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ABSTRACT

Estimates of the amount of secondary organic aerosol formed in the atmosphere from the degradation of
traffic C4-C,, hydrocarbon emissions in the city of Athens are presented. Around 1.26 tn of organic aero-
sol is estimated to be produced during a six hours air pollution episode from the aromatic hydrocarbons,
the other NMHC groups contributing an additional 0.2 tn. The main contributor to the SOA production is
m-xylene. It accounts, together with toluene, for around 50% of the produced organic aerosol. The main
aerosol products that are expected to form from the Athens NMHC traffic mixture are nitrophenols. Due

to predominant wind flow to the S-SE direction in the area, a portion of these aerosols is likely to contrib-
ute to the SOA burden of the marine atmosphere over SE Mediterranean. These results are also relevant to
ozone abatement strategies involving species-specific NMHC reductions and affecting fine particulate
composition and concentrations.
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INTRODUCTION

Urban agglomerations are a major source of norRapour pressures may condense on the available
methane hydrocarbons (NMHC). Some of thesaerosol surfaces and form SOA. However, a gas-
NMHCs can contribute substantially to tropospheriphase species may be adsorbed on available particles
secondary organic aerosol (SOA) formatiomven if its concentration is below its saturation value
(Grosjean and Friedlander, 1975; Grosjean arn{@ankow, 1994). In urban air, the organic aerosols
Seinfeld, 1989; Grosjean, 1992; Novakov an@roduced this way may account for a significant
Penner, 1990). Secondary organic aerosols (SOfkction of the total organic carbon. In southern Cali-
are produced in the atmosphere from the oxidatidornia, for example, this fraction may be up to 70%
of NMHC by OH, ozone and NOThe oxidized (Turpin and Huntzicker, 1991).
products at concentrations exceeding their saturation SOA consists mainly of various acids, dicar-
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bonyls, organic nitrates, nitroaromatics and phenolger can also find application in predicting the
some of these substances are of main concerncttanges of SOA composition, aerosol toxicity and
human health. As fine particles, SOA can contribulSOA contribution to PN}, as a result of regulatory
te to the mortality associated to fine particlesiriven changes in NMHC emissions (Grosjean,
(Schwartz et al., 1997). 1992).

SOA particles can also influence the radiation Inthe present study, recent estimates of speciated
budget of the atmosphere either directly or througiMHC traffic emissions from the city of Athens
their role as cloud condensation nuclei (CCN). Réeone of the biggest urban conglomerations with a 4
cent evidence (e.g. Hobbs et al., 1997) suggests thaitlion population at the North coast of Eastern
carbon aerosols may even far outnumber sulphadiediterranean) have been used in order to calculate
particles and, hence, the net cooling effect of scatie organic aerosol amount produced during a pho-
tering sulphate aerosols can be more than offset franthemical urban air pollution episode. The NMHC
the net heating effect of absorbing carbon In addemissions have been obtained from a compilation of
tion, evidence exists (Novakov and Penner, 1993)n extensive dataset of ambient concentration data
that organic CCN, at marine sites influenced b{Kourtidis et al., 1999). The organic aerosol produc-
anthropogenic emissions, account for most of the tten estimates were made according to the approach
tal aerosol number concentration and the CCN frésllowed by Grosjean (1992). This approach is ap-
ction, in contrast with the common view that CCNplicable to urban areas for which reliable emission
originate primarily from sulphate aerosols. The albeand/or ambient concentration data are available for
do of marine stratus clouds, and, hence, their radiaerosol-forming NMHCs (Grosjean, 1992). Up to
tive properties are determined in a large part by thw, no estimations have been made of SOA pro-
CCN number density. duction in Athens, due to a lack of speciated NMHC

In addition, estimates of the organic aerosol pr&amission estimates. The mains aims of the present
duced by traffic emissions could be useful to bstudy are to provide of a first estimation of the ma-
taken into consideration on attempts to reduce thgmitude of SOA production, to target the species that
photochemical ozone burden in urban or regionabntribute mostly to SOA, and identify the expected
scales in Europe. This is because: products using an approach that requires minimum

1. The efforts to control ozone levels, in the neaecourses. For an accurate prediction of SOA con-
future, will most probably involve species-selectiveentration produced in the atmosphere, detailed
reductions of NMHC emissions, which will alsomodeling is required (e.g. Pandis et al., 1992).
have effects on the fine particulate composition and
burden of urban centres. Since both ozone angl PMRESULTS AND DISCUSSION
particulates are under regulatory consideration, and
since species-specific reductions in NMHC emisthe speciated NMHC traffic emission inventory for
sions are likely to be introduced, it would be usefuhkthens, used here, contains 35 species in (e, ¢
for cost-effective strategy design if some estimatiorrsinge and refers to 1994 (Kourtidis et al., 1999).
on SOA production were available. This could hel@ hirty out of these species have the potential to form
to target these NMHC species, whose reducticrerosols (Table 1). NMHCs that do not form aero-
would reduce both ozone and fine SOA particulatesols include benzene as well as all alkanes and

2. Inthe urban plume, aerosols have a direct effegtkenes with six or less C atoms (Grosjean and
on the photodissociation rates of both ozone arfgeinfeld, 1989). Thus, most of the NMHCs that are
NO, that can lead to very significant enhancementsiportant aerosol precursors, are included in the in-
in ozone production (e.g. Dickerson et al., 1997).ventory.

Summarising, information on the amount of For an estimation of the organic aerosol, that
aerosol produced from NMHCs traffic emissions irtould be produced by the emitted NMHCs in the
urban centres is important in order to assess the eff€oteater Athens Area, data regarding the aerosol
of various smog abatement strategies pertinent forming potential of various NMHCs which have
ozone formation, to fine particulate burden and tbeen compiled by Grosjean (1992) are used. The
CCN availability. The method presented in this paapproach followed by Grosjean (1992) is also adopted.
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The aerosol is calculated as:
Amount of aerosol produced = Amount of NMHC x Fraction of NMHC reacted x Fractional Aerosol Coefficient
where,

Fractional Aerosol Coefficient (FAC)AgrosoLirom NMHC

Initial NMHC

Table 1.Non-methane hydrocarbon emission rates and amount of aerosol produced by each NMHC.

) Emission rate Fractiona! Aerosol Fraction of Amount

Species (kg day™) Coeg/ﬁi:lent NMHC of ae_:rosol _provduced>1
0] reacted+ (kg (6-hours-episode)™)

AROMATICS (sum of aromatics = 1,264.6 kg day™?)
toluene 42,959 54 0.12 278.0
m-xylene 17,989 4.7 0.4 338.0
o-xylene 12,967 5 0.26 168.6
ethylbenzene 9,296 5.4 0.15 75.3
p-xylene 8,493 1.6 0.28 38.0
m-ethyltoluene 3,929 6.3 0.31 76.7
p-ethyltoluene 1,277 25 0.21 6.7
1,3,5-trimethylbenzene 2,611 2.9 0.74 56.0
isopropyl benzene 548 4 0.13 2.8
substituted C10 7576 6.3 047 2943
benzenes
CYCLOALKANES (sum of cycloalkanes = 15.2 kg day™)
methylcyclopentane 5,110 0.17 0.1 0.9
methylcyclohexane 2,118 2.7 0.2 1.4
ethyl cyclohexane 849 2.7 0.12 2.7
cyclohexane 803 0.17 0.14 0.2
ALKANES (sum of alkanes = 50.9 kg day™)
nonane 3,825 1.5 0.2 11.5
n-heptane 3,353 0.06 0.14 0.3
2-methyl heptane 2,444 0.5 0.1 1.2
3-methyl heptane 2,258 0.5 0.1 11
2,4,4-trimethylpentane 3,263 0.73 0.16 3.8
n-octane 2,430 0.06 0.17 0.2
n-decane 3,005 2 0.22 13.2
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Species Eng:(sg iggyr_?)le Féi%;ggin?%; ;?I FrNait/Il &ncof of aeréggrg?;duced
reacted+ (kg (6-hours-episode)™)

undecane 2,189 25 0.25 13.7

2,3,4-trimethyl heptane 1,337 2 0.22 59

ALKENES (sum of alkenes = 71.7 kg day™)

1-nonene 1,551 6 0.57** 53

1-heptene (R2=0.6) 1,364 2 0.52** 14.2

1-octene (R2=0.6) 819 1 0.55%* 45

TOTAL 1,402.4 kg day*

*

From Grosjean and Seinfeld (1989)
*  Calculated from reaction rate constant, [OH]=F*fiblecules/crf) [O ]=100 ppb, [NO]=0 ppb
and a reaction time of 6 hrs. : :
** The amount shown is for reaction with ozone only, which is assumed to lead to aerosol formation,
while reaction with OH does not.

For more details, the reader is referred taromatics). Aerosol production from alkenes is real-
Grosjean (1992). FACs values are obtained kged only through reaction with,QGrosjean, 1992).
Grosjean’s compilation (Grosjean, 1992) as well abhe estimations are performed for a hypothetical 6
data from Grosjean and Seinfeld (1989), Izumi anldours air pollution episode scenario, with, €100
Fukuyama (1990) and Wang (1992). NMHCs reagipb, [OH]=1x1@ molecules cni and [NQJ=0.
with OH (all NMHCs), ozone (all except alkanes As shown in Table 1 and Fig. 1, the aromatics
and aromatics) and N(Jall except alkanes and alone produce around 1.26 tn over 6-hours-episode

50000 — — 400

Emission rate ( kg.day’
Aerosol produced (k kg.(6-hrs)"!

Figure 1.Emission rates (bars) and aerosol produced (line) from aromatic hydrocarbons in the Athens area.
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of organic aerosol, another 0.16 tn over 6-hourSOA production (Grosjean, 1992; Pandis et al.,
episode being produced from alkanes, cycloalkan&992). This is due to the much lower contribution of
and alkenes. Hence, from the species of the NMH@-xylene to the NMHC burden in California, com-
inventory, aromatics produce 90% of the calculateplared to that of Athens.
SOA. This is in agreement with recent experimen- Following the functional group assignments of
tal results showing that the aromatic content controlSrosjean (1992), the aerosol composition of Table
a fuel's SOA formation potential (Odum et al.,2 was derived. The main products belonging to the
1997). Odum et al. (1997), during smog chambdunctional group of nitrophenols, are being formed
studies found that the ratio value, SOA concentrdy the oxidation of aromatics, nitrophenols,
tions predicted to form from a fuel’'s aromatic condinitrophenols and dixydroxynitroaromatics. Other
stituents over observed SOA concentration (averproducts formed, but in much lesser amounts, from
ged over 12 different fuels) was 1+/- 0.160)1 the degradation of the other compound classes of
Greek unleaded fuels contain around 50% aromatidable 2, are aliphatic acids, carbonyls, hydroxy-
(Lappas et al., 1996). Results from the Auto/Qil Aicarbonyls and organic nitrates. To our knowledge,
Quality Improvement Research Program show théttere are no experimental data available for Athens
reformulated gasolines contain 20-48% aromatide compare the estimates of Table 2 with. This study
(European Union, 1994). Hence, there is a conssuggests that the relatively high contribution of aro-
derable potential to reduce SOA by the introductiomatics to the total NMHC burden of the Athens at-
of certain types of reformulated gasoline. mosphere (Moschonas and Glavas, 1996;
Rappenglueck et al., 1998) makes it possible that
{]itrophenols, which contain toxic substances, will
make up the major fraction of urban SOA in Athens.
Besides its high FAC value, m-xylene has also a
high ozone creation potential (Derwent et al., 1996
and references therein). Projections on fuel HC
speciation for Europe assume a decrease in the aro-
Aerosol produced kg.(6-hours episode)* matic content of the fuel and increase in the paraf-
fin content of the fuel (European Union, 1994). The

Table 2. Secondary organic aerosol produced from tra
fic NMHC emissions in Athens during a 6 hrs
air pollution episode according to functional
groups.

Freaursor | carbonyt | APPAC | Nitrophenois | AP | paraffin class is the most unreactive ones, the paraf-
fins considered to yield one order of magnitude less
Aromtics - - 1264.6 - ozone than other VOC classes (Russell et al., 1995),
Alkenes ) 77 . . and also have low FAC values. These changes in
fuel speciation, if introduced, will also affect the
Alkanes 336 . . 17.3

SOA produced in the Athens plume.

Cycloalkanes 10.6 - - 46 The main flow pattern in the NE Mediterranean
is from north to south (e.g. Kallos et al., 1998).
Based on its reaction rate constant for the reaction
with OH (5.96x162 cm? molecule! s1; Atkinson,

The main contributors to SOA are m-xylene and990), toluene is calculated to have a sufficiently
toluene accounting for around 50% of the estimatddng lifetime (i.e. time required for the initial con-
SOA production of the species presented in Table dentrations to decrease to 1/e) of around 8 days in
Most of the SOA is produced by m-xylene. Thevinter and 1 day in summer (Singh and Zimmer-
present results suggest that m-xylene emission m@an, 1992) and hence a fraction of toluene emis-
ductions lead to sizeable reductions in total SOA isions could survive even a 4 day travel and contribu-
Athens, since m-xylene is responsible for 24% of the to in-situ SOA formation over the marine SE
SOA production from the 30 hydrocarbon species dflediterranean atmosphere. This fraction, for a tolu-
the inventory used here and has a relatively higéne lifetime of 1 day, would be 2% of the initial
FAC value of 4.7% w/w. In California, m-xylene isemissions after 4 days during summer, but might be
predicted to constitute a much lesser fraction of than order of magnitude greater under cloudy condi-

Total 44.2 71.7 1264.6 21.9
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tions. It should be noted, that once formed, seconddence, in-situ physicochemical characterisation of
ry organic aerosol will not remain necessarily in thaerosols combined with detailed chemistry-transport
liquid phase but it might evaporate again, dependinmgodelling is required to assess the mesoscale atmo-
on temperature and particle surface availabilityspheric effects of these particles.

REFERENCES

Atkinson, R. (1990). Gas-phase tropospheric chemistry of organic compounds: A favies, Environ24A, 1-41.

Derwent, R.G., Jenkin, M.E., Saunders, S.M. (1996). Photochemical ozone creation potentials for a large number of
reactive hydrocarbons under European conditidtreos. Environ30, 181-199.

Dickerson, R.R., Kondragunta, S., Stenchikov, G., Civerolo, K.L., Dodridge, B.G., Holben, B.N. (1997). The impact
of aerosols on solar ultraviolet radiation and photochemical sBwgnce278 827-830.

European Union (1994). Air quality report of the Auto Oil progReport of Sub Group 2, European Union, Direc-
torate General for Industry, Energy and Environment, Civil Protection and Nuclear Safety

Grosjean, D., Friedlander, S. K. (1975). Gas/Particle distribution factors of organic and other pollutants in the Los
Angeles atmospherk Air Pollut. Control Asso@5, 1038-1044.

Grosjean, D., Seinfeld, J. (1989). Parameterization of the formation potential of secondary organic Agrasols.
Environ.23, 1733-1747.

Grosjean, D. (1992). In situ organic aerosol formation during a smog episode: estimated production and chemical func-
tionality. Atmos. Environ26A, 953-963.

Izumi, K., Fukuyama, T. (1990). Photochemical aerosol formation from aromatic hydrocarbons in the presepce of NO
Atmos. Environ24A, 1433-1441.

Kallos, G., Kotroni, V., Lagouvardos, K., Papadopoulos, A. (1998). On the long-range transport of air pollutants from
Europe to AfricaGeophys. Res. Lef25, 619-622.

Kourtidis, K., Ziomas, |., Rappenglueck, B., Proyou, A., Balis, D. (1999). Evaporative traffic HC emissions, traffic
CO and speciated hydrocarbon traffic emissions from the city of AtAémss. Environ(in press).

Lappas, A.A., Patiaka, D.T., Martin, R.S., Berger, K.H. (1996). Benzene content and hydrocarbons analysis in Greek
gasolines from fuel stations in Thessaloniki regPrac. Conference on Environmental Pollutign,34-

38, Thessaloniki, Greece.

Moschonas, N., Glavas, S. (1996)-C,, Hydrocarbons in the atmosphere of Athens, Gre&ireos. Environ30,
2769-2772.

Novakov, T., Penner, J. E. (1993). Large contribution of organic aerosols to cloud-condensation-nuclei concentrations.
Nature365, 823-826.

Odum, J.R., Jungkamp, T.P.W., Griffin, R.J., Flagan, R.C., Seinfeld, J.H. (1997). The atmospheric aerosol-forming
potential of whole gasoline vap@gience276, 96-99.

Pandis, S.N., Harley, R.A., Cass, G.R., Seinfeld, J.H. (1992). Secondary organic aerosol formation andXtarcsport.
Environ.26A, 2269-2282.

Pankow, J.F. (1994). An absorption model of the gas/aerosol partitioning involved in the formation of secondary or-
ganic aerosolAtmos. Environ28, 189-193.

Rappenglueck, B., Fabian, P., Kalabokas, P., Viras, L.G., Ziomas, I.C. (1998). Quasi-continuous measurements of
volatile organic compounds (VOC) in the Greater Athens Area during MEDCAPHOT-TRACE - Implica-
tions of VOC in the enhancement of photooxidaAtsios. Environ32,2103-2121.

Russell, A., Milford, J., Berggin, M. S., McBride, S., McNair, L., Yang, Y., Stockwell, W. R., Croes, B. (1995). Ur-
ban ozone control and atmospheric reactivity of organic gasesice269, 491-495.

Schwartz, J., Dockery, D.W., Neas, L.M. (1997). Is daily mortality associated specifically with fine padtiéas?

Waste Manage. Assot6, 927-939.

Singh, H.B., Zimmerman, P.B. (1992). Atmospheric distribution and sources of nonmethane hydrolcarBaiss.
eous Pollutants: Characterisation and cycling, J.O. Nriagu (ddhn Wiley & Sons, pp. 177-235.

Turpin, B.J., Huntzicker, J.J. (1991). Secondary formation of organic aerosol in the Los Angeles basin: A descriptive
analysis of organic and elemental carbon concentratiinmss. Environ25A, 207-215.

Wang, S.C., Paulson, S.E., Grosjean, D., Flagan, R.C., Seinfeld, J.H. (1992). Aerosol formation in atmospheric organic/
NO, systems-I. Outdoor smog chamber studies,0ob@d G-hydrocarbonsAtmos. Environ26A, 403-420.



