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Abstract. To elucidate human induced changes of aerosolnents and with height since preindustrial times. The pres-
load and composition in the atmosphere, a coupled aeros@nce of anthropogenically emitted primary particles in the
and gas-phase chemistry transport model of the tropospher@mosphere facilitates the condensation of the semi-volatile
and lower stratosphere has been used. The present 3-D modpecies that form SOA onto the aerosol phase, particularly in
eling study focuses on aerosol chemical composition changéhe boundary layer. The SOA burden that is dominated by
since preindustrial times considering the secondary organithe natural component has increased by 24% while its con-
aerosol formation together with all other main aerosol com-tribution to the AOD has increased by 11%. The increase in
ponents including nitrate. In particular, we evaluate non-seaoxidant levels and preexisting aerosol mass since preindus-
salt sulfate (nss-SP), ammonium (NIjL), nitrate (NQ), trial times is the reason of the burden change, since emissions
black carbon (BC), sea-salt, dust, primary and secondary orhave not changed significantly. The computed aerosol com-
ganics (POA and SOA) with a focus on the importance of position changes translate into about 2.5 times more water
secondary organic aerosols. Our calculations show that thassociated with non sea-salt aerosol. Additionally, aerosols
aerosol optical depth (AOD) has increased by about 21%contain 2.7 times more inorganic components nowadays than
since preindustrial times. This enhancement of AOD is at-during the preindustrial times. We find that the increase in
tributed to a rise in the atmospheric load of BC, nsfSO  emissions of inorganic aerosol precursors is much larger than
NO3, POA and SOA by factors of 3.3, 2.6, 2.7, 2.3 and the corresponding aerosol increase, reflecting a non-linear at-
1.2, respectively, whereas we assumed that the natural dustospheric response.

and sea-salt sources remained constant. The nowadays in-
crease in carbonaceous aerosol loading is dampened by a
34-42% faster conversion of hydrophobic to hydrophilic car-
bonaceous aerosol leading to higher removal rates. These

changes between the various aerosol components resulted g{tymospheric aerosols are important constituents of the
Significant modifications of the aerosol chemical CompOSi'g|oba| atmosphere_ They have a direct effect on climate by
tion. The relative importance of the various aerosol com-scattering and/or absorbing solar radiation modifying the ra-
ponents is critical for the aerosol climatic effect, since at- diative balance of the atmosphere_ They can act as conden-
mospheric aerosols behave differently when their chemicakation nuclei and cloud condensation nuclei, modify cloud
composition changes. According to this study, the aerosoproperties and precipitation rates, thereby indirectly influenc-
composition changed significantly over the different conti- ing the climate (IPCC, 2001). Their surface can also act as
medium for heterogeneous reactions, modifying the chem-
Correspondence tadvl. Kanakidou ical composition of both the gas and aerosol phases in the
(mariak@chemistry.uoc.gr) atmosphere (Tie et al., 2005).
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Aerosols contain numerous compounds, which may haveand the non-linear interactions of emissions and chemistry.
various chemical and physical properties, in variable pro-The modeled spatial and temporal SOA composition vari-
portions and state of mixing (e.g. organic or inorganic, hy- ability and the factors that are controlling it are thoroughly
drophobic or hydrophilic). Over source areas the aerosopresented and discussed.
composition reflects that of the sources. Since the aerosol
lifetime is of the order of a few days to a week, aerosols are
transported, chemically transformed and affect areas far fron2 Model description
where they have been formed. Moreover, organic aerosols
(OA) significantly contribute to the total fine aerosol mass To study the aerosol composition variability since prein-
(Putaud et al., 2004). Important amounts of organic aerosolslustrial times, the global 3-dimensional chemistry transport
have also been observed in the middle troposphere (Hobbs @odel TM3 has been used (Houweling et al., 1998; Tsi-
al., 1998; Huebert et al., 2004; Heald et al., 2005). garidis and Kanakidou, 2003; Tsigaridis et al., 2005, and

OA can be further separated in primary organic aerosolgeferences therein). A brief model description follows, em-
(POA), directly emitted in the atmosphere as aerosols, angbhasizing the differences from these earlier studies, as well
secondary organic aerosols (SOA), which are formed af-as the elements that are important for the present discussion.
ter chemical reactions in the atmosphere. POA sources The model has a horizontal resolution of 2 %%° in lati-
are mainly biomass burning and fossil fuel burning, al- tude and longitude and 19 vertical hybrid layers from the sur-
though recent reports (Jaenicke, 2005; O’Dowd et al., 2004¥ace to 10 hPa. Roughly, 5 layers are located in the boundary
suggest an important role for POA from various biogenic layer, 8 in the free troposphere and 6 in the stratosphere. The
sources. Using recent information on SOA formation ki- model is driven by ECMWF ERA15 re-analysis meteorolog-
netics (Kanakidou et al., 2005a, and references therein), wéal data-archive (Gibson et al., 199%tp://www.ecmwf.int/
recently evaluated that biogenically emitted volatile organicresearch/era/ERA-)%pdated every 6 h. The ozone bound-
compounds (VOC) are the major precursors of SOA on aary conditions are based on TOMS data convoluted with cli-
global scale (Tsigaridis and Kanakidou, 2003). Some of thematological vertical ozone profiles as described in Lelieveld
biogenic VOC oxidation products are semi-volatile and areand Dentener (2000). A timestep of 90 min is applied for
able to condense and produce new particles or increase thghysics and 45 min for chemistry and aerosol production.
mass of the preexisting ones (Kanakidou et al., 2005a). An- The model uses a modified version of the Carbon Bond
thropogenic aromatic hydrocarbons can also produce SOAchemical Mechanism version 4 (CBM-4; Gery et al., 1989) to
Since POA and SOA have different sources they are also exsimulate global atmospheric chemistry as described in detail
pected to have different chemical compositions and thereforéyy Houweling et al. (1998), together with sulphur and am-
different physicochemical and optical properties and impactmonia chemistry (Dentener et al., 1999; Jeuken et al., 2001).
on climate and environment. For the present study, reactions of terpenes and aromatics are

The human driven emissions of gases and particles haveffecting both gas-phase chemistry and aerosol production
drastically increased since preindustrial times (Van Aardenneas described in detail in Tsigaridis and Kanakidou (2003).
et al., 2001). In parallel, humans affected the biogenicThea- andg-pinenes represent two biogenic SOA precursor
emissions via land use changes. Thus, both anthropogenigOCs, while toluene and xylene represent two anthropogeni-
and biogenic emissions have changed since preindustrial efeally emitted aromatic compounds that form SOA. Biogenic
due to increased agricultural and industrial activities. Theseemissions of monoterpenes and the 32% of ORVOC that are
changes are reflected in the atmospheric chemical composable to produce SOA (Griffin et al., 1999b) are distributed
tion, i.e. the oxidant levels and the aerosol chemical compoequally toa- and 8-pinene. SOA production from isoprene
sition and therefore, are expected to influence climate. In-oxidation is taken into account using the simplified approach
deed, Stier et al. (2006) have made climate simulations foiof 0.2% aerosol molar yield (Claeys et al., 2004). This ap-
the years 1860-2100 and found that altering the chemicaproach does not make isoprene a substantial aerosol precur-
composition of aerosols together with their physical prop-sor and will be improved in future studies, based on Henze
erties like mixing state and increased absorbance, affect thand Seinfeld (2006) recommendations.
climate, especially when moving from the present time to
future. The aim of the present work is to evaluate the modifi-2.1  Present day simulation
cations in the chemical composition of aerosols since prein-
dustrial times due to the change in both the anthropogenid-or the present day, we used a standard model simulation
and biogenic emissions. We focus on the regional and globalor the year 1990. The emissions adopted for the present
changes in the contribution of the various aerosol compo-and preindustrial simulations are shown in Table 1. An-
nents that is expected to affect the properties of the atmothropogenic emissions vary annually based on EDGAR-
spheric aerosols. The computation of associated climate imHYDE 1.3 (Van Aardenne et al., 2001), as well as the emis-
pact is beyond the scope of the present study. Discussion folsions of NG from soils and the biomass burning emissions
lows on the chemical composition of the SOA componentsof gases. The seasonality of biomass burning was kept
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the same in both simulations. Methape ;urface concentraTable 1. Present (year 1990) and preindustrial (year 1860) emis-
tions were scaled based on a polynomial fit of the latitudinalgjong ysed by the model.

concentrations developed by Hein et al. (1997). The OR-
CHIDEE dynamic global vegetation model (Lathe et al.,
2006) produced monthly varying biogenic emissions for the

Present Preindustrial  Units

year 1990 (isoprene, monoterpenes and other reactive bio- NOx 45.0 9.2 TgNy?!
genic VOC) that are used in the TM3 model. DMS emissions CO 1051.8 2185 Tgy!
are driven by the ERA-15 ECMWF 10m wind speed and VOC? 250.9 965 TgCy?!
surface sea-water DMS concentrations compiled by Kettle et  CH20 19.2 2.0 Tgy!
al. (1999). BC and POA emissions are based on the estimates !soprene 4675 4094 TgCy
of Ito and Penner (2005), which include both temporal and Monoterpenes 120.8 1264 TgCY
spatial variations for the present and preindustrial era. These ORVOC® 221.0  207.4 TgCy!
emissions are similar with the average emissions given by POA 444 201 Tgy?
Bond et al. (2004). The hydrophilic fractions of POA and BC 7.5 2.1 Tgy* .
BC emissions is assumed to be 80% and 50%, respectively. Aromatic VOC 143 00 Tacy
Particulate nitrate and aerosol associated water (AAW) are DMS . 18.5 18.5 Tg 517
computed online with EQSAM (Metzger et al., 2002). The Anthropogenic S@  73.0 24 Tg y
AAW calculation is based only on the inorganic nss-sulfate, ~0lcanic SQ 9.2 9.2 Toy
ammonium and nitrate components of the total aerosol mass. NH3 44.1 3 9 y_1
Therefore, neglecting the other aerosol components for the So& Sat 7804.2 7804.2 Toy,
Dust 17041 17041 Tgy

calculation of AAW affects neither the wet removal and the

distribution of aerosols nor any other results of the present,

study, since AAW in the model is used only as a diagnostic

variable. Moreover, the gﬁect of ggrosol Size |ncr§ase by Wab: The fraction of reactive biogenic VOC (excluding monoterpenes

ter upta!<e on the extlnctlon coefficients and thus ,'r‘ the AODand isoprene) that is able to produce SOA is notated as ORVOC,

calculations is taken into account for all hydrophilic aerosol ypile the non-SOA producing ORVOC (68% of total ORVOC) are

components based on a polynomial fit by Veefkind (1999)added to the VOC species.

for sulfate aerosols as described in Tsigaridis et al. (2005). ¢: Both preindustrial and present emissions are based on the year
Sea-salt and dust particles are taken into account for th&000.

present study. The daily emissions of these aerosol compo-

nents come from the AEROCOM-B compilation for the year

2000 fttp:/nansen.ipsl.jussieu.ffAEROCQNDentener et  non-linear atmospheric response. Chemistry is a non-linear

al., 2006). Following the AEROCOM recommendations we Process since catalytic cycles and feedback mechanisms are

consider three modes for sea-salt aerosol (aitken, accumuldovolved, therefore the increase in the abundance of a species

tion and coarse) and two for dust (accumulation and coarse§loes not necessarily induces a proportional increase in its ox-

. Excluding biogenic species line isoprene, monoterpenes and
other reactive VOC (ORVOC).

aerosol (Table 2). idation products, if they increase at all. As a consequence,
linear processes, like emissions, coupled to chemistry will
2.2 Preindustrial simulation have a non-linear response (atmospheric burdens).

For the preindustrial simulation, the anthropogenic emis-
For the preindustrial simulation, stratospheric ozone is forcecsions are based on EDGAR-HYDE 1.3 for the year 1860
based on the 1980 TOMS ozone column. This assump{Van Aardenne et al., 2001), as well as the emissions of
tion though could underestimate preindustrial stratospheridNOyx from soils and the biomass burning emissions of gases.
ozone, since in 1980 the stratospheric ozone depletion anBrimary carbonaceous aerosol emissions are based on Ito
tropospheric ozone increase have been already initiatednd Penner (2005) for the year 1870. It has to be noted
(Shindell and Faluvegi, 2002). For the preindustrial simu-that most models assume that during the preindustrial period
lation, we used the same meteorology as in the present-dathe biomass burning emissions are scaled to 10% of that of
simulation, that of 1990, but different emissions. Therefore,present day, while based on Ito and Penner (2005) this num-
the computed changes since the preindustrial period are erer is on global average 44%, varying spatially. The bio-
tirely driven by the change in emissions. Interestingly, the in-genic emissions are calculated by Latla et al. (2005) for
crease in emissions of inorganic aerosol precursorseé®@  the year 1850 and are based on present day climate forcing
dimethylsulfide (DMS; constant in both simulations), NH from CRU (Climate Research Unit, UK) with relative humid-
and NQ since the preindustrial period of about a factor of ity corrected using ECMWF data, and a preindustrial,CO
3.4, 6 and 5, respectively, is much larger than the correspondatmospheric mixing ratio of 280 ppmv. Note that the present
ing aerosol burden increase of nss-sulfate (factor of 2.6), ameay high atmospheric GQevels enhance the biogenic VOC
monium (factor of 2.9) and nitrate (factor of 2.7), reflecting a emissions (due to increased leaf expansion) counterbalancing

www.atmos-chem-phys.net/6/5143/2006/ Atmos. Chem. Phys., 6, 5163-2006
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Table 2. Sea-salt and dust aerosol log-normal mode properties.

K. Tsigaridis et al.: Change in aerosol composition since preindustrial times

Sea-salt Dust
Diameter Sigma Density Diameter Sigma Density
(1um) (genm3)  (um) (gem3)
Aitken 0.01-0.1 1.59 22 - - -
Accumulation 0.1-1 1.59 2.2 0.1-1 1.59 25
Coarse 1-20 2.00 2.2 1-12 2.00 25

VOC/NO, (ppbC/ppb)

the gas and particulate phase with a partitioning coefficient

T T
55 8.0

K;. The oxidants considered in the model for VOC oxidation
are @, OH and NQ radicals. However, we assumed that in
the case of biogenic hydrocarbons the only oxidant leading
to SOA formation is @, while for the aromatic VOC both
OH radicals and @are initiating SOA production. For the
biogenic VOC, partly due to the increased reactivity applied
in order to accurately represent the mixture of monoterpenes
and higher homologues by only and g-pinene, ozonol-

t_he redu_ction of biogenic V.OC emission_s due_ to defores_ta-ysis cgnsumes roughly 80>:%) o?l-this nfix?ure. Further, the
tion. This leads to a global increase of biogenic VOC em's'partitioning data reported by Presto et al. (2005) are for the

f‘/'grés of 9%, most of it ddgtla?\t/%és'opren_cle_; blsof Erecurg‘orozonolysis ofz-pinene. However, assuming that all oxidants
(monoterpenes an ; see Table 1) have €€Ran contribute to SOA formation, with the ozonolysis re-

I 0 - . . .

increased by only 2%. We assumed nolchang.es of DMS se orted yields, only a 16% increase in global annual SOADb
water concentrations between the p_re-_mdustrlal and prese roduction is calculated, leading to a 29% increase to the
time, D.USt an<_j sea-salt natural emissions are the same _f orresponding burden. For aromatics, the ozonolysis of aro-
the.pre_—lndust_rlal and_presentday simulations, an_as.sumpt'oﬂwatics is very slow; indeed, more than 99% of aromatic
Wh'Ch IS consistent W't.h Menon et al. (2(.)02) that_ |nd|ca.te anspecies are being consumed by the reaction of OH radicals
increase of about 8% in sea-salt load since preindustrial erd e TM3 model. Therefore. the oxidation of aromatics

in their standard simulation. by other oxidants than OH turns to be negligible source of
anthropogenic SOA. The adopted parameterization, together
with the related uncertainties in the calculations, has been

The TM3 model includes coupled gas- and aeroso|_phaséiescribed in detail earlier (Tsigaridis and Kanakidou, 2003).
calculations that include equilibrium chemistry of inorganic Although Tsigaridis and Kanakidou (2003) have shown that
aerosol components and partitioning of semi-volatile gas-the oxidation of SOA components can increase the SOA pro-
phase compounds to the aerosol phase. Additionally, théluction by about 20%, in the present study the $Oém-
heterogeneous reaction ob®s on inorganic aerosols and Ponents are assumed to be chemically inert, since the pa-
chemical transformation of hydrophobic primary carbona- rameterization is based on overall yields of SOA formation
ceous aerosols to hydrophilic by reaction with ozone are infrom chamber experiments. More detailed information on
cluded. This chemical aging process depends therefore ofhe base scenario used in this study is described in Tsigaridis
O3 levels and affects the removal of carbonaceous aerosol§t al- (2005).

from the atmosphere, since hydrophilic aerosols are more ef- The lumped compounds S@Ahave different produc-
ficiently scavenged from the atmosphere than hydrophobidion coefficientss;, different partitioning coefficients to the
ones. All aerosols are considered to be externally mixedaerosol phase (high partitioning coefficient means that the
SOA formation is described using a two-product model ap-compound preferably partitions on the aerosol phase and has
proximation, which has been shown to be the simplest waylower vapor pressure) and different enthalpies of vaporiza-
to efficiently represent aerosol formation from both biogeniction AH (the temperature dependence of the partitioning co-
(Hoffmann et al., 1997) and aromatic VOC (Odum et al., efficients is linked to the\ H; high AH means stronger de-
1997): pendence of the vapor pressure on temperature; for details
1 see Tsigaridis and Kanakidou, 2003).

@) In the present study, the above mentioned SOA formation
Whereaq; is the mass-based production yield of the semi-mechanism has been improved in order to be able to calcu-
volatile lumped SOA product SQAhat partitions between late different products with different SOA formation yields

Low anthropogenic <—|—> Intermediate anthropogenic «<——— High anthropogenic

Low biogenic < » High biogenic

Fig. 1. VOC/NOy regimes used in the SOA calculations. Anthro-
pogenic: Song et al. (2005); biogenic: Presto et al. (2005).

2.3 SOA parameterization

VOC+oxidant> a1 SOA1+a2SOAx+ high volatility products

Atmos. Chem. Phys., 6, 5143162 2006 www.atmos-chem-phys.net/6/5143/2006/
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Table 3. Properties of the SOA species used by the two product model for SOA formation.

Namé Parent VOC ¢; (mass based) K, (m*ug™) AH (kImol1) Referencé
APINp1 a-pinene 0.125 0.088 72.9 G
APINp2 a-pinene 0.102 0.0788 72.9 G
APINpIN a-pinene 0.0138 0.0637 72.9 P
APINp2N  a-pinene 0.461 0.0026 72.9 P
APINp1H a-pinene 0.192 0.0637 72.9 P
APINp2H a-pinene 0.215 0.0026 72.9 P
BPINp1 B-pinene 0.026 0.195 109 G
BPINp2 B-pinene 0.485 0.003 72.9 G
TOLp1 toluene 0.071 0.053 72.9 (0]
TOLp2 toluene 0.138 0.0019 72.9 (0]
XYLpl xylene 0.038 0.042 72.9 (0]
XYLp2 xylene 0.167 0.0014 72.9 (0]
XYLpIN  xylene 0.049 0.301 72.9 S
XYLp2N  xylene 0.178 0.008 72.9 S
XYLplH  xylene 0.024 0.229 72.9 S
XYLp2H  xylene 0.152 0.004 72.9 S

1 Nomenclature of species was chosen as follows: First 3 or 4 capital letters denote the parent VOC. The letter “p”, followed by the number
1 or 2, denotes the product number. In case there is an additional letter “N” or “H”, it denotes formation under low and high Y&GMNO
conditions, respectively. For the intermediate case of aromatic oxidatior V®E/NOy <8 in ppbC/ppb; Song et al., 2005), the average
parameters of high-to-low VOC/NQwere used.

2 G: Griffin et al. (1999a); O: Odum et al. (1997); P: Presto et al. (2005); S: Song et al. (2005).

depending on the VOC/NOratio, as proposed by Presto et ical properties of the particles produced, we recommend that
al. (2005) fora-pinene and Song et al. (2005) for xylene future SOA modeling studies include the VOC/N@epen-
(Fig. 1). In order to simulate the VOC/NQlependence on dence on the SOA production.

SOA formation fromg-pinene and toluene, their aerosol pro-

duction capability ¢; and K;) has been scaled based on the

a-pinene and xylene SOA production dependence or.NO

For example, the partitioning coefficiehtzpinpin Used in - 2.4 Aerosol removal processes

the model §-pinene oxidation product in low VOC/NO

regime; see Table 3 for nomenclature), is calculated as fol-

lows: . . .
Dry deposition for all aerosol components is parameterized

2) similarly to that of nss-sulfate, except for dust and sea-salt

particles for which sedimentation has also been considered
These numbers can be found in Table 3 for the precurso(Table 4). The in-cloud scavenging of dust, of the hydropho-
VOCs considered in the present study. Including such a repbic primary carbonaceous aerosols and of the 20% of SOA
resentation in the calculation of SOA formation reduces thethat is assumed hydrophobic (Chung and Seinfeld, 2002) is
chemical production of biogenic SOA by about 20% and in- lower than that of nss-sulfate (due to their lower water affin-
creases the anthropogenic SOA by about the same percerity) whereas the below-cloud scavenging is kept the same
age. This happens because the new biogenic SOA paramé¢Seinfeld and Pandis, 1998). The other aerosol components
terization accounts for more volatile components producedare scavenged with the same efficiency as nss-sulfate. Num-
at low VOC/NG, environments, though in the anthropogenic ber and mass distributions of sea-salt and dust are calcu-
SOA case the adopted yields from Song et al. (2005) ardated every time step for each mode separately, assuming
higher than the ones from Odum et al. (1997). Addition- the lognormal distributions described in Table 2. The size
ally, the product distribution differs substantially around the distribution of sea-salt and dust affects their dry deposition
globe; high VOC/NQ products are dominant above remote rate since sedimentation that is negligible for small particles,
regions, while low VOC/N® products are more abundant dominates for large particle sizes, Wet removal (solubility to
above industrialized areas. Since the more volatile productglouds and below-cloud scavenging) though is the same for
are expected to have a different climatic impact compared tall sizes but depends on its hydrophobic or hydrophilic char-
the less volatile products, due to different physical and chem-acter of the particles as explained earlier.

KgpiNpiN = KBPINp1/ KaPINp1 X KAPINpIN

www.atmos-chem-phys.net/6/5143/2006/ Atmos. Chem. Phys., 6, 5163-2006
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Table 4. Percentage contribution of the removal processes for all aerosol components in the model. Sea-salt coarse fraction has larger size
than the dust coarse fraction (Table 2).

present preindustrial
wet dry sedimentation  wet dry sedimentation

sulfate 90.5% 9.5% 0.0% 92.8% 7.2% 0.0%

ammonium 81.7% 18.3% 0.0% 87.3% 12.7% 0.0%

nitrate 69.9% 30.1% 0.0% 83.9% 16.1% 0.0%

SOA 88.6% 11.4% 0.0% 90.9% 9.1% 0.0%

POA 74.9% 25.1% 0.0% 73.6% 26.4% 0.0%

BC 76.3% 23.7% 0.0% 75.0% 25.0% 0.0%

sea-salt (fine) 56.2% 43.7% 0.1% 56.2% 43.7% 0.1%

sea-salt (accum) 55.0% 43.0% 2.0% 55.0% 43.0% 2.0%

sea-salt (coarse) 8.9% 9.8% 81.3% 8.9% 9.8% 81.3%

dust (accum) 47.8% 44.6% 7.6% 47.8% 446% 7.6%

dust (coarse) 8.7% 12.1% 79.2% 8.7% 12.1% 79.2%
3 Results Moreover, it has to be noted that the preindustrial ozone mea-

surements are highly uncertain, since the@diein method

3.1 Oxidant fields used at the end of the nineteenth century suffers from signif-

icant interference from several sources (Pavelin et al., 1999).

The change in the levels of oxidantsg(NOs, H2,O, and With regard to HO; levels, the observed increase of 50% in
OH) is important for the degradation of VOC and sulfur diox- Greenland since preindustrial times (Sigg and Neftel, 1991)
ide, and therefore for the formation of secondary aerosolsis consistent with our model calculated increase of 48%.
H20, and OH are important for the formation of $O
whereas @is the dominant oxidant responsible for the SOA 3.2 Aerosol burden
formation. Limited information is available from measure-
ments that give an indication on the levels of oxidants duringSome indication on the changes in the levels of aerosol
the preindustrial period. Based on our model calculationsconstituents since preindustrial period is provided by the
the mean boundary layer ozone concentration has increaseéde core measurements. These measurements (Greenland
by more than 74% since preindustrial times, while the cor-ice core; Mayewski et al., 1986) show an increase in nss-
responding N burden has been increased by more than asulfate and nitrate concentration by a factor of 2.8 (from 30
factor of 4. The increase in the boundary layer ozone conto 84.gkg™') and 2.1 (from 55 to 11agkg™1), respec-
centration resulted in a net decrease in biogenic VOC contively, since preindustrial times that is lower than the cal-
centrations by 42% for the case of isoprene and 59% forculated increase by the model (3.9 and 6.4, respectively).
monoterpenes. The global mean OH radical concentratiorAlthough both measurements and model results are associ-
also changed since preindustrial era, resulting in a 5% in-ated with large uncertainties, they indicate that significant
crease of the tropospheric methane lifetime. The change ichanges have occurred both in oxidant levels and in aerosol
the oxidizing capacity of the atmosphere led to a longer life-composition since preindustrial era. In addition, as discussed
time of SGQ due to chemical reactions that produce sulfateearlier, the turnover time of the hydrophobic to hydrophilic
particles, combined with an increase in its atmospheric loadcarbonaceous aerosol depends on oxidant levels. According

Comparison with the few existing measurements duringto our model online calculations, this turnover time has been
the preindustrial period (Volz and Kley, 1988; Anfossi et al., reduced due to the increase in @vels, from 1.7 days (for
1991; Sandroni et al., 1992; Marenco et al., 1994; SandronPOA) and 1.8 days (for BC) during preindustrial times to 1.1
and Anfossi, 1994; Pavelin et al., 1999) indicates that theand 1.0 days, respectively.
model may overestimate ozone concentrations (within a fac- Our model calculations suggest that the total annual aver-
tor of two and in some cases above a factor of 3), with onlyage aerosol mass in the model domain has increased since
3 occasions (over wintertime Japan) of calculatedoOn- preindustrial times from 26.8 Tg to 28.9 Tg (Table 5). This
centration above 30 ppbv. These high Bvels are mainly increase is attributed to all aerosol components except dust
associated with strong stratospheric influx of ozone in theand sea-salt, which were kept constant at present-day lev-
troposphere in the northern hemisphere during the winterels. Excluding these natural aerosol components, the calcu-
and spring periods. The strong stratospheric influx gf O lated aerosol mass has increased from 2.7 Tg to 4.8 Tg. Note
is a feature common to global models (Pavelin et al., 1999)that our model does not account for the mixing of aerosols

Atmos. Chem. Phys., 6, 5143162 2006 www.atmos-chem-phys.net/6/5143/2006/



K. Tsigaridis et al.: Change in aerosol composition since preindustrial times 5149

Table 5. Global annual average aerosol burden for the present and preindustrial simulations and comparison with the literature. All units are
TQ.

This work Previous works
Aerosol type (units)  Present Preind Present Preind
Nss-sulfate 1.05 0.40 0.29-2%5 0.10-0.58
Ammonium 0.35 0.12 0.33-0.8# 0.123
Nitrate 0.31 0.12 0.04-0.63 0.10-0.18
MSA 0.22 0.27
SOAb 0.75 0.64 0.01-1% 0.06-0.6
SOAa 0.05 0.00 <0.01-0.038
POA 0.60 0.27 0.77-1.48 0.096-0.11°
total OA 1.40 0.91 0.24-2.3% 0.03-0.1#2
BC 0.12 0.03 0.11-0.2§ 0.011-0.0%°
Sea-salt 4.45 4.45 0.97-13%1 0.961°
Dust 19.60 19.60 7.9-356¢

1 AEROCOM?; Stier et al. (2005); Adams et al. (2001); Tie et al. (2005); Rotstayn and Lohmann (2002); Koch et al. (2003 }adkakev
Iversen (2002); Rasch et al. (2000); Chin et al. (2000); Koch (2001); Barth et al. (2000); Kiehl et al. (2000); Boucher and Pham (2002);
Chuang et al. (2002); Derwent et al. (2003); Menon et al. (2002); Liao and Seinfeld (20059; TM5

2 Adams et al. (2001); Boucher and Pham (2002); Kiehl et al. (2000); Menon et al. (2002); Liao and Seinfeld (2005)

3 Adams et al. (2001)

4 Adams et al. (2001); Derwent et al. (2003); Liao and Seinfeld (2005); TM5

5 Adams et al. (2001); Liao and Seinfeld (2005)

6 Tsigaridis and Kanakidou (2003); Kanakidou et al. (2000); Chung and Seinfeld (2002); Griffin et al. (1999b); Derwent et al. (2003); Liao
and Seinfeld (2005)

7 Kanakidou et al. (2000); Chung and Seinfeld (2002); Liao and Seinfeld (2005)

8 Tsigaridis and Kanakidou (2003)

9 AEROCOM; Stier et al. (2005); Chung and Seinfeld (2002); Koch (2001); Liao and Seinfeld (2005); TM5

10 Chung and Seinfeld (2002); Liao and Seinfeld (2005)

11 Tie et al. (2005); Reddy and Boucher (2004); Chuang et al. (2002); Menon et al. (2002); Chung and Seinfeld (2002)

12 Menon et al. (2002); Chung and Seinfeld (2002)

13 AEROCOM; Stier et al. (2005); Tie et al. (2005); Kirkay and Iversen (2002); Koch (2001); Chung and Seinfeld (2002); Cooke and
Wilson (1996); Liousse et al. (1996); Chuang et al. (2002); Liao and Seinfeld (2005); TM5

14 AEROCOM; Stier et al. (2005); Guelle et al. (2001); Liao et al. (2004); Tie et al. (2005); Chuang et al. (2002); Menon et al. (2002); TM5
15 Menon et al. (2002)

16 AEROCOM,; Stier et al. (2005); Ginoux et al. (2001); Liao et al. (2004); Tie et al. (2005); Grini et al. (2005); Miller et al. (2004); Luo et
al. (2003); Zender et al. (2003); Chuang et al. (2002); TM5

8 AEROCOM: Median value of all models from the AEROCOM A intercomparison.

b TM5: Krol et al., The European aerosol budget, Manuscript in preparation; Kanakidou et al. (2005b).

¢ Excluding the Chuang et al. (2002) and Ginoux et al. (2001) burden of more than 30 Tg, the range is 7.9-19.5 Tg.

that could alter the hygroscopicity and the removal of dustpresent. Anthropogenic aromatic VOC oxidation and conse-
particles, a property that may have changed since preinquent aerosol production is responsible for 30% of this in-
dustrial era (Kanakidou et al., 2005b). Nss-sulfate, nitratecrease.

and black carbon (BC) aerosol have strong anthropogenic
sources, since they are either chemically produced by an
thropogenically emitted precursor compounds£&6d NG,

A comparison of the modeled present day results with
measurements for OA, BC, sea-salt and dust is shown in
. . ) .. Fig. 2. Organic aerosols are mostly underestimated by the
for nss-sulfate and nitrate, respectively) or are directly em't'model (on average by a factor of 2), while BC compares bet-

ted in the pgrticulate phase (BC.:)' Organic aerosols h.a_ve alsPer with measurements. The model generally overestimates
a strong primary anthropogenic source but are addltlonallythe sea-salt measurements belowgm—2 by more than a

produced by chemical transformation of biogenic and anthro'factor of two, while the model simulates better the highest

pogenic VOC (Tsigaridis and Kanakidou, 2003; Kanakidou concentrations. The comparison with sea-salt measurements

et al., 2005a). This secondary source is calculated to increas&I : o
. ) S ows a better agreement in the Pacific Ocean, where model
from 12.8 Tgy ! during preindustrial times to 19.3 Tg ¥ at g

results are within a factor of 2 with observations at most
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the European measurement network EMB®p(//www.emep.int the North-American measurement network IMPROVAE({://vista.cira.
colostate.edu/improyeand measurements compiled by the Global Atmosphere Watch (GAW) progtgpr/(vdca.jrc.if. Carbonaceous
aerosol measurements are those used in Tsigaridis and Kanakidou (2003).

measuring stations. From a total of 37 stations used in thehe globe. This could be attributed either to (i) very effi-
comparison, only 4 of them are overestimated by more tharcient wet deposition (lifetime due to wet removal of 6.0 and
a factor of 10. Note however that the modeled mass concené.3 days for POA and BC, respectively at present), or to (ii)
tration of sea-salt is totally determined by its very short-lived fast turnover time of the hydrophobic to hydrophilic carbona-
coarse fraction, a fact that severely hampers a comparisoneous aerosols (1.1 and 1.0 days for hydrophobic POA and
with measurements. For dust, the model agrees surprisingl8C respectively), or to (iii) the adopted POA and BC emis-
well with the highest concentration levels, which mostly af- sions that are generally lower than in other models (Textor et
fect the global dust burden, and overestimates mainly thosal., 2005) as discussed in Sect. 2. SOA burdens are within

concentrations that are belowutym—3. One station where the range of previous studies. The sea-salt and dust global
the model overestimates the dust values by more than a fadsurdens lie within the range of previous published model es-
tor of 10 is in the southern Atlantic Ocean (Yate, New Cale- timates.

donia), with the others being in the Pacific. This indicates

some deficiencies in the representation of long range trans-, Ammolrfm:m 'SSIS.(: Iotwer thgntﬁther rr&odels.. S'”C‘?I%”?mo'
port and/or removal of dust in the model. nium, sulfate and nitrate are in thermodynamic equilibrium,

the concentrations of nitrate depend on the availability of am-
When comparing with other model results (Table 5), our monium, which in turn is controlled by the amount of sulfate
simulations simulate well the sulfate burden and tend to liepresent since ammonium is preferably neutralizing sulfuric
close to the lowest values of global aerosol load for ammo-acid in the atmosphere and only the remaining ammonium
nium. The published values of atmospheric loads of POA ands controlling the HNQ/NOj3 equilibrium. This nicely ex-
BC vary by more than a factor of 3, with the results presentedplains the differences between Adams et al. (2001) results
here being at the lower edge of those ranges for OA. BCand our model calculations. Adams et al. (2001) global am-
agrees much better with the measured concentrations aroundonium burden is about 70% more than in our model, in
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parallel their nss-sulfate burden lies to the upper values of the Present
published range and is more than 2 times higher than our re-
sults, however somewhat surprisingly for nitrate aerosol the
two models are in closer agreement (within 20%). Dust
Among the studies reported in Table 5, only Liao and ™%
Seinfeld (2005) consider all major aerosols including SOA
as in the present study. The preindustrial sulfate burden in
Liao and Seinfeld (2005) is about 30% higher than in our
simulation, reflecting their adopted larger increase irp SO
emissions. In addition, nitrate aerosols in Liao and Seinfeld Searsalt ' Ammonium
(2005) are 50% more abundant than in our study, although 1679 136
the NG, emissions are similar, possibly reflecting the differ-
ences in the adopted ammonia emissions between the twe
studies, in both the preindustrial and present atmospheres
Differences in emissions of POA and BC are also reflected
in the burdens of these aerosol components in both studies 0.0%
Furthermore, in the present study biogenic SOA is more than_t,
double the calculated by Liao and Seinfeld (2005). This
difference is attributed to the condensation of semi-volatile

Preindustrial

H H BC
compounds also on inorganic aerosol components, and the N o
consideration of anthropogenic SOA in the present work. Sufte

o Sea-salt A i
3.3 Aerosol composition 7.5% uSh Nwae g

0.5%

Figure 3 shows the computed relative contribution of the Var'Fig. 3. Relative contribution of aerosol components to the total

ious aerosol compor)ents tf? the total aerosol burden for th%erosol burden for the present (top) and preindustrial atmospheres
present and the preindustrial atmospheres. Anthropogenig,ottom) based on the model calculations. The total aerosol burden
emissions have increased the nss-sulfate, nitrate, ammoniung 28.9 Tg and 26.8 Tg, respectively.

POA and BC component of aerosols, resulting in a lower
contribution of the natural components dust, sea-salt and
MSA. SOA from biogenic VOC oxidation (SOAb) has in- crease can be explained by the general increase of inorganic
creased its boundary layer load as a result of both higheconstituent levels associated with more acidic aerosols. For
oxidant (mainly Q) and pre-existing aerosol levels that en- the present day the model calculates more AAW than the to-
hance SOA production (chemical production and conden-+al dry aerosol mass for most of the industrialized regions of
sation). The increase of inorganic aerosol components irthe world (northeastern U.S., Europe, southeast China and
the total aerosol mass leads to more acidic and hygroscopidapan) where it has drastically increased since preindustrial
aerosols, due to the disproportional increase of the sum ofimes (Fig. 4).
nss-sulfate and nitrate relative to ammonium constituents. ~ With regard to the carbonaceous component of the
Another important constituent of atmospheric particulateaerosols, the BC and POA contributions to the total aerosol
matter is the aerosol associated water (AAW), since it af-mass have increased by a factor of 3.3 and 2.3, respec-
fects the chemical composition, size and optical properties ofively, due to an increase of their emissions since preindus-
aerosols. Note that carbonaceous aerosols, sea-salt and dasal times. Present day OA (POA+SOA) can account for
are not taken into account in the calculation since they are notip to 90% of the total particulate matter (Fig. 4). During
included in the EQSAM scheme used in the present study. Irthe preindustrial period the areas where OA is calculated to
particular, the high variability and uncertainty in the organic be the major component-60%) of the dry total particulate
aerosol hygroscopic behavior (Kanakidou et al., 2005a) ismatter, are larger than at the present day. In contrast, BC
the limiting factor for the consideration of organics in the contribution to dry total aerosol mass has increased since
computations of the AAW. This will not affect the results the preindustrial period from 0.1 to 0.4% (Fig. 4). BC has
strongly, since at low relative humidity organic aerosols areabout 50 times higher emissions from fossil fuel burning
expected to be responsible for about 20% of the total AAW,and more than doubled open vegetation and biofuel burn-
while at high relative humidity their contribution becomes ing emissions since preindustrial times. POA emissions from
much less important (Kanakidou et al., 2005a). AAW con- fossil fuel burning also increased by more than a factor of 30
tribution to the total aerosol mass has increased by a factoand the emissions from open vegetation and biofuel burning
of 2.5 since preindustrial times, because the hygroscopicithave doubled. Additionally, an important part of OA comes
of aerosols has increased due to human activities. This infrom the oxidation of VOC. This secondary source is mainly
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Fig. 4. Annual mean aerosol component to dry aerosol mass (DAM) surface ratio for the present (left panels) and the corresponding difference
from the preindustrial (right panels) simulation. Aerosol components are AAW (top panels), BC (medium panels) and OA (bottom panels).

biogenic. Due to the small increase of SOA VOC precur-3.4 SOA chemical composition and controlling factors
sors, the increase in SOA load is due to additional production

which can be attributed mainly to the@crease since prein- |, aqdition to the changes in the contribution of SOA to the
dustrial times, and the increase of pre-existing aerosol masggtg| 0A mass, the chemical speciation of SOA is also ex-
factors that together with temperature control SOAformationpected to have changed since preindustrial times. Changes
in the atmosphere (Tsigaridis and Kanakidou, 2003). The rejy the relative contribution of these species to the total SOA
gional chemical composition of OA has changed strongly inmass are expected to alter the aerosol optical properties and
the tropical biomass burning regions, India and Asia from theyeir apility to act as condensation nuclei and cloud conden-
preindustrial era to pre_sent dgy, reflecting the disproportionaktjon nuclei, having thus a major impact on climate. For
change of SOA/OA ratios (Fig. 5). instance, it is expected that by increasing,Névels in the
atmosphere, SOA will contain more of the high volatility
species as well as organic nitrate species. The overall effect
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Fig. 5. SOA to OA mass surface ratio for winter (top panels) and summer (bottom panels) for the present (left panels) and the corresponding
difference from the preindustrial (right panels) simulation.

is therefore expected to be an increase in the volatility of theand gas-phase) concentration. Figure 6 shows the ratios dur-
aerosol and a decrease of the hygroscopicity (Presto et aling July at the surface for two SOA species with distinct
2005). Note that higher volatility SOA species tend to con- volatility and thus different properties and possible climatic
dense at lower temperatures and thus at higher altitudes in thenpact (BPINp2H: relatively high volatility, expected to be
troposphere. It is therefore expected that the increase in NOmostly in the gas phase at surface; BPINp1H: relatively low
levels since preindustrial period will partially shift particle volatility, expected to be mostly in the aerosol phase at sur-
formation toward colder areas. However, this effect is coun-face; for naming of the species, see footnote of Table 3). In
terbalanced by the increasing primary particles that enhanceur model, BPINp1H has the highest partitioning coefficient
SOA formation in the boundary layer as further discussed.(lowest vapor pressure) and additionally has a high enthalpy
Indeed, the SOA species produced over low VOCIN® of vaporization (strong temperature dependence). This ex-
tio areas contribute to 72% to the total SOA mass at presenplains why it has the highest aerosol-phase to total mass ra-
time, in contrast to the preindustrial region that this contri- tio of all the model biogenic SOA species at the surface. In
bution was 48% (in the boundary layer the contributions areatmospheric samples this species could be linked to the less
50% and 7%, respectively). The changes in the chemicabolatile among the semi-volatile compounds. On the con-
composition of the SOA component are investigated in thistrary, the smallest partitioning coefficient from all SOA com-
section by the mean of the calculated changes in the lumpegounds (highest vapor pressure) has been attributed to the

SOA species taken into account in our model. BPINp2H, thus this SOA species could correspond to the
more volatile among the semi-volatile compounds found in
3.4.1 Changes at the surface atmospheric samples. The other semi-volatile compounds

of the two product model produced frofapinene oxidation

. . . . . Iare less abundant, while these produced fromatipénene
In order' .to mvesﬂgatg the spatlal c{har!ge in the Chemlcaoxidation chain represent intermediate volatility for semi-
composition of SOA since premdustrlal tlm'es, we C?"ICUIatEdvolatile compounds found in atmospheric samples.
for each one of the SOA species the spatial variation of the
partitioning (Sect. 2) between the aerosol and the gas phases BPINp2H is mostly in the gas-phase at the earth’s sur-

as the ratio of aerosol phase concentration to its total (aerosdhce, even over areas with high aerosol loads. This is most
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Fig. 6. Ratio of aerosol-phase to aerosol- and gas-phase SOA species (surface) for the present (left panels) and the corresponding differenc
from the preindustrial (right panels) simulation for BPINp1H (top panels) and BPINp2H (bottom panels). Contours show the monthly mean

temperature (K).

pronounced in the preindustrial period, when (excluding thethe aerosol phase. The most volatile species (BPINp2H)
South Pole) more than 90% of this species is in the gas phasés mainly (~50%) present in the gas-phase at temperatures
At the South Pole both BPINp1H and BPINp2H are found above 240 K, while the corresponding threshold temperature
primarily in the aerosol phase due to the extremely low tem-for the less volatile species is 285 K. Thus, the more volatile
peratures. North Pole temperatures are somewhat higher thapecies partition mainly in the gas-phase in the whole model
at South Pole, and only the less volatile SOA species arelomain except the cold area around the tropopause and in the
dominantly in the aerosol-phase. There, temperature is théower stratosphere above South Pole, while the less volatile
controlling factor. However, this is not the case in the otherspecies are mostly present in the aerosol phase. Similar re-
areas of the world, where the SOA species reside mostly irsults are calculated for both the present and preindustrial at-
the aerosol phase mainly above land, and hardly above thenospheres and indicate that, contrary to the surface, the par-
oceans, even at locations with similar temperatures. Thiditioning of SOA species in the upper layers of the tropo-
is because they tend to condense on pre-existing aerosolsphere is temperature-driven. In addition, at very low tem-
which are more abundant above continental source regiongeratures, even for the very volatile species, the partitioning
This land-sea difference is evidenced in both the preindusto the aerosol phase becomes very high, and forces almost all
trial and present day simulations. The present day simulaSOA material to reside in the aerosol phase. For the case of
tions show a more pronounced land-sea difference, due tthe less volatile BPINp1H, the difference in the partitioning
the higher primary aerosol emissions. at the surface discussed in Fig. 6 is also evident in Fig. 7.

It has to be mentioned once more that the present day at-
mosphere has more NQhan the preindustrial one, which
The zonal mean of the aerosol-phase to total mass ratios fazauses different product yields of the parent VOC oxidation
the same two SOA species are shown in Fig. 7. Due toproducts (Presto et al., 2005; Song et al., 2005) and different
the very low temperatures in the upper troposphere/loweiproduct distribution, resulting in a further change in aerosol
stratosphere (above 300hPa) most SOA species reside iphysical and optical properties.

3.4.2 Zonal mean changes
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Fig. 7. Ratio of aerosol-phase to aerosol- and gas-phase SOA species (zonal mean) for the present (left panels) and the correspondin
difference from the preindustrial (right panels) simulation for BPINp1H (top panels) and BPINp2H (bottom panels). Contours show the
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The chemical composition of SOA itself has also been3.4.3 Changes in biogenic SOA chemical composition
modified, mainly due to the change in the preexisting aerosol
mass. SOA produced from biogenic VOC contribute to In the present work we investigated changes in the relative
about 90% to the total SOA in the present day (Tsigaridiscontribution of the different SOAb species considered here
and Kanakidou, 2003) and are mostly found in the tropo-that are driven from the temporal and spatial differences
sphere. About 20% penetrates to the stratosphere (abové temperature, oxidant levels and amount of pre-existing
100 hPa) for the present day and 22% for the preindustriaRerosol. Our model is able to provide information on the
simulation. These amounts are h|gh|y dependent on thé:hanges in the VOC oxidation product distribution due to
way stratospheric-tropospheric exchanges are parameterizdfie shift from high VOC/NQ to low VOC/NOx environ-
in the model, together with the temperature dependence oments. The change in the relative contribution of the indi-
the partitioning coefficient of the SOA species. In the case ofvidual SOAb species to the total SOAb mass in the boundary
anthropogenically produced SOA (SOAa), only about 9% oflayer and in the free troposphere is displayed in Table 6. This
their total burden is in the stratosphere. Regarding the tropotelative contribution change is calculated by:
spheric load of biogenic SOA, the model calculates that the[present contribution (%)}[preindustrial contribution (%)ts
boundary layer is enriched in SOAb since preindustrial times, [preindustrial contribution (%)] )

since it contains nowadays 5.0% of the total SOAb burden S . . .
dn the boundary layer, the significant increase in the primary

aerosol mass favors the condensation of the most volatile

gas-phase SOADb species due to the enhanced emissions%PAb SPecies, such as BPINp2N, which has mcrgased its rel
. . . - ative contribution to the total SOAb mass (normalized, based

the present day. Another important factor is the increase in )
. T on Eq. 3) by more than a factor of 4, while BPINp1N has
tropospheric ozone that enhances the oxidation of the par

ent VOC to semi-volatile SOA precursor compounds in thedOUbIEd Its _relatlve contribution. The porrgspondmg species
that are being produced from the oxidation f&finene in
lower atmosphere.

high VOC/NQ, environments have decreased their relative
contribution, due to the enrichment of NGn the present
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Table 6. Relative contribution to the total biogenic SOA mass of the various SOA species at present day and corresponding relative change

K. Tsigaridis et al.: Change in aerosol composition since preindustrial times

since preindustrial era, as calculated by Eq. (3).

Boundary layer Free troposphere Stratosphere
Present Change Present Change Present Change
APINpIN 4.2% 249.2% 0.5% 144.4% 0.2% 115.4%
APINp2N  30.6% 397.0% 20.4% 111.1% 13.8% 94.5%
APINp1H 36.2% —42.9% 5.0% —41.7% 2.2% —-37.9%
APINp2H  9.2% —35.5% 8.9% —47.7% 6.2% —47.6%
BPINpIN 0.7% 114.2% 0.0% 37.7% 0.0% 7.9%
BPINp2N  12.7% 430.8% 51.3% 32.7% 61.7% 28.3%
BPINp1H 3.9% —51.7% 0.2% —46.1% 0.0% —37.8%
BPINp2H 2.6% —39.6% 13.7% —46.4% 15.9% —45.8%
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Fig. 8. AOD results vs. measurements (500nm) from the AERONET netwrttg:(/aeronet.gsfc.nasa.gameparated by region. The solid
line denotes the 1:1 ratio and the dotted lines the 1:2 and 2:1 ratios, respectively.

day atmosphere that makes their chemical formation path3.5 Aerosol optical depth

way less favorable.

In the free troposphere,

species APINp1N and APINp2N, have more than doubled

their relative contribution, while that of the other SOAb

species has changed by less than 50% on an annual bas
Like in the free troposphere, the species produced in lo

VOC/NQ, environments are favored against the ones P'Oshown in Table 7. The specific extinction coefficients are

duced in high VOC/NQ environments due to the change in

genic VOC oxidation.

Atmos. Chem. Phys., 6, 5143162 2006

W,

the medium-volatility SOADb AOD calculations are based on wet aerosol mass concentra-
tions, size resolved specific extinction coefficients for sea-

salt are based on Shettle and Fenn (1979), for dust on Pat-
tarson (1981) and on \Volz (1973), while for the rest of the

aerosol components the specific extinction coefficients are

. . S . corrected for the effect of relative humidity as explained in
oxidant levels, which affects the product distribution of bio- Sect. 2.1. This has to be viewed as the upper limit for the
water effect on aerosols and AOD, since hydrophilic car-
bonaceous aerosols are expected to be less hydrophilic than
sulfate. The lower limit of this effect is calculated by the
assumption that only sulfate and nitrate extinction coeffi-
cients are affected by water uptake. The resulting AOD is
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Table 7. Specific extinction coefficients used in the AOD calculations. Ammonium aerosol contribution is included to that of sulfate and

nitrate.

Aerosol component B (m2 g

Reference

Slon 5 Jeuken et al. (2001)
NO3 5 Jeuken et al. (2001)
BC 9 Liousse et al. (1996); Tegen et al. (1997)
POA 4 Liousse et al. (1996)
SOA 4 Liousse et al. (1996)

S——
O Sufate M Nitrate BEPOA ®BC MBSOA OSeasdt ODust

o [ R

0% 20% 40% 60% 80% 100%

Fig. 9. Contribution to the total aerosol optical depth for each one of the aerosol species (annual global mean) for the preindustrial (top; AOD
0.084) and present (bottom; AOD 0.102) atmospheres. Ammonium aerosol is included in the nss-sulfate and nitrate contribution.

calculated to be 20% lower than the base case where all hytive contribution to the total AOD has decreased nowadays
drophilic aerosols are treated like sulfate, pointing out thatby about 15% due to the increase of the other aerosol com-
the error introduced by that assumption is lower than 20%. ponents. The SOA burden increases at the present day, but
The global mean Aerosol Optical Depth (AOD) at 550 nm not so notably as the mainly anthropogenic aerosols. There-
calculated by the model increased from 0.084 in the prein-fore, SOA relative contribution to the total AOD is only 11%
dustrial atmosphere to 0.102 nowadays, a value smaller thahigher nowadays.
the satellite measurements, mainly due to the underestima- The percent contribution of the various components to the
tion of some aerosol components burden (Sect. 3.2). On avAOD per continent is shown in Fig. 10 both for the present
erage, the model tends to underestimate the AERONET netand preindustrial atmospheres. As expected, the strongest
work observations by about 10% (Fig. 8). There is a generathanges have occurred over the most industrialized conti-
trend on underestimating the AOD measurements, with thenents, namely North America, Europe and Asia. The an-
exception of Africa, where a general overestimation is cal-thropogenic emissions of $SGnd NQ have enhanced the
culated. The overestimation in the AOD calculations overnss-sulfate and nitrate aerosols, resulting in higher contribu-
Africa, mostly attributed to dust load, can explain the high tion to the AOD. In areas with strong deforestation, namely
global annual mean percent contribution of dust to the AODNorth and South America, Africa, and Indonesia — Oceania,
(Fig. 9), for both the preindustrial and present atmospheresthe increase in the relative contribution of primary carbona-
The contribution of each species has changed since preindugseous aerosols to the total AOD is also important.
trial times, with the most important change being the more
than doubling of the nss-sulfate, nitrate, and BC contribu-
tions to the AOD, resulting from an increase of their sources4 Conclusions
and thus their atmospheric load. The POA contribution to
the AOD has increased by 86%. The increase in BC con-The anthropogenic aerosol burden in the atmosphere has in-
tribution by a factor of 2.7 is higher than that of POA due creased since preindustrial times by more than a factor of two
to BC lower solubility (reflected by the insoluble/soluble ra- for most anthropogenic aerosol species due to the increase in
tio in the emitted amounts compared to that of POA), whichthe emissions from human activities. In addition, the rela-
results in relatively less effective removal and thus highertive contribution of each one of the aerosol components has
burden (and higher AOD) compared to that of POA during changed. Since preindustrial times black carbon, nss-sulfate
the present day. Since sea-salt and dust have equal burdeasd nitrate aerosols have increased their atmospheric load by
during the present and preindustrial simulations, their rela-a factor of 3.3, 2.6 and 2.7, respectively. This change is
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accompanied by 34-42% faster conversion of hydrophobicsalts, aerosol associated water has also increased. Interest-
to hydrophilic carbonaceous aerosol, attributed to the tropoingly, the increase in emissions of inorganic aerosol precur-
spheric Q increase. Organic aerosols have increased theisors SQ, NH3 and NG since the preindustrial period of
atmospheric load by 65%. Due to the increase in inorganicabout a factor of 30, 6 and 5, respectively, is much larger
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than the corresponding aerosol burden increase of nss-sulfatbeir contribution to the total AOD by a factor of 2.7 and

(factor of 2.6), ammonium (factor of 2.9) and nitrate (factor 1.9, respectively, nss-sulfate by a factor of 2.2, nitrate by a

of 2.7), reflecting a non-linear atmospheric response. factor of 2.4 while the SOA contribution has increased by
Due to the change in the abundance of primary particles inl1%. Excluding dust and sea-salt, sulfate has the highest

the atmosphere, the semi-volatile species that form SOA conAOD contribution in both simulations except the preindus-

dense to the aerosol phase easier at present time, increasitripl second half of the year (July to December) when SOA

the boundary layer load of SOA to the total particulate massdominates. We assume that dust and sea-salt loads have not

faster than in the free troposphere and the lower stratospherehanged since preindustrial times, but due to the increase of

The present-day added primary particles also favor the conether aerosol constituents their contribution to the AOD is

densation of more volatile species in the boundary layer, atbout 15% lower.

the expense of formation in the upper troposphere. In areas

with high preexisting aerosol loads, the amount of aerosolAcknowledgementsThis work has been supported by European

is the most important parameter that controls whether theSocial Funds and Greek National Resources EPEAEK Il —

SOA species resides in the gas or the aerosol phase, whildY THAGORAS grant.
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