denoted by dotted lines, fidmkoussis which were oxidised by N®is shown in Fig 7, for the sur-
et al.2006 between June 2001 and September 2003. face (Panel A) and for the total SOA column (Panel B), when

the yield for8-pinene is used for N@oxidation of all class
I-V precursors. The effect of N§is much more evident at

analysed byAllan et al.(2002 to calculate tropospheric pro- the surface, and near polluted regions, where emissions of ni-
files of NO3 during sunrise. Model night-time N{Oval- trogen oxides coincide with high concentrations of terpenes.
ues were calculated for the same locations, during the sami some parts of Asia, up to 60% of the SOA at the surface
months (although the modelled values are from 2004, and theonsists of N@ oxidation products. Similarly, high values
measurements iAllan et al.(2002 were carried outin 1997, are seen on the east coast of North America, as well as in
1999, and 2000 for Tenerife, Cape Grim and Norway respecsouthern Europe. The extremely low contribution of NO
tively), and are compared with the measured values inFig. oxidation products around Papua New Guinea and parts of
In all three panels of Fig5, the modelled values underes- Indonesia are due to the formation of a large amount of SOA
timate the measured values, however there is some overlaffom isoprene oxidation products as, in the case of isoprene,
of the values within one standard deviation of modelled andonly oxidation by OH can lead to SOA in this model. The in-
measured means, especially in the case of Tenerife and Cagglence of NQ on the total SOA column, shown in panel B
Grim, for the lower altitudes. Further, the model shows theof Fig. 7, is much more uniform, with values over land in the
increase in variability in values seen between the surface andlorthern Hemisphere being between 30% and 45%. Again,
about 2 km altitude at Cape Grim, as well as the pronouncedhe fraction is highest over India and South Eastern China,
gradient in NQ@ concentration at Tenerife. and the east coast of North America.

Night-time modelled N@ mixing ratios were calculated The surface abundance @fpinene, OH, @ and NG has
and averaged for each month, for the model grid point neabeen plotted as a function of time of day (UTC) in F&j.
Finokalia on Crete, Greece. The results are compared wittior approximately 32N, 109-118 E (the area of high N®
measurements made in the same area between June 200dntribution to SOA in Fig7). In the bottom panel, the con-
and September 2003 reported Yyekoussis et al(2006), tribution of each oxidant to the condensible oxidation prod-
in Fig. 6. The model overestimates N@or all months, and  ucts is plotted. Local time is UTC+8 h. During the first part
most of the measurements are at the lower end of the range aff the day, N@ concentrations are low, however, as ozone in-
one standard deviation of the model results, except for Maygcreases later in the day, and as light levels decrease towards
when modelled and measured values are similar. The modevening, the mixing ratios of Nfincrease. The values of
elled values are elevated between about May and Septembé¥Os in the afternoon appear rather high, however, observa-
the same period for which an increase in the measuregl NOtions of up to around 5 ppt have been reported, in polluted
mixing ratio is seen. The reason for the overestimation isair masses, 3 h before suns€fyer et al.2003. The over-
probably related to the model resolution, as emissions fromap of increasing N@ with decreasingy-pinene concentra-
mainland Greece, Libya and Turkey, as well as Crete itselftions results in a large contribution of N@o the oxidation
are included in the model grid boxes surrounding the mea-of «-pinene, and because of the assumed yield of 1.0, this far
surement point. Only emissions originating north of Crete outweighs oxidation by OH or £during the day. If a lower
are expected to affect the measuremelt®koussis et al.  yield for NOs oxidation ofx-pinene of 0.16 $pittler et al,
2006, and these would be more diluted in reality than they 2006 is used however, the contribution from NOxidation
are in the model, by the time they reach Crete. is much lower (dash-dot line in Fig).

The formation and loss of N&is closely linked with the Because of the rapid decrease in monoterpene emissions at
chemistry of NO and N@ therefore a further method of sunset, and the rapid increase in Nédncentrations as light
estimating a model's representation of N@ to compare levels decrease, the exact timing of these two processes is
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Fig. 8. Annual average surface mixing ratio of N@nd G; (top
‘ ! ! ‘ | ! ‘ | ‘ _— panel, stars and triangles respectively) and concentration- of
000010 015 020 025 039 095 040 045 050 060 pinene and OH (middle panel, stars and diamonds respectively), for
approximately 32N, 109-118 E (the area of high N@contribu-
Fig. 7. The contribution of N@ oxidation to(A) surface SOA  tionto SOAINn Fig.7). The bottom panel shows the normalised pro-
and (B) total column SOA, when the condensible oxidation prod- duction of condensible oxidation products from OH (dashed line),

uct yield of 8-pinene is used for all class I-V precursors. Og (dotted line), N@, assuming a yield of 1 (solid line). For com-
parison, production from N@assuming a yield of 0.16 (dash-dot

line) is also included.

very important, and is a source of uncertainty in these modep Summary and conclusions
calculations.

A new module has been added to the Oslo CTM2, allow-

A further model run was performed, where, instead of us-ing the simulation of SOA formation, transport and loss.

ing the condensible product yield of the W@eaction with  The calculated annual production (55-69 TgYyrand bur-
B-pinene for all species (i.e. 1.0), the more recently measureden (0.52-0.70 Tg) of SOA are at the high end of the range
yield values of 0.16 fow-pinene, and 0.4 for limonene were of the results of previous model studies. The amount of SOA
adopted $pittler et al, 200§. A comparison of the contri- was increased by allowing semi-volatile species to partition
bution of NQ; oxidation to SOA formation between this run, to ammonium sulphate aerosol as well as to organic aerosol,
and the one where the yield was 1.0 for all species is showrand this lead to modelled OA values which were closer to the
in Fig. 9. Panels A and C show the contribution for January, observed values than when only partitioning to pre-existing
and B and D show the contribution for June. In panel A, thereorganic aerosol was allowed. Despite this improved agree-
is a large contribution of N@to SOA in the high northern ment, the model still underestimates OA at most of the ob-
latitudes due to the low light levels, however the actual con-servation stations. Modelled OA values remain too low, es-
centration of SOA in this area is very low (see Fi. In the pecially in Europe, even when all semi-volatile species are
model run where the yields from NQpxidation are lower, partitioned to the aerosol phase, which suggests that the rea-
the contribution of N@ to SOA is far lower, but still around son for the model underestimation of OA lies with the source
30% in areas such as South East Asia and the eastern USA. dff either POA or precursors of SOA, or both. Increasing the
was found bySpittler et al.(2006 that at a relative humidity  isoprene emissions in the model to bring them more in line
of 20%, the yield of SOA from N@ oxidation ofa-pinene  with recent estimates will increase the SOA production, but
was further reduced, to about 4%, however, a studiBdagn this is unlikely to substantially reduce the underestimation
and Moorga(2002 found that the presence of water vapour of OA over Europe. The relative underestimation of mea-
did not effect the particle size distributions observed duringsured values in winter is greater than in summer, and as POA
NOs+limonene experiments. is the dominant fraction of OA in winter, this suggests the

www.atmos-chem-phys.net/7/5675/2007/ Atmos. Chem. Phys., 7, 56982007
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Fig. 9. Contribution of NG to the formation of SOA, for January (ploésandC) and June (plot8 andD), where the condensible product
yield from NOj3 oxidation is set to 1.0 for precursor class |-V, (plots A and B), and where the yield for oxidatioipiofene is set to 0.16,
and that for limonene to 0.4 (plots C and D).

possibility of a too low POA source. In addition, as the mod- importance of the anthropogenic influence on the oxidising
elled absolute increase in OA in summer is underestimateatapacity of the atmosphere, for regional SOA formation.
for most stations, an increase in SOA formation would im-  Many global models still treat SOA in a similar fashion to
prove the modelled summer values. Therefore, these resultBOA, i.e. as a direct emission, or do not include SOA at all
suggest that there may be unaccounted for sources of POA g3extor et al, 2006. Representing SOA as a direct emission
well as SOA precursors, although a too-rapid removal of OAis too simplistic since the concentration of SOA has been
from the model atmosphere as well as uncertainty in the SOAshown, in both this and previous works, to depend upon a
yields from the oxidation of precursors may also contribute. wide range of factors, such as emissions of precursors, oxi-
Further reduction of the uncertainties in emission esti-dation compounds, and the loading of aerosols to which SOA
mates for POA, and SOA precursors would help reduce thén@y partition. In industrialised and biomass burning regions
uncertainties in modelling SOA formation. It is also appar- SOA accounts for an important fraction of the total OA. In
ent that similar SOA schemes can produce rather differenPiomass burning regions global models tend to underestimate
results when combined with different global CTMs, due to the observed total aerosol optical depth (AOMyfre et al,
differences in the calculation of wet deposition of SOA com- 2003 Kinne et al, 2009. Given the significant contribution

ponents as well as differences in advective and convectiv®f SOA to the total OA burden, a more realistic represen-
transport, and chemistry schemes. tation, in global aerosol models, of processes governing the

The results of this study show a significantly higher con- SOA burden will reduce model underestimates of the AOD.

tribution of NOs oxidation products to the SOA burden than acknowledgementsThis work was supported by funding from
that found in previous studies. Regionally this contribution paccl (research unit on Biosphere-Aerosol-Cloud-Climate-
reached up to 60%, and the global annual mean contributiomteractions), EUCAARI (European Integrated project on Aerosol
was found to be about 27% when the yield&pinene is  Cloud Climate and Air Quality Interactions) as well as AerOzClim
used for NQ oxidation of all class I-V precursors. When (Aerosols, Ozone and Climate, NFR project number 142050).
yields of 0.16 fora-pinene and 0.4 for limonene are used,

this contribution reduces to about 21%. Edited by: S. Martin

The contrast in the contribution of N@xidation products
to the SOA burden between regions with high anthropogenic
emissions and relatively unpolluted regions, even when a re-
duced yield is used for N@oxidation, also highlights the
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