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Abstract. A Lagrangian trajectory model used to simulate 1 Introduction

photochemistry has been extended to include a simple pa-

rameterisation of primary and secondary aerosol particlesMany previous studies of aerosol particles, and especially of
The model uses emission inventories of primary particles forsecondary aerosol, have focussed on sulphates (IPCC, 2001),
the UK from the NAEI (National Atmospheric Emissions In- While little is known about the behaviour of organic com-
ventory for the UK), and for Europe from the TNO (Institute Pounds with regard to particulate production and their effects
of Environmental Sciences, Energy Research and Process 1§ climate change. Organic compounds are usually the most
novation, the Netherlands) respectively, to transport tracerémportant component, after sulphate, of the smaller size frac-
representing Plvh. One biogenic and two anthropogenic or- tion of aerosol particles in the troposphere (Heintzenberg,
ganic compounds were chosen as surrogates to model the fot989). It is possible that organic aerosol particles are able
mation of condensable material suitable for the production ofto produce a similar (but opposite in sign) radiative effect to
secondary organic aerosol (SOA). The SOA is added to thdhat produced by sulphate aerosol particles (IPCC, 2001).
primary PMo and compared to measured R\t one urban Most aerosol particles are assumed to be composed of a
and two rural UK receptor sites. The results show an averagixture of materials, incorporating both the solid and lig-
under-prediction by factors of 4.5 and 8.9 in the urban anduid phases. Particles that are directly emitted (as a direct
rural cases respectively. The model is also used to simulat@roduct of combustion, for example) are termed primary par-
production of two secondary inorganic speciesSB, and ticles. Particles are also produced from reactions between
HNO3, which are assumed, as a limiting case, to be presengiases, which yield products sufficiently involatile to parti-
in the particle phase. The relationships between modelledion between the gas and particle phases. Particles formed in
and measured total Pidimproved with the addition of sec- this way are termed secondary particles.

ondary inorganic compounds, and the overall model under- CITTYCAT is a Lagrangian box model that simulates the
prediction factors are reduced to 3.5 and 3.9 in the urban anghemical processes in the atmosphere (Evans et al., 2000). It
rural cases respectively. Nevertheless, our conclusion is thavas developed to reproduce the processes affecting the pro-
current emissions and chemistry do not appear to pro\/idéjUCtion and lifetime of relatively short-lived species such as
sufficient information to model Ph well (i.e. to within a  0zone. The original chemistry scheme used volatile organic
factor of two). There is a need for further process studies tocompounds (VOCs) from £to C7 (e.g. toluene, &Hs).
inform global climate modelling that includes climate forc- We have extended CiTTyCAT to include an aerosol module,
ing by aerosol. incorporating primary particles together with the contribu-
tion of secondary organic aerosol (SOA) from anthropogenic
and biogenic sources, and secondary inorganic aerosol (SIA)
from sulphuric and nitric acids.

It has been estimated that 80% of the total SOA produced
from aromatic compounds in Europe results from reactions
Correspondence td<. M. Emmerson with gas phase tolueng;xylene and ethylbenzene (Derwent
(ke7@york.ac.uk) and Malcolm, 2000; Odum et al., 1997). Xylene and toluene
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do not have reasonably well established reaction mechanism®action scheme suffices for both compounds. The lumped
(e.g. Calvert et al., 2002), yet have produced condensabl&ylene compound and toluene are initialised with a concen-
material within a smog chamber environment (Pandis et al.tration of 0 ppb.

1992). Jenkin (1996) has also published an oxidation scheme Biogenic compounds are not included in the PORG report
for a-pinene that includes the formation of biogenic condens-(1997) speciation estimate, and are treated separately. Pre-
able material. The importance of biogenic compounds in thevious modelling studies (e.g. Derwent and Malcolm, 2000)
production of SOA is discussed in Pandis et al. (1991), Hoff-have used the Guenther et al. (1995) Global algorithm and the
mann et al. (1997), Christoffersen et al. (1998) and HallquistSimpson et al. (1999) European algorithm. The algorithms
et al. (1999). generate inventories of isoprene and monoterpene emission
rates, based on land cover, land use information and meteo-
rology. However, arecent study (Stewart et al., 2003) showed
that monoterpene emission rates for Great Britain have been
over-estimated by a factor of 2 by Guenther et al. (1995), and
under-estimated by a factor of 2 by Simpson et al. (1999).
The TNO provide European emissions of anthropogenic pri->tewart (2001) completed a data-based study of all isoprene
mary PMio that cover the whole of Europe on a &:8L° grid and monoterpene emitting vegetation in Great _Br|ta|n at a
(TNO, 1997). There is a weekday-to-weekend variation infesolution of 1km. As these data were not available as a
the emissions, based on 20% less mass being emitted at tipatially dis-aggregated dataset at the time of writing, itis as-
weekend than during the working week (pers. comm., TNO).Sumed for the purposes of this modelling study, thainene

As yet, no seasonal cycle has been implemented. Central arid eMitted constantly over every érf Great Britain, i.e. as-
Eastern Europe dominate the TNO emissions, which is due t§UMing an even distribution of vegetation. The proportion of

the concentration of heavy industry in that region (ApSimon monoterpenes emitted aspinene in the model is estimated
et al., 2001). A second P) inventory from the NAEI has {0 be 50%. This is a higher estimate than Griffin et al. (1999)

been nested within the TNO inventory, covering the United Who estimate that 35% of global monoterpene emissions are

Kingdom (including Northern Ireland) on a<il km grid for attributed tox-pinene. It should be noted that the model re-
1996. sponse to increasing emissions is linear (see Sect. 4). The

The primary PMo is treated as an inert species, and no@-Pinene emission rate is sgasqnally adjusted to emit 50%
chemistry occurs. Dry deposition applies, and is based orf"oré mass in summer than in winter (Stewart, 2001), as the
gravitational settling via Stoke’s law, assuming that all parti- monoterpene flux is dependent on temperature (Dement et
cles have a diameter of 20m. We choose the maximum size @l-» 1975). The majority of monoterpene-emitting vegetation
for all PMyo particles because the mass distribution is domi-in Great Britain is not light dependent, but this is not true of
nated by the largest particles. We show below that the modeFPecies native to the European continent (Owen et al., 2002;
results are not very sensitive to the deposition rate and, hencachuh etal., 1997). Air parcels traversing over the European
to the assumed particle size. For a particle ofib@diame- ~ continent receive twice the UK average emission ratexfor
ter with a deposition rate of 0.6 cm’ this has a lifetime of ~ Pineéne, to account for higher emissions in Europe that are
approximately 2 days within a 1 km boundary layer. There isdue to greater afforestation and higher temperatures (Simp-

2 Model treatment of particulate matter

2.1 Primary particles

no treatment for wet deposition. son et al., 1999). For the purposes of the simplified scheme
presented here, light dependency of monoterpene emissions
2.2 Anthropogenic and biogenic emission rates is not included and-pinene is emitted throughout the night.

The European TNO grid provides the land mask for estimat-
Non-methane VOC emission rates from the EMEP ing the location ofr-pinene emissions.
50x50 km grid for 1998 (available frorhttp://www.emep. It is recognised that a large-60%) proportion of the total
int) have been speciated using estimates from the PhoPM;o mass could be composed of SIA. HhN@nd HSO
tochemical Oxidant Review Group (PORG, 1997). This are inorganic secondary species produced from the chemical
method of splitting the total NMVOC emission rate has reactions of N@ and SQ, respectively, and both schemes
been compared to the NAEI's 50 most abundantly emit-are represented in CiTTyCAT (see below). Emissions 0§NO
ted compounds in Great Britain (the latest, year 2000 ver-and SQ are supplied from the EMEP 5®&0km grid for
sion available ahttp://www.naei.org.uk/and found to con- 1998
tain similar species. From a total NMVOC emission rate
of 94.5x10°kgyr~?, the available species within CiTTy- 2.3 Organic chemistry
CAT received 50% of this total. Xylene and ethylbenzene
both have the formula §H19 and a molecular weight of The SOA chemical scheme is described in detail in
106 g mol1, thus are included as a lumped xylene com-a report by Jenkin (1996) and has since been re-
pound. The atmospheric chemistry of xylene and ethylben-developed as part of the wider Master Chemical Mecha-
zene are similar (Atkinson, 2000), and a single generalisedism available afttp://www.chem.leeds.ac.uk/Atmospheric/
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MCM/mcmproj.html (Jenkin et al., 2003 and Saunders et SO3 + HoO(+M) —> HoSOs(4+M) )

al., 2003). The reaction mechanisms for the lumped xylene

compound and toluene are very similar, in that the parent There are other routes for $S@xidation (Calvert et al.,
gas-phase products react only with OH. Reactions with O 1978) and NOs hydrolysis (Jacob, 2000) in the liquid phase,
and NQ are not significant in this scheme due to the slow which are also not considered here. There are many un-
reaction rates. The condensable product from the toluenéertainties with regard to the uptake parameters in hetero-
scheme, “TOLY”, represents all-GQiitrocresols and hydroxy —geneous chemical modelling (e.g. DeMore et al., 1994).
nitrocresols. TOLY, whilst being subject to dry deposition, . )

is also lost chemically through oxidation by OH and §O 2.5 Transfer of condensable material to the particle phase
Another model parameter, “LMXYLY”, represents al§ Gi- . .
trocresols and hydroxy nitrocresols from the lumped xerneFOr any condensable material, once saturation in the gas

scheme, and will produce more condensable product thaﬁ)htasbel_ 'r‘? ;)t;ceeded,t_eqwhbn?m with Iihethvapour ':[5 :_e-
TOLY due to faster reaction rates. established by converting a portion equal to the concentration

The biogenic compound:-pinene, reacts with OH, NO in excess of saturation into the particle phase (Pandis et al.,

and @, producing pinonaldehyde in all cases as the seccmdl.992). This process only increases the size of existing parti-

product. The condensable product, represented here as tr%es and does not lead to the nucleation of a new particle, as

“secondary biogenic component”, is a carboxylic acid pos-f}lhIS mvplvesf surmo_ur_tlng a;]crltlca_l Tzne;}gy ba(ljrner. The con-

sibly related to pinonic acid (GH1¢0s), and has been as- ensation of material into the particle phase does not require
signed a molecular weight of 184gmal The secondary any addltlo_nal energy. If particles exist, and the gas pha.s_e
biogenic component is produced through the reactioa-of concentration becomes less than the vapour pressure, equilib-

pinene with G in 2 steps, or in 4 steps via the reaction with rium is reached again through evaporation from the particle

O and NQ. Th reacion with OF i th fstest however, 5% 101 985 P | seuraten concencauon
and is the more favoured reaction pathway. g9as p 9

in the particle phase, then the particle will evaporate com-
pletely and leave a particulate mass of zero. This may occur
if the emission rate into the gas phase is suddenly reduced,

2.4 Inorganic chemistry

and reaction of OH with N@ the sea. Evaporation can also occur if the temperature of the
air parcel increases, thus increasing the compound vapour
NO7 + O3 —> NO3 + O2 (2) pressure. The saturation vapour pressure also depends on
the composition of the condensed phase material, especially
NOs3 + NO2(+M) <> N2Os(4+M) (2) when a mixture is present (not treated in CiTTyCAT).
It is assumed that both anthropogenic condensable gas
N20s + H20 — 2HNO3 () phase products LMXYLY and TOLY have the same vapour
pressure, ¥ (Torr), which is dependent on temperature
OH + NO2(+M) — HNO3(+M) 4) (Eq. 8; Jenkin, 1996). The vapour pressure of the secondary
biogenic component is treated separately (Eq. 9).

The rate of removal of b5 to produce HNQ@ is vari-
able, and may take a few minutes in urban areas, but can bg, 1450
Vp) = —-3.25— —— 8
of the order of a few hours in remote regions (PORG, 1997 910 (Vr) ®)
and references therein). HN©an produce NQ(NO+NGOy) 7141
and OH through very slow photolysis reactions, but the over-1og; o(Vppio) = 1594 — —— 9)
all reaction direction favours HN§Jas a sink for the N@ T

species. HN@is a semi-volatile inorganic compound, which  These vapour pressures are towards the upper limit of what
is able to partition between the gas and particle phases. Onggight be expected for the partitioning of the semi-volatile
in the particle phase, HN{Xan be removed from the atmo- jnto an organic solid-solution. An examination of the model
sphere permanently through aerosol depositional processesensitivity to Vp = 0 is dealt with in a subsequent paper
but it will also deposit very rapidly in the gas phase. Sul- (Emmerson et al., 2004, in preparafidrand produced on
phuric acid, BSQy, is involatile and always present in the ayerage, 50% more SOA mass. However, with total mod-
particle phase. k50, is produced through oxidation of sul-  glled SOA mass concentrations belowd.m?, partitioning
phur dioxide, S@, which is emitted ubiquitously through || condensable material into the particle phase did not im-

both anthropogenic and natural sources. prove the overall modelled case significantly.

SO + OH(+M) —> HSG3(+M) ) 1 Emmerson, K. M., MacKenzie, A. R., and Owen, S. M.: De-
velopment of a secondary organic aerosol module 2: Application to

HSO; + O — SOz + HO» (6) Europe, in preparation, 2004.
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SIA cal satellite, which is archived on a 2.lpngitude by 2 lati-
mSOA tude grid (Schubert et al., 1993). The data within this grid is
® Primary assumed to be sufficient to account for all time periods, and
0 Obsened therefore does not restrict the use of CiTTyCAT to a particu-
lar time for which satellite data was available.

The urban receptor site chosen for this study is Newcas-
tle, in the north east of the UK (1.60V, 55.0° N) for the
months of March and July 1996. These months were chosen
to complement the study of particulate sulphates by Malcolm
et al. (2000). The Newcastle site is a “background urban”
site, 30 m from the nearest road. Two rural sites, Narberth in
west Wales (4.75W, 51.75 N) and Rochester in east Kent
Fig. 1. Time series to show the modelled contribution of SIA, SOA (0.55 E, 51.40 N), are also analysed for March 1998. Avgr-
and primary PMg to the measured P concentrations at New- age PMo at Ro_CheSter was half_Of t_hat at ,NewcaSﬂ? during
castle during March 1996. this month. This was a month with little rainfall and is more

appropriate for the processes studied here (recall that there is
no treatment for wet deposition). Since the RMignal is the

Partitioning does not occur in CiTTyCAT for HNCand ~ sum of primary and secondary, carbonaceous and inorganic
H,SO, because it is assumed that all condensable materidractions, it is convenient to have a benchmark aerosol com-
will immediately convert into the particle phase, and no par-Position in mind, in order to assess qualitatively how the var-
titioning will be necessary. In real terms,8Qy is always ~ ious parts of the model are performing. Urban and rural mea-
present in the particle phase, whilst H\@ semi-volatile ~ surements in Europe (e.g. Kuhlbusch et al., 1999; Zappoli et
and present in both gas and particle phases simultaneousl@l-, 1999; Harrison et al., 1997) suggest that the total organic
Usually particle phase HNgis associated with the liquid ~fraction (primary and secondary carbon) is a maximum of
phase, and is only found in dry aerosol if ammonia is presen#0% of total PMo, and the secondary inorganic fraction a
(Hewitt, 2001 and references therein). However, there is ndurther 50%, the majority of which is composed of sulphate.
ammonia present in the model and it is not known what frac-Other secondary inorganic species are not accounted for in
tion of HNOs is present in the gas phase at any particularthis study, particularly ammonium and chloride, and could
time. provide the remaining 10%. There were no clear patterns be-

The total mass concentration of particles produced fromtween urban and rural sites to suggest that primary/secondary
these new schemes will be added to the concentration ofatio is much larger at urban locations. Emmerson (2002)
modelled primary P\p. A dry deposition rate of 0.2 cnr$ provides a detailed explanation of how these estimates are
iS assigned for the SOA and S|A' equiva|ent to Sma”er par_made. BelOW, we will refer to these broad CompOSition fl’aC-
ticles with diameters of 0.4m (or PMp 1) and a density of ~ tions as the expected mass percentages. This does not mean
1.6gcnT3. This is equivalent to an atmospheric residencethat we believe the composition of the aerosol is constant
time of just under 6 days in a 1 km boundary layer. in time and space, but rather that the expected composition

provides a rough guide to which parts of the model are per-
forming well. These expected mass percentages allow us to
3 Model receptor sites calculate model under-prediction factors, which are the fac-
tors by which the model under-predicts not the whole ob-
The model follows 3-dimensional, 4-day back trajectories.served mass, but just that part of the whole mass that the
These are supplied by the British Atmospheric Data Cen-model might be expected to under-predict. The total mod-
tre (BADC) trajectory service, which is available on-line at elled time series mass concentrations were then compared to
http://www.badc.rl.ac.uk 4 trajectories per day were used the total measured P} mass concentrations at each site,
ending at midnight, 6 am, 12noon and 6 pm. As the meataken from the NETCEN automated network (available at
surements were provided as 24 h averages the modelled dakatp://www.airquality.co.uk
was averaged to provide 1 data point per day. All trajecto-
ries are calculated using 3-D advection to end at 950 mbar8.1  Urban Newcastle site, March 1996
(~530m), which usually avoids the problem of air parcel
trajectories intersecting the surface and terminating earlyFigure 1 shows the addition of the modelled SOA and SIA
As the model assumes that emissions are mixed homogesontributions to primary Plyp. Three relationships are ob-
neously through the height of the boundary layer (which cantained from the modelled and measured data and shown in
reach heights of 2km), calculating the transport at a heighfTable 1. The first shows the linear correlation between con-
of 530m is reasonable. Boundary layer heights are takerrentrations of primary Pk with the observed Ph con-
from an assimilation of data from the GEOS 1 meteorologi- centration. The second relationship is the linear correlation

100

IN o ©
S =} =}

Concentration, pug m-

N
o

1 6 11 16 21 26 31
March, 1996
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Table 1. Coefficients of determination, average mass percentages and model under-prediction factors in the modelled species for each of
the receptor sites studied here. Under-prediction factor calculations are based on assumed aerosol compositions of 30% jpjida¥y PM
primary PM;g+SOA, and 90% primary PMy+SOA+SIA. SOA is secondary organic aerosol; SIA is secondary inorganic aerosol.

Location Date Primary Primary+SOA Primary+SOA+SIA
RZ  Average Underprediction & Average Underprediction & Average Under prediction
mass % factor mass % factor mass% factor
Newcastle 031996 0.49 9 33 0.51 10 4.0 0.57 22 45
Newcastle 071996 0.61 6 5.0 0.63 8 5.0 0.66 40 2.5
Narberth 031998 0.13 2 15.0 0.14 3 133 0.08 18 5.6
Rochester 031998 0.30 8 3.8 0.30 9 44 0.41 47 2.1

Factor values-1 represent an under-prediction. Factor values=1 represent a perfect match. Factot ¢ak®sent an over-prediction.

between concentrations of modelled primary g3lénd SOA

SIA
only with the measured P}J concentrations. The third re- 4204 msoaA
lationship is between the modelled primary RMSOA, and ° m Primary

total SIA concentrations and the measured;p®bncentra-
tions. The coefficients of determination{Rand the percent-
age of the total measured mass that is modelled on average
increase as each component of the model is added-in. How:
ever the under-prediction factors also increase.

0 Obsened

30 +

ion, ug m

20

Concentrat

The modelled peak of 18gm3 in the primary PMg
around the 21-22 March, occurs on the same date as the 1 6 11 16
peak in the observed data. Correlating all the modelled and
measured data gives ar? Ralue of 0.49. The modelled

SOA has provided no more than :8m=3 (on average) Fig. 2. Time series to show the modelled contribution of SIA, SOA
to the average primary PM concentration of 3.agm™3. and primary PMg to the measured Pij concentrations at New-
The secondary biogenic component contributes most of theastle during July 1996.

mass (98%) to the total SOA modelled, because there are

very few occurrences of the anthropogenic gas phase con-

densable species LMXYLY and TOLY exceeding the satu-tic. However all R relationships are significant at the 95%
ration vapour pressure. Between 10 and 12 March the modconfidence interval. Equal concentrations of modelled HNO
elled anthropogenic secondary particles reach a maximum oknd HbSOq are present at Newcastle during March (assuming
0.04.gm~3 in total, and there is a peak of Q.2 m2 on all HNOs is particulate matter), with an average qigm—3

23 March. This peak in the modelled anthropogenic con-and 5.gm-2 for the whole of the month, respectively. The
densable species occurs 1 day after the 22 March peak ifombined modelled SIA represents 12% of the total mea-
modelled primary PNp. The maximum in the modelled sec- sured PMg mass, which is less than the expected 50%. The
ondary biogenic component of 0.8 m—3 occurs on 17 and total modelled primary Py, SOA and SIA for the month

22 March, although the whole model time series for this com-0f March is 22% of the observed total. Thus if the maximum
pound exhibits strong diurnal cycles. mass of PMo expected from all the modelled constituents is
90%, then the model has under-predicted by a factor of 4.5.

21

26 31

July, 1996

The combined modelled primary Rlyland SOA concen-
tration of 3.9ug m~3 represents one quarter of the expectedz 5 Urban Newcastle, July 1996
mass percentage (40%) from the primary and secondary or-
ganics, which is therefore under-predicted by a factor of 4.Figure 2 shows the modelled time series of SIA, SOA and
The addition of the modelled SOA to the primary RMloes  primary PMy to total measured P concentrations for the
not significantly improve the correlation of the modelled time July 1996 model runs for Newcastle. Statistics for the case
series compared with measurements ohR®?=0.51). Ad-  study are given in Table 1. CiTTyCAT results reproduce
dition of the particle phase #$04 only to modelled PMo  the shape of the observed values bettéi=(R61) than for
resulted in a better correlation of modelled data to measureMarch, especially between 17-23 July. The maximum mea-

ments (R=0.61). However, addition of particulate HN@®  sured PMg (43,9 m~3) occurs on 19-20 July.
the total modelled P} decreased the®Ro 0.57. This im-

plies that the treatment of HN{as involatile is too simplis-

www.atmos-chem-phys.org/acp/4/2161/ Atmos. Chem. Phys., 4, 21602004
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SIA marginally to 0.66. The improved correlation maybe for-
m SOA tuitous, as the temperature dependence of EliN@hdensa-
m Primary tion is neglected. The average concentrations of Hid6d
0 Observed H.>SOy for the whole of July at Newcastle are . m=3
and 1.5u.gm~3, respectively. These concentrations are 4
times less than the concentrations for both particulate inor-
ganic species modelled for the month of March at Newcastle.
The peak concentration in the modelled time series occurs on
19 July, with 40.g m~3in total, with 25,9 m—2 composed
0 ‘ ‘ = ‘ of HNOs and 10ug m—2 from H,SOy. The combined SIA
! 6 1 16 2 2 3 contributes 32% to the total measured fgNor the whole
Mareh. 1998 of the month, which is less than the expected 50% mass per-
Fig. 3. Time series to show the modelled contribution of SIA, SOA centages fpr SIA. If the modelled primary Rifand SOA .
and primary PMo, to the measured P} concentrations at Nar- concentrations are added to the modelled SIA concentratlop,
berth during March 1998. the total modelled mass percentage for July at Newcastle is
increased to 40%. This represents an under-prediction by a
factor of 2.3 on the measured Ry which is probably due

] . ) to the low concentrations of modelled primary B
Secondary organic and inorganic components make a

much larger contribution to the modelled kdn this sum- 33 Ryral Narberth, March 1998
mertime case. This is not as a result of seasonal fluctu-

ations in emissions, which were applied depinene for  Figyre 3 shows the time series in the combined secondary
summer model runs. Instead, the concentrations of anthro’morganic, organic and primary modelled Ryt the first
pogenic species in summer result from different trajectories of the UK rural receptor sites, Narberth in west Wales. The
and hence different emission sources from those in Marchigta] SOA modelled does not generally provide significant
Concentrations ok-pinene generated by the model for July aqgitional mass to the modelled primary RMAs with all

runs are also double those modelled in March due to natur%revious SOA modelling studies in this work, the secondary
seasonal variation. A peak in the secondary biogenic compopjogenic component forms the greatest fraction of total mod-
nent of 1.5.gm~3, occurs on 21 July at midnight. The mass elled SOA, which is nearly 99% of the total SOA mass. How-
percentage of the total modelled SOA species due to the biogyer, the modelled SOA concentration contributed an extra
genic compound alone is 95%. However, modelled primaryggos, to the total modelled P on 29 March at Narberth,
PMjg concentrations for July are about a third of the mod- increasing the modelled Ppfrom 1 g m3 to 1.6.g m=3.

elled March concentrations. Higher concentrations of theThjs is the only date in the Narberth study where the addition
anthropogenic compounds in July are due to localised emispf the modelled SOA mass concentrations makes a signifi-
sions in the north east of the UK, as the trajectories spengant difference to the shape of the total modelled time series.
much of their lifetime over the sea, where there are no emis-  aAjr mass trajectories on 29 March travel from France and
sions. This also suggests that there was insufficient time for Zpain, whilst trajectories for the rest of the month travel
pulse of anthropogenic emissions during the final part of thegyrajght across the clean Atlantic Ocean. The SOA scheme
trajectgries tq react; there are no emissions of either anthroproduces more particulate mass from trajectories that have
pogenic species for 3.5 days at the start of the 15 July trajecgayersed a greater distance across the continent. This is be-
tory. The total average modelled SOA concentration duringcg e there are increased emissions early on in the trajectory
July is 0.3ugm™ and when added to the as\/erage modelledyhich have time to react before reaching the receptor site.
concentrat|03r1$ of primary PM of 1.2ugm™ gives atotal  The modelled SOA for 10 March also shows an increase over
of 1.5ugm™*. This combined result under-predicts the es- yhe original modelled Php, which signifies a land-based in-
timated mass percentage from the modelled primaryi®®M fyence. The 10 March trajectory passed over the Birming-
plus the SOA by a factor of 5'. The addltlor) of' 'Fhe modelled h5m area and picked up anthropogenic gas phase emissions,
SOA increases the Reorrelation to 0.63, significant at the but this increase is not mirrored by the modelled primary
95% confidence level. PM;o as the inventories are different. PMXYLY and PM-

In the R correlations for July (Table 1), the?Relation-  TOLY are only present on two of the 31 days in March (9 and
ship is improved further with the addition of the HNQun- 23 March), in the 0.0.g m~2 range. These anthropogenic
like the March model runs. Using only280, together with  particle species therefore produce a factor of 10 to 100 times
the modelled primary Pk and SOA does not improve the less mass than the biogenic species, though in most cases the
R? relationship on the 0.63 obtained with the modelled pri- anthropogenic species rarely exceed their vapour pressures
mary PMp and SOA only. However, if it is assumed that all and so remain in the gas phase. Plotting the observeg PM
HNOs is in the particle phase, the correlation is improved from NETCEN against the total modelled primary particles
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o
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plus the SOA yields an Rof 0.14 for Narberth. The per- SIA
centage of total modelled mass of primary yMnd SOA is 7 msoA
3% of the total measured PN which represents an under- m Primary
prediction on the expected 40% mass fraction by a factor of 0 Obsened
13.3. Previously, the primary modelled fraction was under-
predicted by a factor of 15 (shown in Table 1), so this is an
improvement.

The average concentrations of Hil@nd HSO;, for the
whole of March are 2...gm~3 and 0.3.g m~3 respectively,
with a peak of 33.g m~3 on 23 March mainly due to HN§ 1 6 n 16 1 2% a1
Both the previous SIA studies at Newcastle showed a greate! March, 1998
proportion of BSQy in the modelled results. The combined
SIA modelled for Narberth forms 15% of the total measuredrig. 4. Time series to show the modelled contribution of SIA,
PMjio, which is one third of the expected 50% mass percent-SOA and primary PN to the measured P4 concentrations at
ages for SIA. Itis likely that emissions of the gas phase pre-Rochester during March 1998.
cursor species are not present in the air parcel, as most of
the trajectory length is out over the sea. When the mod-
elled primary PMo and SOA mass percentage is added to therochester are both 0.30. The total modelled mass of°M
modelled SIA contribution, there is still a total model under- for the Rochester case is only 9% of the total measuregyPM
prediction by a factor of 5.6. The?Rorrelation coefficient is and the expected mass is under-predicted by a factor of 4.4.
re_duced t0 0.08 for bpth of the relationships shown alongside ggin SIA correlations (i.e. BBOs only and SOy plus
Fig. 3, from the previous mod_eIIedzR/aI.ue_qf 0.14. How-  LNO,) are an improvement on the previoudlue of 0.30
ever, none of these relationships are significant at 95%, ang,r Rochester. The coefficients of determination are 0.36

could have occurred by chance. Narberth is the only studyyith the addition of HSOy only, and 0.41 for the further
where the R value decreased after adding the contribution addition of HNG;. All R2 values for Rochester border on

of the modelled SIA.

Concentration, pg m ™

significance at the 95% test level. The peaks and troughs
in the modelled species shown in Fig. 4 do not reflect the
smoothness of the measured data and explains why the cor-
. . o relation is poor. However, the modelled time series is very
The ““.“e series in the c_ontrlputlon of modellgd SIA, SOA good for the last half of the month, with sharp peaks on 20, 24
and primary PMg combmgd is shlown alongside the total and 29 March with 2@ug m-3, 15,.g m-3 and 22 m-3 re-
measured Pivy concen'tratlon in Fig. 4 for the second UK spectively. The average concentrations of HN@d FSOy

rural site, Roches_ter in east Kent. There are twgsmod-r,nodelled for the whole month at Rochester are;fyén—3

elled peaks of primary Ph4 on 16 March (4.Gigm, and 0.6ug m3, respectively, again showing a dominance of

which is 9% of the measured Rl peak of 54ugm3) HNO=. Thi
. ) 3. This was also the case at Narberth, buSkBy was
and 24th, though there is only peak in the measured¢°M the more dominant SIA species for both months at New-

on lGPMarCT'RThﬁ rrtlonthly aver?gg(;:or}c;ntragon of dp”' castle. At Rochester, the average model concentration of
mary PMy at Rochester represents 8% of the observed avi,\q_ s 7 times greater than the;BOs concentration. The

erage dc%ngentra'ﬂ(s)n. LénttlL 23 fMarch tk;gbmtode:!tet;j SOA s combined modelled inorganic species forms 38% of the total
around 0.0.gm™*, an erefore contributes Iittle Mass 0 55ured P, which represents a slight under-prediction

on top of the modelled primary P}d. The trajectories for of the expected SIA mass percentage by the model. Addi-

the I'atter period of March traverSt_a more of the Europeang . ¢ the modelled mass percentage of knd SOA for
contlnentsand t_her_efore produce slightly more SOA, aro”ndMarch gives a total mass of 47% for the modelled species.
0.2ugm™, which is a factor of 10 greater than the partic- This still represents an under-prediction by a factor of 1.9

_urfte misj pr;)duceg ﬁrlognstgi non-cor:tlntgntal_trgjdreﬁonehson the measured P} concentrations, again assumed to be
€ peak day Tor moi?t’a ed concentrations 1S arc predominantly due to the under-predicted primaryieM
which yields 0.6.g m™ entirely composed of the secondary

biogenic component. The model calculates anthropogenic

species PMXYLY and PMTOLY to be in the particle phase

at Rochester on only 2 days (25 and 29 March, at concentra4  Sensitivity tests

tions of 0.05.gm 3. These dates at Rochester do not cor-

respond with the same dates in March at Narberth when th@wo sensitivity tests have been conducted which vary the

anthropogenic species were modelled in the particle phase.model initial conditions, emission and deposition rates for
The R of the correlations between the modelled primary the inert primary PMo. In CiTTyCAT, the steady state con-

and modelled primary plus SOA against measured fal centration depends linearly on the emission rate E, and on the

3.4 Rural Rochester, March 1998
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Table 2. Results from 22 March trajectory with varying initial con-
ditions. All concentrations in units gfg m—3.

30+
July 19th, 1996

Initial PM1g  Resultant PMg -

Default 0 19 £
European Background 16 27.3 s 6 Time
European Backgroung 2 40 40 g
High Initial Values 120 89 g 5
(]

reciprocal of the deposition velocity, 1)/

o ———— I I L
198 1985 199 199.5 200 200.5 201

dyi _ Ei Vpixi

dt — h h
The very simple tregtment of Piin CITTyCAT will m_' Fig. 5. Sensitivity study for trajectory ending at Newcastle on 19

troduc_:e some errors in Fhe model resul_ts_:. The m_(_)s_t IMPOryly 1996 (see Fig. 2). (A) is the original response. (B) the depo-

tant simplifications are (i) no wet deposition and (ii) instan- sjtion rate is halved, (C) the deposition rate is divided by 5, (D) the

taneous mixing through the height of the boundary layer. Er-emission rates were doubled and (E) the emission rates multiplied

ror (i) could affect the ability of the model to capture vari- by 5.

ability in the observed time series, but not the consistent

under-prediction of the observed aerosol mass. We concen-

trate on error (ii) here, since it is related to this first-order ,,ye|ieq concentrations for that month, is run five times.
undgr—p_r_edmtlon error. The sensitivity to mixing he|ght may Figure 5 shows the progression of the trajectory from day
be significant, but is not such a problem for low spatial res-)gg 5 it travels towards Newcastle on day 201 (19 July).
olution in emission inventories, and for gradual changes inyqte that approximately half of the final particulate mass

emissions bfetween aijace'n'i ET]ISSIQH squares, b”tl may BE injected in half an hour (6 model time steps) as the air
considered for areas of rapidly changing emission values. - yiactory crosses the UK, illustrating the variability in the

emission inventory. Response A shows the default model
run. Responses B and C use the default emissions, but divide

As many of the trajectories begin over Central and Easterr{n€ deposition rates by 2 and by 5, respectively. Responses
Europe, it may have been more realistic to set the initial par> @nd E use the default deposition rates, but multiply the
ticle concentration at a European background value, rathefMission rates by 2 and by 5, respectively. The choices for
than Oug m3. These regions are known to dominate particle USing the factors 2_arjd 5 were to test whether a reasonable
emissions (ApSimon et al., 2001), and air parcels originatingUnder or over-prediction would help the modelling case, or
here are unlikely to be entirely clean. Table 2 shows the reWhether a 400% increase in emissions was required to reach
sults when the trajectory for the peak concentrations on Zéhe_ob_served concentrations. It can be seen that forcing _the
March at Newcastle is re-run with varying initial concentra- €Missions (D and E) has more effect on the concentration
tions. The impact is not linear, due to the self-limiting effect ©f PMo, than forcing the deposition rate (B and C). The
of the first-order deposition scheme. The first row gives the€nd point at Newcastle on éﬂay 201 shows the originat$M
default value and the modelled outcome of 19gAn~3. The ~ concentration to be gg m™~. Doublmgsthe emissions (D),
second row uses the estimated European annual average frd#/€S @ PMo concentration of 12g m™, and mult3|ply|ng
ApSimon et al. (2001) who also used the TNO inventory, N€ emission rate by a factor of 5 (E) gives/am. The
They thought that their original estimates might be under-Tesponse from CITTyCAT is linear in the emissions for this
predicted by a factor of two, and row 3 in the table reflects CaSe- The measured concesntratlons in Fig. 2 show that at
this. The final row shows that very high initial conditions Newcastle there was 48 m™ of PMso on 19 July. If ap-
must be used to approach the measured value pig@d—3 prommately 30% of the P mass is expected to be primary
with the primary PMo alone, yet this neglects the fact that N an urban area (recall that the Newcastle receptor site is not

(10)

Day Number

4.1 Varying initial conditions

most PMy is composed of SIA. immediately beside a road), then the target for primary parti-
cles is reduced to 13g m~3. This can be achieved by mul-
4.2 Varying emission and deposition rates tiplying the primary particulate emission rates by 2. We may

regard this as a rough estimate of the under-prediction of the
To study the effects of varying emissions and deposition, aemissions inventory, or over-prediction of the boundary layer
trajectory ending on 19 July at Newcastle, the peak in theheight.
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5 Conclusions such explicit species modelling and measurements is un-
likely, as not all compounds that contribute to RMvill be

Our Lagrangian model of primary, organic secondary and in-accounted for and to some extent parameterisations must be

organic secondary aerosol mass correlates at the 95% signifirssed. In addition, the transport and mixing of the air can

cance level with PN data measured data background urbannever be modelled accurately. In spite of the inherent limita-

site, but does less well compared to data at two rural sitestions of these process modelling studies, it seems clear that

Although the correlations are significant, there are consisimore process studies are necessary to support global climate

tent and substantial under-predictions of average total massodelling that includes aerosol forcing, to improve confi-

concentrations and of the expected mass percentages of diflence that the emissions inventories and model structures are

ferent combinations of aerosol components. The model casufficiently accurate to yield useful estimates of aerosol load-

be brought closer to the observations by including a backing. A companion paper studying European receptor sites

ground initial concentration for Phd, and/or increasing the (EMO, 2004) aims to further this understanding.

emissions of primary particles by a factor of approximately
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