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Abstract. The effect of chemical changes in the atmospherel Introduction

since the pre-industrial period on the distributions and bur-

dens of Secondary Organic Aerosol (SOA) has been calcuAtmospheric aerosols play a key role in determining the
lated using the off-line aerosol chemistry transport modelEarth’s radiation budgetRCC, 2007 Schulz et al. 2006

Oslo CTM2. The production of SOA was found to have Kaufman et al. 2002. Secondary organic aerosol (SOA)
increased from about 35 Tgyt to 53 Tgyr! since pre- represents an important, and under certain circumstances,
industrial times, leading to an increase in the global annuafthe major, fraction of the global organic aerosol (OA, i.e.
mean SOA burden from 0.33Tg to 0.50 Tg, or about 51%.SOA+POA) burdenKanakidou et al.2009.

The effect of allowing semi-volatile species to partition to ~ There has been considerable change to the composition
sulphate aerosol was also tested, leading to an increase nd magnitude of emissions from anthropogenic activities
SOA production from about 43 Tgyt to 69 Tgyr ! since  since pre-industrial times, therefore it is important to investi-
pre-industrial times, while the annual mean SOA burden in-gate how these changes have influenced the distribution and
creased from 0.44Tg to 0.70Tg, or about 59%. The in-global burden of organic aerosols.

creases were greatest over industrialised areas, especially The change in SOA production and burden since pre-
when partitioning to sulphate aerosol was allowed, as wellindustrial times was first examined with a global model by
as over regions with high biogenic precursor emissions. Thékanakidou et al.(2000, who considered SOA formation
contribution of emissions from different sources to the largeronly from the oxidation products of the reaction @f and
SOA burdens has been calculated. The results suggest thAtpinene with ozone. Subsequent studies involved a range of
the majority of the increase was caused by emissions of primonoterpenes and other reactive volatile organic compounds
mary organic aerosols (POA), from fossil fuel and bio fuel (ORVOC), but used prescribed oxidant fiel@h(ing and Se-
combustion. As yet, very few radiative forcing estimates of infeld, 2003, or did not include SOA formation from the
SOA exist, and no such estimates were provided in the latesgxidation products of isoprene, or anthropogenic SOA pre-
IPCC report. In this study, we found that the change in SOAcursors Liao and Seinfeld2005. A recent study byTsi-
burden caused a radiative forcing (defined here as the differgaridis et al.(200§ useda- and g-pinene to represent bio-
ence between the pre-industrial and the present day run) denic SOA precursors, and toluene and xylene to represent
—0.09Wn12, when SOA was allowed to partition to both the anthropogenic SOA precursors, however SOA formation
organic and sulphate aerosols, and.06 Wnt2 when only ~ from isoprene oxidation was taken into account using a 0.2%
partitioning to organic aerosols was assumed. Therefore, th@erosol molar yield, leading to a far lower contribution of iso-
radiative forcing of SOA was found to be stronger than theprene to present day SOA burdens than that founHéyze

best estimate for POA in the latest IPCC assessment. and Seinfeld(2006. In the present study we calculated
the change in SOA production, burden and radiative forcing

since the pre-industrial times, accounting for SOA forma-

tion from four classes of monoterpene as well as sesquiter-
penes, ORVOC, benzene, toluene, xylene, trimethylbenzene
and isoprene. Oxidation of these precursors was calculated
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By performing several model integrations, including emis- The model is divided into 40 layers between the surface
sions from different sources, the contribution of increases inand 10 hPa. The chemical time step in the troposphere was
biomass burning POA to the total increase in SOA was sep415 min, and the transport time step was based on the CFL
arated from the increase due to the anthropogenic influenceriteria. In the free troposphere the greatest possible trans-
on gas phase atmospheric chemistry and direct emissions gfort time step was one hour and in the boundary layer it was
organic aerosols from fossil and bio fuel burning. 15 min.

The radiative forcing of the changes in SOA was calcu- In the configuration used for the present day simulation,
lated. The radiative forcing is defined as a change in thehe model included 122 gas and condensed phase chemi-
net radiative fluxes from a perturbation to the climate sys-cal species, all of which were transported. The chemistry
tem (either from anthropogenic or natural causé®rgter  scheme accounted for the most important parts of the ozone-
et al, 2007). Here we use the term radiative forcing for all NOy-hydrocarbon chemistry cycle. For the chemistry calcu-
anthropogenic influences on the SOA abundance. These cdations, the QSSA chemistry solverg¢sstvedt et al.1978
either be caused by emissions of anthropogenic SOA precurwas used. More detailed descriptions of the model can be
sors, anthropogenically induced change in the oxidants infound in Berglen et al.(2004 and Berntsen and Isaksen
volved in the formation of SOA, or anthropogenic change (1997).
in the aerosol to which SOA partition. We underscore that The SOA module which has recently been added to the
all three of these mechanisms to change the SOA burde®slo CTM2 accounts for SOA formation from the oxida-
are of anthropogenic origin and all lead to an anthropogenidion products of biogenically emitted volatile organic com-
change in the SOA concentration. We assume that in the prepounds (predominantly monoterpenes and isoprene) as well
industrial experiment the anthropogenic modification of theas benzene, toluene, xylene, and other aromatic compounds.
global aerosol budget was minimal, therefore when we re-\olatile hydrocarbons were emitted in the lowest layer of the
fer to anthropogenic changes here, we mean the differencenodel and oxidised in the gas phase by OH,add NG,
between present day and pre-industrial values. We classifyo give semi-volatile oxidation products according to a two-
the whole of the difference in biomass burning emissions beproduct model Qdum et al. 1996. These products were
tween the pre-industrial inventory and the present day invenallowed to partition to existing organic aerosol (also to am-
tory as an anthropogenic change. monium sulphate aerosol in some experiments) with the re-

In Sect.2, the chemistry transport model (CTM), the SOA versible partitioning between gas and aerosol phase being
scheme and the details of the model experiments are dezalculated using empirically determined partitioning coeffi-
scribed. The radiative transfer model used to calculate theients (these are the same as thosélémze and Seinfeld
radiative forcing of the change in SOA burden is described(2006 and Tsigaridis and Kanakido(2003 for the oxida-
in Sect.3, and the results are presented in SécSection5 tion products of isoprene and aromatic species, respectively,
provides a summary and discussion. while the coefficients for the remaining species come from
Chung and Seinfeld2002). A NOy (or [NOJ/[HO>]) de-
pendence of the volatility of the organic oxidation products
as described byHenze et al.(2009 is not accounted for.
The Oslo CTM2 is a three-dimensional off-line chemistry A single enthalpy of vaporls.atlorAH., of 42.k‘] mof has

. . ) been used for all SOA species, as in previous studies (e.g.,
transport model, which was run in T42 (approximately :
2.8x2.8) resolution for this study. The meteorological Chung and Seinfe|d002 Heald et aI,._20(_)8 Henze et al.
data used was generated by running the Integrated Foreca%?oa' The gas and aerosol pha;e oxidation prod_u_cts as well
System (IFS) of the European Centre for Medium Rangeas the precursor VOC were sgbject to wet deposition in both
convective and large scale rain, whereby 80% of the aerosol

Weather Forecasts (ECMWEF), for the year 2004, and was . . : . .
phase semi-volatile organic species were assumed to dissolve

updated (off-line) in the CTM every three hours. The same! to avaliable cloud waterqhung and Seinfel2002, and

meteorological data was used for both the present day an{ - .
. L . . . e solubilities of the gas phase species were calculated ac-
the pre-industrial simulations. Although the consideration . . ) o ) .
cording to their Henry's Law coefficients as described in

of changes in S'OA due t_o meteorological factors is outslde(Hoyle et al, 2007). Additionally, the aerosol phase species
the scope of this study, it must be noted that any system- "

o . A in the lowest model layer had a dry deposition loss term ap-
atic differences in precipitation or temperature between the

. . . plied. A full description, as well as a validation of the SOA
pre-industrial climate and the present would affect the bur'scheme against surface measurements is givilogie et al
den or production of SOA through deposition or partitioning 9 9 '

) . . 42007).
processes respectively. The effect of these factors is also dis- The sulphate aerosol to which the SOA partitions in sev-
cussed in Sec.2 In this study the analysis is restricted P P

: ; eral of the modelling experiments described here should be

to the chemical changes in the atmosphere between the pre- — ° . )

industrial times and the present considered as an ammonium sulphate I|_ke aerosol (here-
' after ASLA). Ammonium sulphate aerosol is often used as a

seed aerosol in chamber experiments (&Kkpindienst et al.

2 The Oslo CTM2
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Table 1. The model experiments which were carried out. The yearaer,OSOI’ Wh'Ch Was ava!lable for the_ SOATto partltloq to, was
used for the biomass burning emissions of POA and sulphur is giverfMitted via fossil fuel, bio fuel and biomass combustion. The
in the column “BB year”. The year used for all other emissions N€Xt two experiments (Presul and Pindsul) were the same

is given in the column “Emis. year”. The entries in the column as the first two, however partitioning of semi-volatile species
“Sulph.” indicate whether or not SOA was allowed to partition to to ASLA was allowed.

ASLA. Run PresBBpind was identical to Presul except that
POA and sulphur emissions from biomass burning were set

Name Emis. year BByear Sulph. to 1750s levels. Similarly, PinBBpres was a run with 1750s
Pind.nosul 1750 1750 NO emissions, except for biomass burning emissions of POA and
Presnosul 2004 2004 NO sulphur, which were set to 2004 levels. It is important to note
Pind.sul 1750 1750 YES that in the latter two runs, the only components of biomass
Pressul 2004 2004 YES burning which were changed were the POA anch/&S0y
PresBBpind 2004 1750 YES emissions, the other biomass burning components were as for
Pind.BBpres 1750 2004 YES

the base year (2004 and 1750, respectively). The runs were
designed in this way to permit extraction of the effect of in-
creasing aerosol available for partitioning, due to increases
1999 Meyer et al, 2009. Although both ammonium and in biomass burning as a result of anthropogenic activity.
sulphate are very common aerosol components in the tro- for )l model runs, the meteorological data for 2004
posphere, there are few areas where neutralised ammoniuas ysed. The emissions used in the present day and pre-
sulphate has been observed. Rather, measurements and M@gystrial runs are described in Se22. Using the last four
elling studies indicate that the ammonium and sulphate conmdel runs, it is possible to examine the changes in SOA
taining aerosol is, for the most part, acidiijb etal, 1996 production and burden since pre-industrial times, as well as
Huebert et a/.1998 Martin et al, 2004 Kline et al, 2004. {5 separate the contributions of increases in POA and ASLA
There are studies showing evidence for the uptake of organigom hiomass burning from those of fuel burning or indus-
species into acidic sulphate aerosols (drggi and Tolbert  tial emissions to the SOA burden. Runs Presul and

1997 Jang et al.2002 Kleindienst et al.2008, and even  pind nosul help characterise the effects of increases in ASLA
the irreversible partitioning of organics to these aerosols, besjnce pre-industrial times.

cause of esterification reactiorSufratt et al.2007 Lukacs
et al, 2009. In this study, therefore, modelled sulphate
aerosol is used as a proxy for ASLA. While this is a param-
eterisation that should be improved in the future, it would
be incorrect to completely disregard this partitioning. How- The biogenic emissions used for the present day and the pre-
ever, a limitation of the parameterisation used here is that théndustrial runs were identical, as changes since pre-industrial
ASLA is included in the mass for the absorptive partitioning times are expected to be only 2-3¥athiere et al. 2009.
calculation. Irreversible partitioning, as described Byrfatt ~ Keeping the biogenic emissions constant had the added ad-
et al, 2007 and (ukacs et al.2009, is therefore not accu- vantage of facilitating the calculation of the change in SOA
rately represented. This is a matter that we aim to improve irdirectly related to anthropogenic emissions changes. Bio-
the future, as more information on the processes and reactioi€nic emissions of monoterpenes, isoprene and ORVOC
rates involved becomes available. were taken from the Global Emissions Inventory Activity
Model runs with and without SOA partitioning to ASLA (GEIA) data base and are representative of 19890efither
were considered ioyle et al.(2007), for the present day, et al, 1995. Isoprene emissions were reduced so that the an-
and it was found that allowing partitioning to ASLA im- Nual global emissions were 220 Tg¥(IPCC, 200). This
proved the comparison with measurements substantially. 1S lower than recent estimates of isoprene emissions (460
the present work, SOA production, burden and radiative forc-570 Tgyr * (Lathiére et al. 2006, 500-750 Tgyr* (Guen-
ing is discussed, again from model runs with and withoutther et al, 200§ and 374-449 Tgyr' Muller et al, 2008,
partitioning to ASLA, in order to investigate the sensitivity therefore the amount of SOA formed from oxidation prod-

2.2 Emissions

of the SOA burden to an uptake on sulphate aerosol. ucts of isoprene may be underestimated. Since isoprene
emission estimates larger than those givetR€&C (2001)
2.1 Experiments have appeared, there has been a discrepancy between these

estimates and the magnitude of isoprene emissions suggested
Six model experiments were carried out to investigate theby global model studies. Increasing the isoprene emissions in
change in SOA production and burden since pre-industriaiglobal models has the effect of depleting OH concentrations,
times, as listed in Tabld. The first two experiments and this depletion could only be balanced by far too large O
(Pind_.nosul and Presiosul) were run for the years 1750 and concentrations. Recent work hylieveld et al.(2008 how-
2004, respectively. In these experiments the primary organi@ver, has suggested a mechanism by which OH consumed
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Table 2. The emissions used in the model runs. BVOC includes the total emissions of biogenic volatile organic carbon, which can react
to form SOA. AVOC is the anthropogenic equivalent. The very minor amounts of aromatic species in the pre-industrial runs are related to
biomass burning emissions. References for the emission data sets are provided in the text.

Model run Emissions

CO NO POA BVOC AVOC Isoprene
Pind.sul 343Tgyr!l 11.4Tg(N)yrl 10.26Tg(C)yr!l 386Tg(C)yrl 1.21Tgyrl 220Tgyr
Pressul 1061 Tgyr! 46.7Tg(N)yr! 30.40Tg(C)yrl 386Tg(C)yrl 21.62Tgyrl 220Tgyr

PresBBpind 1061 Tgyrl 46.7Tg(N)yrl 18.04Tg(C)yrl 386Tg(C)yrl 21.62Tgyrl 220Tgyr
PindBBpres 343Tgyr! 11.4Tg(N)yrl 2262Tg(C)yrl 386Tg(C)yrl 1.21Tgyrl 220Tgyr
Pind.nosul 343Tgyr! 11.4Tg(N)yrl 1026Tg(C)yr! 386Tg(C)yr! 1.21Tgyrl 220Tgyr
Presnosul 1061 Tgyrl 46.7Tg(N)yrl 30.40Tg(C)yrl 386Tg(C)yrl 21.62Tgyrl 220Tgyr

in isoprene oxidation may be recycled, which, if confirmed, tion by gases. The calculations were performed at T42 hor-
would permit larger isoprene emissions in global models. izontal resolution and in 40 vertical layers between the sur-
For the present day simulation, emissions of COxN@&d face and 10 hPa. Meteorological data including cloud cover
non-methane hydrocarbons were taken from the Precursonyas the same as that used to drive the CTM. Aerosols had no
of Ozone and their Effects in the Troposphere (POET) inven-influence on cloud formation in this study and as the radia-
tory (Granier et al.2005. Methane mixing ratios were fixed tive transfer calculation was performed off-line, there was no
at 1750 ppbv at the surface for the present day simulationsfeed-back effect on the model meteorology. Aerosol optical
Emissions of POA from biomass burning were taken from properties of SOA were taken to be similar to PQWyfire
the Global Fire Emissions Database version 2 (GFEDv2), foret al, 2007), and the aerosol was assumed to be externally
2004 (an der Werf et a).2006, and POA emissions from mixed.
fossil fuel and bio fuel combustion were from the inventory ~ For SOA, we assumed a lognormal size distribution with
of Bond et al.(2004). geometric mean radii of 0.gbm and a standard deviation
The pre-industrial emissions of POA from biomass burn-0f 2.0. The adopted refractive index for SOA was (1.529,
ing and from bio fuel burning were from the AeroCom —1.0e-7i) at 550 nm. Hygroscopic growth of hydrophilic
(Aerosol Inter-Comparison project) emissions dataga¢n¢  SOA was taken into accourfeéng et al.2003). The assump-
tener et al.2006). In the pre-industrial experiments, all fos- tion of external mixture of SOA needs to be considered, since
sil fuel related and industrial emissions were set to zero, andve assumed SOA partitioning to ASLA, and mixture with
annual emissions of non-POA species emitted via biomas&rganic material will reduce the hygroscopic growth of inor-
burning (for example S§ CO, NQ, and NMHC) were  ganic compoundsBrooks et al. 2004 Prenni et al. 2003
scaled down. This scaling was achieved by dividing theSvenningsson et al200§. However, measurements show
POA emissions for 1750 by the average POA emissionghat the water uptake of mixed inorganic/organic particles is
for 2000-2004, in order to generate monthly mean scal-mostly similar to the combination of the water uptake of un-
ing factors for each point on the model grid at the sur- Mixed organic and inorganic materidrooks et al. 2004
face. The resulting annual and global mean reduction inPrenni et al. 2003 Svenningsson et al2006), indicating
each type of emissions in the pre-industrial runs was 65%that assumption of external mixture is reasonable. However,
This method implicitly assumes that biomass burning emis-further investigations and understanding of the hygroscopic
sions of all the scaled species are proportional to changeg§rowth of organic and inorganic mixtures would be impor-
in emissions of POA, however, given the large uncertaintytant to confirm this.
in pre-industrial biomass burning emissions, this approach is The radiative forcing calculations were performed as the
justified. Methane mixing ratios at the surface were fixed atdifference in the irradiance at the top of the atmosphere be-

700 ppb. The emissions used in each of the model experitween simulations for pre-industrial and present day model
ments are summarised in Tallle runs. A more detailed description of the radiative transfer

model can be found iMyhre et al.(2002).

3 The radiative transfer model 4 Results

The radiative forcing of the SOA was calculated using ara-4.1 The change in SOA production and burden

diative transfer model. A short wave multi-stream model, us-

ing the discrete-ordinate method $famnes et a[198§ is The annual global production and mean burden of SOA for
adopted. The radiative transfer model includes the radiativahe model runs is shown in Tab& The increase in annual
effects of aerosols, clouds, Rayleigh scattering, and absorpglobal mean SOA burden since the pre-industrial period was

Atmos. Chem. Phys., 9, 2715428 2009 www.atmos-chem-phys.net/9/2715/2009/
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Table 3. The global, annual mean SOA production and burden foralised areas, where the increase in abundance of pre-existing

the various model runs. aerosol, upon which the SOA can partition, has been the
greatest.
Run Production (Tgyrl) Burden (Tg) The distribution of the changes in SOA at the surface, and

in the total column are shown in Fid. In panel A, show-

Pind sul 42.8 0.44 ing the difference between runs Pressul and Pinchosul,
E'rgigjsm 33.85 8'?03 substantial increases can be seen both in the biomass burn-
Presnosul 53'_4 0‘_50 ing regions of South Amerl_ca and southern_Afnca. Large
Pind BBpres 470 051 increases are also qbwou; in South East Asia, and there are
PresBBpind 62.4 0.59 increases over the industrialised areas, such as Europe and

the east coast of the USA. In the column values (panel E),
the increase in SOA over the ocean, in the outflow from the
) ) ) ) USA, Africa and South America can be seen. The red line
0.17Tg, or about 52%, while the increase in production wasiygicates the zero contour. In some of the more remote ar-
found to be 18.9Tg (54.8%). eas there have been very small decreases in SOA burden,
When partitioning to ASLA was allowed, the increase most obviously in the column values at high southern lati-
in annual mean SOA burden between the pre-industrial rufydes. The decreases at the surface, over land, are a result
Pind.sul and the present day run Prasl was larger, at 59%  of Jower biomass burning POA emissions in the present day
(0.26Tg). When all the emissions except POA and sul-inventory than in the pre-industrial inventory (this is more
phur from biomass burning were held at pre-industrial lev- clearly shown in panels D and H). Additionally, if an area of
els (PindBBpres), an increase in the mean SOA burdenhjgh emissions shifts slightly in location between the pre-
of 16% (0.07 Tg) was calculated relative to Pisal, and  industrial and present day data sets, this can also lead to
when the 1750 biomass burning emissions of POA and Sulan apparent decrease in emissions in that region_ The de-
phur were used in the present day run (BB&pind), an  creases in the column values on the other hand, were due to
increase in the SOA burden of 34%, or 0.15Tg, relative tochanges in anthropogenic emissions affecting the oxidation
Pind.sul, was found. This indicates that up to 58% of the and partitioning of SOA species, causing them to be removed
total pre-industrial to present day SOA increase was due tQjloser to the sources, as discussed below. In panels B and
anthropogenic emissions from fossil fuel and bio fuel burn-, showing the increase in SOA when partitioning to ASLA
ing, and 27% was due to increases in POA and ASLA fromyyas allowed (Presul-Pindsul), the increases in SOA are
biomass burning. The remaining 15% increase found beijgher than in panels A and E, especially over industrialised
tween Pindsul and Presul can be explained by differences areas. Particularly notable is the larger increase in the col-
in the oxidant fields due to biomass burning emissions Ofumn SOA values to the east of Europe and also on the east
NOx and VOC, by differences in the co-location of SOA ¢oast of North America. Panels C and G show the differ-
forming species and POA or ASLA available for partition- ence between runs Pimtlil and Pre8Bpind. Most of the
ing, and by the fact that the fraction of semi-volatile speciesjncreased SOA over the east coast of the USA, South East
partitioning to the aerosol phase is not linearly dependent omsija and, in the total column, to the east of Europe, is re-
the aerosol mass. produced here. Here also, the decreases in SOA observed in
The contribution of anthropogenic SOA precursor emis-the more remote regions were due to the increased removal
sions to the present day SOA burden could not be calculatedf SOA close to the sources. Panels D and H show the SOA
exactly due to the contribution of several emission sourceshange when 2004 biomass burning emissions of POA and
(including biomass burning) to the SOA forming species. sulphur were included in the pre-industrial run (the differ-
However, as the total emissions of the biogenic SOA pre-ence between Pingul and PindBBpres). This shows that
cursors are many times greater than the anthropogenic SOfnost of the increase in SOA over Indonesia, as well as over
precursor emissions (see TaBle it is clear that only avery  Africa and South America, which was seen in panels B and
minor fraction of the modelled increase in SOA is due to an-F, was due to larger biomass burning emissions. Again, here
thropogenic SOA precursors. it is evident that the decreases in SOA observed over some
The fact that emissions from fossil and bio fuel burning land areas are due to reductions in POA from biomass burn-
contribute around twice as much to the SOA increase asng. The increased fraction of semi-volatile species in the
the biomass burning emissions can be explained by examaerosol phase, due to the additional ASLA and POA from
ining the increase in POA resulting from these processesbiomass burning, lead to lower SOA values in areas far from
The change in POA emissions between 1750 and 2004he biomass burning, due to the increased wet removal of
was greatest for emissions from fossil and bio fuels, (anSOA close to the sources.
increase of 12.54Tgyr), while emissions from biomass Note that despite the small decreases in SOA burden at
burning increased by 8.7 Tgyt. As shown below, the most  high southern latitudes in panels C and D, panel B shows that
widespread increases in SOA have occurred over industrithere was still a net increase in the SOA burden in this area.

www.atmos-chem-phys.net/9/2715/2009/ Atmos. Chem. Phys., 9, 2728-2009
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Fig. 1. The change in annual mean SOA concentration since pre-industrial times. Pafigjsshow changes at the surface, par{glsH)

show changes for the total column amount of SOA. The zero contour is indicated in red. Panels (A) and (E) show the difference between
runs Presosul and Pinchosul, panels (B) and (F) show the difference between runsdeand Pindsul, panels (C) and (G) show the
difference between runs Pr&Bpind and Pindsul, and panels (D) and (H) show the difference between runsBiBpies and Pindul.

Since the mass of semi-volatile species in the aerosol phasew 600 hPa. Increases higher in the atmosphere can also
affects the partitioning, once more semi-volatile species parbe seen, especially in the Northern Hemisphere, where sig-
tition to the aerosol phase, the mass available for partition-nificant SOA increases were found even at polar latitudes.
ing increases, and even more of the species partition to thét high southern latitudes, the increase was very small, due
aerosol phase. Therefore the SOA burden depends norie the lack of sources. Transport from lower latitudes at alti-
linearly on the available aerosol mass. The combined intudes around 300 hPa appears less active than in the Northern
crease in OA and ASLA due to present day industrial emis-Hemisphere. SOA increased slightly between the two runs in
sions and biomass burning lead to the increase in SOA showthe lower troposphere at high northern latitudes.

in panel B. Around the tropopause however, the abundance of SOA
The increase in SOA did not occur uniformly through- actually decreased in Pre®sul compared to Pindosul.

out the atmospheric column, rather the largest increaseédditionally, the gas phase species which partition to form

were seen at the surface. Fig@@ahows the annual, zonal SOA were reduced in the upper troposphere in Piesul

mean change in SOA concentration for the different modelcompared to Pinghosul (not shown). Compared to the pre-

runs. Panel A shows the difference between Pr@sul and  industrial atmosphere, with present day industrial emissions

Pind-nosul. Between these two runs, the largest increasesoncentrations of the oxidantg@nd NG are higher, while

in SOA were in the tropics and close to the surface, be-OH is lower in the global average, but higher near sources

Atmos. Chem. Phys., 9, 2715428 2009 www.atmos-chem-phys.net/9/2715/2009/
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Fig. 2. The annual, zonal mean increase in SOA between the pre-industrial model runs and the present day rofs (Rgmel(A)
shows the difference between Prassul and Pindhosul, pane(B) shows the difference between Piad and Pindsul. PanelC) shows
the difference between Pr&Bpind and Pindsul, and pane(D) the difference between PitBBpres and Pingul. The highest isoline in
panels (A) (B) and (C) is 200 ngT+.

of anthropogenic emissions, which are often near sources of In panel C, the increase in SOA due to industrial and
SOA precursors. This resulted in a shift in SOA precursorfuel burning emissions is shown (the difference between run
oxidation towards the surface. As the SOA precursors ardPresBBpind and Pindsul). This panel shows clearly that the
less soluble than the oxidation products, greater oxidatiorpeak in SOA values between 28 and 40 N is a result of
near the surface lead to higher SOA concentrations near thimdustrial activity. Further, most of the increase throughout
surface, but lower SOA concentrations higher in the atmo-the northern mid-latitude troposphere is reproduced in panel
sphere, as the species are washed out. In the pre-industri@l. The increase in SOA extends further south than in panel
atmosphere, more of the SOA precursors were transporte®, due to the more widespread emissions.
further up in the troposphere before they were oxidised. The Panel D shows the increase in SOA between Rinidand
actual SOA concentrations near the tropical tropopause ar@ind BBpres. The reduction in SOA at high northern lat-
around a factor of 10-50 less than at the surface. itudes was due to the lower biomass burning emissions in
Changes in partitioning due to higher POA masses in thethe 2004 inventory (see also Fitj)). Most of the tropical
present day atmosphere also affect the distribution of SOA. increases, both at the surface and higher in the troposphere
Panel B shows the difference between Bsek and  are accounted for in this panel, and therefore result from in-
Pind_sul. Here the situation is similar to panel A, with the creased biomass burning emissions of POA and sulphur.
largest SOA increase occurring in the tropics near the sur- The total increase in the high southern latitudes, seen
face. However, there is more of an increase in SOA at the surin panel B, was a result of higher partitioning of semi-
face in the northern sub-tropics in panel B, due to the effect ofvolatile species into the aerosol phase, when the biomass as
partitioning to ASLA near industrialised areas. The increasewell as fuel burning POA sources were included. As de-
in SOA throughout the troposphere at northern mid-latitudesscribed above, the partitioning of semi-volatile species is
is also greater in panel B than panel A. In panel A, there isnon-linearly dependent on the aerosol mass, therefore the
a slightly larger SOA concentration around 200 hPa—400 hPa&hanges seen in panel B are not the simple sum of the
than in panel B, as the increased partitioning to ASLA in the changes in panels C and D. Interestingly, most of the upper
Pressul run lead to greater wet removal of SOA closer to thetropospheric SOA increase over the tropics appears to have
source than in Presosul. been a result of industrial or fuel burning emissions.
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The 51%-59% increase in the global annual mean SOAicantly lower than POA burdens in the present. In this work,
burden since pre-industrial times is significantly larger thanand that ofChung and Seinfel(20032, the global mean SOA
values calculated in other recent studies, for example 25%burden is lower than the POA burden, both in pre-industrial
(Tsigaridis et al.2006 and 43% [Liao and Seinfeld2005, times and the present.
however, it is much lower than the estimates from earlier
studies, for example 300%Kénakidou et al. 2000 and 4.2 Comparison of SOA production and burden with
316% (Chung and Seinfel®2002. A SOA scheme similar other recent modelling studies
to that ofLiao and Seinfeld2005 was used here, however,

we found a much greater increase of the SOA burden relativd he SOA production and burden from the present work is
to the POA burden. compared with some other recent modelling studies in Ta-

SOA, POA and S@ production and burden from other ble 5. The burden of SOA calculated here is similar to that

studies are compared with the values calculated here, in Tafound in other studies, despite the production being higher.
ble4. In Liao and Seinfeld2005, the 43% increase in SOA In the case of isoprene, the production is similar, despite the
was accompanied by an increase in POA by a factor of 13.2emissions being slightly less than half that of the other mod-
in contrast, when only partitioning to organic aerosol wase€ls. Without carrying out a detailed model inter-comparison
accounted for in the Oslo CTM2, SOA increased by 63%, asiwhich we believe would be a very valuable exercise), it is
POA increased by a factor of about 2.8. Reasons for the difdifficult to isolate the exact reasons for these differences. The
ferent SOA burdens, or changes in burdens between differerfliscussion below is not exhaustive, but highlights a few key
models are discussed in more detail in S&@, however the  factors which may have a substantial effect on production
larger increase in SOA seen in the present work Compare@l’ld burden of SOA in global models. Further explanation of
to Liao and Seinfeld2009 is probably due to the differ- possible reasons for the difference in SOA production esti-
ent resolutions and transport characteristics of the two modmates between different modelling studies is givehioyle
els. The GISS GCM II’ as it was used inao and Seinfeld €t al.(2007).
(2005 had a resolution of 4 degrees in latitude, 5 degrees in  Firstly, the SOA production depends upon the ambient
longitude and 9 layers from the surface to 10 hPa. Furtherfemperature through both chemical reaction rates and the
it has been shown that the GISS GCM II' has a more rapidtemperature dependence of the partitioning coefficient. It
transport from emission regions than the Oslo CTE2Hulz ~ was found byTsigaridis and Kanakido@2007) that when
et al, 2006. The partitioning of semi-volatile species de- they increased the boundary layer temperatures used in the
pends on the concentration of the species in the gas phase apartitioning calculation in their model by’2, and the tem-
the amount of mass available for partitioning. A higher con- peratures in the free troposphere 5Z1the SOA production
centration can be maintained with a higher model resolutionwas reduced by 11%. A further 10% reduction was found
On the other hand, a coarser model grid will lead to fasterif the temperature changes were also allowed to affect the
diffusion of POA from the source areas, a lower concentra-chemistry.
tion, and less partitioning of semi-volatile organic species to In addition, the distributions of SOA precursors, and also
the aerosol phase. the gas phase semi-volatile species which partition to form
The fractional increase in sulphate since pre-industrialSOA are subject to wet and dry deposition. Parameterisations
times, inTsigaridis et al.(2006), is slightly higher than in  for these processes differ between different models, as do the
this work (a factor of 2.6 vs. the factor of 2.1 increase in this location of precipitation events and the water fluxes. There
work), while the increase in POA is slightly lower (a factor are large differences between chemistry transport models in
of 2.2 vs. the factor 2.7 increase here). However, the abthe wet deposition of soluble specidddfyle et al, 2009.
solute increase in POA between Piadl and Presul was  Variations in deposition fluxes can cause large differences in
about 0.8 Tg, and the absolute increase in SOA was 0.26 TgSOA burdens even within the same model; for exansle
while Tsigaridis et al(2006 found a total increase in POA garidis et al (2009 found that inter-annual variations in wet
of 0.33Tg and an increase in SOA of 0.16 Tg. Therefore,and dry deposition caused changes of around 14.5% in the
the increase in SOA is higher iFsigaridis et al(2006 ona  calculated SOA burden.
per-terragram of POA basis. The total changes in organic Differences in model resolution, transport schemes and
aerosol, between pre-industrial times and the present, arthree dimensional wind fields also lead to different rates of
1.27Tg, 0.49Tg, 1.22Tg and 1.16 Tg lilao and Seinfeld  dispersion of precursors and semi-volatile species, and as the
(2005, Tsigaridis et al(2006, Chung and Seinfel@002 partitioning of SOA is dependent upon the concentration of
and Pressul-Pindsul respectively, thus the total change in the semi-volatile species, this will affect the production of
organic aerosol in this study is similar to that in other works. SOA. The model resolution used in this study is greater than
Interestingly,Tsigaridis et al(2006 predicted SOA valuesto that of Tsigaridis and Kanakido(®007), and while the hor-
be larger than POA, both in pre-industrial times and presentjzontal resolution is less than fddeald et al.(2008§ and
while Liao and Seinfeld2005 found SOA burdens to be sig- Henze et al(2008, the vertical resolution is greater. We
nificantly larger than POA in pre-industrial times, and signif- use ECMWF meteorological fields for 2004 here, however
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Table 4. A comparison between aerosol burdens in this, and similar studies. Values are given for pre-industrial model runs, present day
model runs and the fraction change between the two. The units are Tg.

Model study Species Pre-ind. Pres. Fraction change
Liao and Seinfeld2005 SOy 0.32 1.4 4.38
POA 0.10 1.27 13.2
SOA 0.23 0.33 1.43
Tsigaridis et al(2009 SOy 0.4 1.05 2.6
POA 0.27 0.6 2.2
SOA 0.64 0.8 1.25
This work (sul) SQ 0.84 1.80 2.14
POA 0.51 1.41 2.78
SOA 0.44 0.7 1.59
This work (nosul) POA 0.51 1.41 2.78
SOA 0.32 0.50 1.56
Chung and Seinfel(2002 POA 0.11 1.2 10.91
SOA 0.06 0.19 3.17

Table 5. A comparison of SOA production and burden for the present day, without partitioning to ASLA, with other recent studies. The
production from isoprene as well as the isoprene emissions are also included for comparison. Note that all \1azd &ral (2008 are
based on mass of carbon.

Source SOA SOA Isoprene SOA from
production burden emissions isoprene
Tsigaridis and Kanakido(2007) 18.6 Tgyr 0.82Tg 467 TgCyr 4.6 Tgyr
Heald et al(2008 243 TgCyrl 059Tg 496 TgCyrl 19.2 TgCyrl
Henze et al(2009 30.3Tgyr 0.81Tg 408 TgCyr 14.4 Tgyr
This work 53.4 Tgyr 05Tg 194 TgCyt 14.0 Tgyr

Tsigaridis and Kanakido(R007) use ECMWF ERA-15 data pending on the OH chemistry in the models, the efficiency
for 1990 for their present day rufjenze et al(2008 use  of SOA production from isoprene may drop substantially
GEOS-4 meteorological data for 2004 dtelald et al(2008 with increased isoprene emissions. As noted earlier, high
use the CAM3 atmospheric general circulation model, whichisoprene emissions in models have the effect of decreasing
generates its own meteorological data. Considering the effedhe OH concentration, unless some sort of recycling of OH
on SOA of the factors described above, it is clear than evernis included Lelieveld et al, 2008. Isoprene is oxidised by

if different models were to use the same chemical schemeboth G; and OH, however, except in the caseTaigaridis

and emissions they would have different SOA productionsand Kanakidoy(2007), only oxidation by OH leads to SOA
and burdens depending on meteorological data and removdibrmation in the models discussed here. As the isoprene re-
schemes. duces the OH concentration, the remaining isoprene either

. . o reacts with ozone or it is transported further from the source
There are however, also differences in the emissions be-

tween the models shown in Tateln the present work, bio- region before being oxidised, and thus has more chance to be

) o ~removed in precipitation. It was noted kieald et al(200§
ignegn:go\p/)%ie(Bz\alrg?seeng;rI\?r?eszroeftz,?i;;ga(cG)?gf’ine)gt:l;? that SOA formed from isoprene oxidation is enhanced in the

1999, while Heald et al (2008 include only 43 Tg(C) yrt upper troposphere with respect to that from monoterpenes,

o . . nd that it has a lifetime of around 9 days rather than the 7
of monoterpene emissions. They do not include short live )
; : : days for monoterpene SOA (i.e. around 29% longer). They
species such as sesquiterpenes, which are accounted for here.’. ; . L :
o 1 atfribute this to incomplete oxidation of isoprene near the
Emissions of 103 Tg(C) yr” of monoterpenes were used by source, and subsequent transport to higher altitudes, where
Henze et al(2008, and Tsigaridis and Kanakido007%) ' q P 9 '

. 1 ! . there is less precipitation, similarly tdenze and Seinfeld
mcluc_zled 217.4Tgyr" of non isoprene BVOC which could (2008. The lifetime of SOA from isoprene oxidation in the
contribute to SOA production.

Oslo CTM2 is 3.7 days, about 9% longer than the 3.4 days
With respect to the relation between isoprene productionfor the remaining SOA species, which may indicate that the
and burden, in addition to the effects described above, de-
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Fig. 3. The radiative forcing (RF) due to SOA increases between pre-industrial times and the present(aPe®@lA is allowed to
partition to POA from all sources (calculated from Pindsul vs. Presiosul). Pane(b): same as panel (a), except partitioning to ASLA

is allowed (Pindsul vs. Pressul). Panelc) shows the forcing excluding the effects of present day biomass burning (RF is calculated from
Pind.sul vs. PreBBpind). Pane(d): RF is calculated from Pindul vs. PindBBpres, i.e. the RF is from the increase in SOA due to biomass
burning POA and ASLA.

ISopréene 1S belng oxidised closer to the source, and therfor%able 6. The radiative forcing as a result of SOA increases since
that more of the isoprene can lead to SOA formation beforei)re-industrial times. for the different model runs.

being washed out. We believe that the development of globa

SOA models has reached the stage where a detailed model R D)

. . ) L un RF (Wm4)

inter-comparison would be very useful in determining the

reasons for some of the differences between the models. Pind.sul/Pressul —0.086
Pind.nosul/Presosul —0.058

4.3 The radiative forcing of changes in SOA burden Pind BBpres/Pindsul  —0.021
PresBBpind/Pindsul —0.056

The increase in SOA since 1750 resulted in a global an-

nual average radiative forcing 0£0.058 Wn12 for run

Presnosul, relative to Pinghosul. In run Presul, the forc-  sions was about twice as large as that due to emissions of
ing was—0.086 W n12, or about twice the the forcing due POA and sulphur from biomass burning; the radiative forc-
only to the increase in POA emitted by fossil fuel burning, ing caused by the SOA associated with the biomass burn-
(—0.04 W n12) which was calculated with this model in a ing emissions on the other hand (see Ta)lewas only a

previous experimentSchulz et al.2006. Both forcing es-  little more than a third of that of the SOA associated with
timates modelled here are larger than the best estimate frorthe industrial/fuel burning emissions-0.021Wn12 and
the IPCC AR4 of the radiative forcing for POK¢rsteretal.  —0.056 W nT2, respectively).

2007, which was—0.05 [£0.05] W nT2. Table3 shows that The distribution of the radiative forcing caused by the SOA
the increase in SOA due to industrial and fuel burning emis-increases is shown in Fi§. Generally, the radiative forcing
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is strong over areas with large emissions of SOA precursors The radiative forcing resulting from SOA is0.06 Wn12

or POA, and weak over remote ocean areas and at high latifor Presnosul compared to Pindosul and—0.09 Wnt 2, for
tudes. Decreases in the magnitude of the radiative forcing ar@ressul, compared to Pindul. The radiative forcing mod-
seen in areas where the emissions given in the present day ielled here is likely to be slightly weaker than the actual radia-
ventory of POA from biomass burning are lower than thosetive forcing, due to the importance of the total OA burden for
from the pre-industrial inventory, reducing the aerosol phaseSOA partitioning, and the fact that in industrialised regions
fraction of the semi-volatile organic species, as in Hig. the model tends to underestimate the concentrations of OA

Figure3, panel A, shows the radiative forcing when SOA (Hoyle et al, 2007).
was not allowed to partition to ASLA. The strongest forc- Observations show a large fraction of OA to be secondary
ing is seen in the tropics, especially over South America andn origin (Crosier et al.2007 Gelencser et al2007), and
Africa where biomass burning emissions are large, but alsdhere are indications that anthropogenic VOC, or process-
over the ocean down wind of these areas, and over Souting by anthropogenically influenced air masses, could be
East Asia. These forcings were enhanced when partitionmore important for SOA formation than the current state-of-
ing to ASLA was allowed (panel B), particularly over South the-art SOA models predicv/¢lkamer et al. 2006 Crosier
East Asia. Additionally, the radiative forcings shown in panel et al, 2007. Therefore, further characterisation of the an-
B for the east coast of North America and over Europe arethropogenic effect on SOA formation is necessary to improve
much stronger. model results near industrialised areas.

Panel C and D show the forcing calculated from runs If the work of Lelieveld et al.(2008 is confirmed, the de-
PresBBpind and PindBBpres respectively. The radiative velopment of a parameterisation for the recycling of OH dur-
forcing resulting from the increased SOA due to industrial ing isoprene oxidation would be a substantial improvement
emissions occurred mainly over the industrial areas, whileto the chemistry leading to SOA formation. Such a mech-
the forcing due to SOA partitioning to the increased lev- anism would lead to higher SOA yields in areas with sig-
els of biomass burning POA is mainly evident over South- nificant isoprene emissions, and may lead to a better match
ern Africa, Indonesia and South America, as expected, conbetween modelled and measured OA values.
sidering the distribution of SOA increases shown in Hig. A further factor that may help improve the modelled mass
It should be noted again, that the radiative forcing calcu-of SOA, is the measurement of SOA yields in the laboratory,
lated here is the direct radiative forcing, and that the modelat an atmospherically relevant range of temperatures. This
does not account for indirect effects such as the influence ofvould reduce the reliance on the extrapolation of partitioning
aerosol on cloud cover. coefficients from a single temperature, using a generalised

enthalpy of vaporisation.
i ) The inclusion of ASLA as mass to which SOA can par-
5 Discussion tition caused large increases in the amount of SOA in and

The production of SOA was found to have increased by ap_near large industrial agglomerations. Regulations which lead

proximately 19 Tg yr, since the pre-industrial period while to further reductions in emissions of sulphur may therefore

the burden increased by 0.17 Tg, or about 51%. When SemiI_ead to lower burdens of organic aerosol in, and down-wind
: . . " of these areas. In order to model the effects of such reduc-
volatile organic species were also allowed to partition to

ASLA, the production of SOA increased by 26 Tg¥r and tions, however, the representation of sulphate aerosol and its
the bL;rden increased by 0.26 Tg, or 59%. The major part 0{'nteraction with organics in large scale_ models needs to be
this change was due to increases in industrial emissions. Thlé'nproved. Water upt.ake, as well as deliquescence and efflo-
fact that the difference in SOA burden between P nd escence of ammonium sulphate needs to be aqcountgd for,
Presnosul is a large fraction of the difference in burden be- as both these factors influence the uptake of semi-volatile or-
tween Pressul and Pindsul suggests that the mass of aerosol ganic_ species. Irreversible par_tit_ioning due to aerosol phgse
available for partitioning may be the most significant cause Ofreactlons also needs to be explicitly accounted for. These im-

the increase in SOA. Most of the mid to upper troposphericprovements will be a focus of future work with this model.

SOA increase over the tropics appears not to be a result ofcknowledgementsThe authors would like to thank Ulrich
increases in biomass burning emissions of POA or sulphurkrieger of the Institute for Atmospheric and Climate Science, ETH
rather due to industrial or fuel burning emissions. Zurich, for advice on this manuscript from a laboratory perspective.
The results also suggest that although the global burden ofhis work was carried out with funding from the projects BACCI

SOA has increased since pre-industrial times, the concentrgBiosphere-Aerosol-Cloud-Climate Interactions) and EUCAARI
tions of SOA in the upper troposphere have decreased. ThigEuropean Integrated project on Aerosol Cloud Climate and
is due to changes in the altitudes and locations at which oxAir Quality Interactions). This study was also supported by the
idation and partitioning of SOA species occur, which in turn Norwegian Research Council.

gf;fﬁgse the removal of the organic species from the atmo-Eoliteol by: J. Seinfeld
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