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Abstract

A Lagrangian trajectory model used to simulate photochemistry has been extended
to include a simple parameterisation of primary and secondary aerosol particles. The
model uses emission inventories of primary particles for the UK from the NAEI (Na-
tional Atmospheric Emissions Inventory for the UK), and for Europe from the TNO5

(Institute of Environmental Sciences, Energy Research and Process Innovation, the
Netherlands) respectively, to transport tracers representing PM10. One biogenic and
two anthropogenic organic compounds were chosen as surrogates to model the forma-
tion of condensable material suitable for the production of secondary organic aerosol
(SOA). The SOA is added to the primary PM10 and compared to measured PM10 at one10

urban and two rural UK receptor sites. The results show an average under-prediction
by factors of 4.5 and 8.9 in the urban and rural cases respectively. The model is also
used to simulate production of two secondary inorganic species, H2SO4 and HNO3,
which are assumed, as a limiting case, to be present in the particle phase. The re-
lationships between modelled and measured total PM10 improved with the addition of15

secondary inorganic compounds, and the overall model under-prediction factors are
reduced to 3.5 and 3.9 in the urban and rural cases respectively. Nevertheless, our
conclusion is that current emissions and chemistry do not appear to provide sufficient
information to model PM10 well (i.e. to within a factor of two). There is a need for fur-
ther process studies to inform global climate modelling that includes climate forcing by20

aerosol.

1. Introduction

Many previous studies of aerosol particles, and especially of secondary aerosol, have
focussed on sulphates (IPCC, 2001), while little is known about the behaviour of or-
ganic compounds with regard to particulate production and their effects on climate25

change. Organic compounds are usually the most important component, after sul-
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phate, of the smaller size fraction of aerosol particles in the troposphere (Heintzenberg,
1989). It is possible that organic aerosol particles are able to produce a similar (but
opposite in sign) radiative effect to that produced by sulphate aerosol particles (IPCC,
2001).

Most aerosol particles are assumed to be composed of a mixture of materials, incor-5

porating both the solid and liquid phases. Particles that are directly emitted (as a direct
product of combustion, for example) are termed primary particles. Particles are also
produced from reactions between gases, which yield products sufficiently involatile to
partition between the gas and particle phases. Particles formed in this way are termed
secondary particles.10

CiTTyCAT is a Lagrangian box model that simulates the chemical processes in the
atmosphere (Evans et al., 2000). It was developed to reproduce the processes af-
fecting the production and lifetime of relatively short-lived species such as ozone. The
original chemistry scheme used volatile organic compounds (VOCs) from C2 to C7 (e.g.
toluene, C7H8). We have extended CiTTyCAT to include an aerosol module, incorporat-15

ing primary particles together with the contribution 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 with gas phase toluene, p-xylene and ethylbenzene20

(Derwent and Malcolm, 2000; Odum et al., 1997). Xylene and toluene have reason-
ably well established reaction mechanisms (e.g. Atkinson, 1995; Jenkin, 1996), and
have produced condensable material within a smog chamber environment (Pandis et
al., 1992). Jenkin (1996) has also published an oxidation scheme for α-pinene that
includes the formation of biogenic condensable material. The importance of biogenic25

compounds in the production of SOA is discussed in Pandis et al. (1991), Hoffmann et
al. (1997), Christoffersen et al. (1998) and Hallquist et al. (1999).
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2. Model treatment of particulate matter

2.1. Primary particles

The TNO provide European emissions of anthropogenic primary PM10 that cover the
whole of Europe on a 0.5◦×1◦ grid (TNO, 1997). There is a weekday-to-weekend vari-
ation in the emissions, based on 20% less mass being emitted at the weekend than5

during the working week (personal communication, TNO). As yet, no seasonal cycle
has been implemented. Central and Eastern Europe dominate the TNO emissions,
which is due to the concentration of heavy industry in that region (ApSimon et al.,
2001). A second PM10 inventory from the NAEI has been nested within the TNO in-
ventory, covering the United Kingdom (including Northern Ireland) on a 1×1 km grid for10

1996.
The primary PM10 is treated as an inert species, and no chemistry occurs. Dry de-

position applies, and is based on gravitational settling via Stoke’s law, assuming that all
particles have a diameter of 10µm. We choose the maximum size for all PM10 particles
because the mass distribution is dominated by the largest particles. We show below15

that the model results are not very sensitive to the deposition rate and, hence to the
assumed particle size. A particle of 10µm diameter, this has a lifetime of approximately
2 days within a 1 km boundary layer. There is no treatment for wet deposition.

2.2. Anthropogenic and biogenic emission rates

Non-methane VOC emission rates from the EMEP 50×50 km grid for 1998 (available20

from http://www.emep.int) have been speciated using estimates from the Photochem-
ical Oxidant Review Group (PORG, 1997). Xylene and ethylbenzene both have the
formula C8H10 and a molecular weight of 106 g mol−1, thus are included as a lumped
xylene compound. The atmospheric chemistry of xylene and ethylbenzene are similar
(Atkinson, 2000), and a single generalised reaction scheme suffices for both com-25

pounds. The lumped xylene compound and toluene are initialised with a concentration
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of 0 ppb.
Biogenic compounds are not included in the PORG report (1997) speciation esti-

mate, and are treated separately. Previous modelling studies (e.g. Derwent and Mal-
colm, 2000) have used the Guenther et al. (1995) Global algorithm and the Simpson
et al. (1999) European algorithm. The algorithms generate inventories of isoprene5

and monoterpene emission rates, based on land cover, land use information and me-
teorology. However, a recent study (Stewart et al., submitted, 20041) 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). Stewart (2001) completed a data-based study of all isoprene and monoter-10

pene emitting vegetation in Great Britain at a resolution of 1 km2. As these data were
not available as a spatially dis-aggregated dataset at the time of writing, it is assumed
for the purposes of this modelling study, that α-pinene is emitted constantly over every
cm2 of Great Britain, i.e. assuming an even distribution of vegetation. The proportion of
monoterpenes emitted as α-pinene in the model is estimated to be 50%. The α-pinene15

emission rate is seasonally adjusted to emit 50% more mass in summer than in winter
(Stewart, 2001), as the monoterpene flux is dependent on temperature (Dement et al.,
1975). The majority of monoterpene-emitting vegetation in Great Britain is not light de-
pendent, but this is not true of species native to the European continent (Owen et al.,
2002; Schuh et al., 1997). Air parcels traversing over the European continent receive20

twice the UK average emission rate for α-pinene, to account for higher emissions in
Europe that are due to greater afforestation and higher temperatures (Simpson et al.,
1999). For the purposes of the simplified scheme presented here, light dependency of
monoterpene emissions is not included and α-pinene is emitted throughout the night.
The European TNO grid provides the land mask for estimating the location of α-pinene25

1Stewart, H. E., Hewitt, C. N., Bunce, R. G. H., Steinbrecher, R., Smiatek, G., and
Schoenemeyer, T.: A highly spatially and temporally resolved inventory for biogenic isoprene
and monoterpene emissions – model description and application to Great Britain, J. Geophys.
Res., submitted, 2004.
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emissions.
It is recognised that a large (∼50%) proportion of the total PM10 mass could be com-

posed of SIA. HNO3 and H2SO4 are inorganic secondary species produced from the
chemical reactions of NO2 and SO2, respectively, and both schemes are represented
in CiTTyCAT (see below). Emissions of NO2 and SO2 are supplied from the EMEP5

50×50 km grid for 1998.

2.3. Organic chemistry

The SOA chemical scheme is described in detail in Jenkin (1996) and is a subsec-
tion of the wider Master Chemical Mechanism available at http://www.chem.leeds.ac.
uk/Atmospheric/MCM/mcmproj.html (Jenkin et al., 1997). The reaction mechanisms10

for the lumped xylene compound and toluene are very similar, in that the parent gas-
phase products react only with OH. Reactions with O3 and NO3 are not significant in
this scheme due to the slow reaction rates. The condensable product from the toluene
scheme, “TOLY”, represents all C7 nitrocresols and hydroxy nitrocresols. TOLY, whilst
being subject to dry deposition, is also lost chemically through oxidation by OH and15

NO3. Another model parameter, “LMXYLY”, represents all C8 nitrocresols and hydroxy
nitrocresols from the lumped xylene scheme, and will produce more condensable prod-
uct than TOLY due to faster reaction rates.

The biogenic compound, α-pinene, reacts with OH, NO3 and O3, producing pinon-
aldehyde in all cases as the second product. The condensable product, pinonic acid20

(C10H16O3 and represented here by “PINONIC”) is a carboxylic acid and has a molec-
ular weight of 184 g mol−1. Pinonic acid is produced through the reaction of α-pinene
with O3 in 2 steps, or in 4 steps via the reaction with OH and NO3. The reaction with
OH is the fastest however, and is the more favoured reaction pathway.
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2.4. Inorganic chemistry

Nitric acid, HNO3 is formed via the reaction of O3 and NO2, and reaction of OH with
NO2.

NO2 + O3 → NO3 + O2 (1)

NO3 + NO2(+M)←→ N2O5(+M) (2)5

N2O5 + H2O→ 2HNO3 (3)

OH + NO2(+M)→ HNO3(+M) (4)

The rate of removal of N2O5 to produce HNO3 is variable, and may take a few minutes
in urban areas, but can be of the order of a few hours in remote regions (PORG, 1997
and references therein). HNO3 can produce NOX (NO+NO2) and OH through very10

slow photolysis reactions, but the overall reaction direction favours HNO3 as a sink
for the NO3 species. HNO3 is a semi-volatile inorganic compound, which is able to
partition between the gas and particle phases. Once in the particle phase, HNO3 can
be removed from the atmosphere permanently through aerosol depositional processes,
but it will also deposit very rapidly in the gas phase. Sulphuric acid, H2SO4, is involatile15

and always present in the particle phase. H2SO4 is produced through oxidation of
sulphur dioxide, SO2, which is emitted ubiquitously through both anthropogenic and
natural sources.

SO2 + OH(+M)→ HSO3(+M) (5)

HSO3 + O2 → SO3 + HO2 (6)20

SO3 + H2O(+M)→ H2SO4(+M) (7)

The final reaction is most efficient when heterogeneous, i.e. when it involves the reac-
tion of gas phase SO3 with liquid phase H2O. However, heterogeneous chemistry is not
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dealt with here, and therefore it is possible that H2SO4 will be under-predicted. There
are other routes for SO2 oxidation (Calvert et al., 1978) and N2O5 hydrolysis (Jacob,
2000) in the liquid phase, which are also not considered here. There are many un-
certainties with regard to the uptake parameters in heterogeneous chemical modelling
(e.g. DeMore et al., 1994).5

2.5. Transfer of condensable material to the particle phase

For any condensable material, once saturation in the gas phase is exceeded, equilib-
rium with the vapour is re-established by converting a portion equal to the concentra-
tion in excess of saturation into the particle phase (Pandis et al., 1992). This process
only increases the size of existing particles and does not lead to the nucleation of a new10

particle, as this involves surmounting a critical energy barrier. The condensation of ma-
terial into the particle phase does not require any additional energy. If particles exist,
and the gas phase concentration becomes less than the vapour pressure, equilibrium
is reached again through evaporation from the particle surface into the gas phase. If
the saturation concentration in the gas phase is greater than the total concentration15

available in the particle phase, then the particle will evaporate completely and leave
a particulate mass of zero. This may occur if the emission rate into the gas phase is
suddenly reduced, for example, if the air parcel travels from the land out over the sea.
Evaporation can also occur if the temperature of the air parcel increases, thus increas-
ing the compound vapour pressure. The saturation vapour pressure also depends on20

the composition of the condensed phase material, especially when a mixture is present
(not treated in CiTTyCAT).

It is assumed that both anthropogenic condensable gas phase products LMXYLY and
TOLY have the same vapour pressure, VP (Torr), which is dependent on temperature
(Eq. 8; Jenkin, 1996). The vapour pressure of pinonic acid is treated separately (Eq. 9).25

log10 (VP ) = −3.25 − 1450
T

(8)
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log10(VP bio) = 15.94 − 7141
T

(9)

These vapour pressures are towards the upper limit of what might be expected for the
partitioning of the semi-volatile into an organic solid-solution. An examination of the
model sensitivity to VP=0 is dealt with in a subsequent paper (EMO, in preparation,
20042) and produced on average, 50% more SOA mass. However, with total modelled5

SOA mass concentrations below 1µg m−3, partitioning all condensable material into
the particle phase did not improve the overall modelled case significantly.

Partitioning does not occur in CiTTyCAT for HNO3 and H2SO4 because it is assumed
that all condensable material will immediately convert into the particle phase, and no
partitioning will be necessary. In real terms, H2SO4 is always present in the particle10

phase, whilst HNO3 is semi-volatile and present in both gas and particle phases si-
multaneously. Usually particle phase HNO3 is associated with the liquid phase, and is
only found in dry aerosol if ammonia is present (Hewitt, 2001 and references therein).
However, there is no ammonia present in the model and it is not known what fraction
of HNO3 is present in the gas phase at any particular time.15

The total mass concentration of particles produced from these new schemes will
be added to the concentration of modelled primary PM10. A dry deposition rate of
0.2 cm s−1 is assigned for the SOA and SIA, equivalent to particles with diameters of
0.1µm (or PM0.1) and a density of 1.6 g cm−3. This is equivalent to an atmospheric
residence time of just under 6 days in a 1 km boundary layer.20

3. Model receptor sites

The model follows 3-dimensional, 4-day back trajectories. These are supplied by the
British Atmospheric Data Centre (BADC) trajectory service, which is available on-line

2Emmerson, K. M., MacKenzie, A. R., and Owen, S. M. (EMO, 2004): Development of a
secondary organic aerosol module 2: Application to Europe, in preparation, 2004.
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at http://www.badc.rl.ac.uk. All trajectories are calculated using 3-D advection to end
at 950 mbars (∼530 m), which usually avoids the problem of air parcel trajectories in-
tersecting the surface and terminating early. As the model assumes that emissions
are mixed homogeneously through the height of the boundary layer (which can reach
heights of 2 km), calculating the transport at a height of 530 m is reasonable. Boundary5

layer heights are taken from an assimilation of data from the GEOS 1 meteorological
satellite, which is archived on a 2.5◦ longitude by 2◦ latitude grid (Schubert et al., 1993).
The data within this grid is assumed to be sufficient to account for all time periods, and
therefore does not restrict the use of CiTTyCAT to a particular time for which satellite
data was available.10

The urban receptor site chosen for this study is Newcastle, in the north east of the
UK (1.60◦W, 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 (4.75◦W, 51.75◦N) and Rochester in east Kent (0.55◦ E,15

51.40◦N), are also analysed for March 1998. Average PM10 at Rochester was half of
that at Newcastle during 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 de-
position). Since the PM10 signal is the sum of primary and secondary, carbonaceous
and inorganic fractions, it is convenient to have a benchmark aerosol composition in20

mind, in order to assess qualitatively how the various parts of the model are performing.
Measurements in Europe (e.g. Kuhlbusch et al., 1999; Zappoli et al., 1999; Harrison
et al., 1997) suggest that the total organic fraction (primary and secondary carbon) is
a maximum of 40% of total PM10, and the secondary inorganic fraction a further 50%,
the majority of which is composed of sulphate. Other secondary inorganic species are25

not accounted for in this study, particularly ammonium and chloride, and could provide
the remaining 10%. Emmerson (2002) provides a detailed explanation of how these
estimates are made. Below, we will refer to these broad composition fractions as the
“expected mass percentages”. This does not mean that we believe the composition of
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the aerosol is constant in time and space, but rather that the expected composition pro-
vides a rough guide to which parts of the model are performing well. These expected
mass percentages allow us to calculate “model under-prediction factors”, which are the
factors by which the model under-predicts not the whole observed mass, but just that
part of the whole mass that the model might be expected to under-predict. The total5

modelled time series mass concentrations were then compared to the total measured
PM10 mass concentrations at each site, taken from the NETCEN automated network
(available at http://www.airquality.co.uk).

3.1. Urban Newcastle site, March 1996

Figure 1 shows the addition of the modelled SOA and SIA contributions to primary10

PM10. Three relationships are obtained from the modelled and measured data and
shown in Table 1. The first shows the linear correlation between concentrations of
primary PM10 with the observed PM10 concentration. The second relationship is the
linear correlation between concentrations of modelled primary PM10 and SOA only with
the measured PM10 concentrations. The third relationship is between the modelled pri-15

mary PM10, SOA, and total SIA concentrations and the measured PM10 concentrations.
The coefficients of determination (R2) and the percentage of the total measured mass
that is modelled on average, increase as each component of the model is added-in.
However the under-prediction factors also increase.

The modelled peak of 19µg m−3 in the primary PM10 around 21–22 March, oc-20

curs on the same date as the peak in the observed data. Correlating all the mod-
elled and measured data gives an R2 value of 0.49. The modelled SOA has provided
no more than 0.3µg m−3 (on average) to the average primary PM10 concentration of
3.6µg m−3. Pinonic acid contributes most of the mass (98%) to the total SOA modelled,
because there are very few occurrences of the anthropogenic gas phase condensable25

species LMXYLY and TOLY exceeding the saturation vapour pressure. Between 10
and 12 March the modelled anthropogenic secondary particles reach a maximum of
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0.04µg m−3 in total, and there is a peak of 0.2µg m−3 on 23 March. This peak in the
modelled anthropogenic condensable species occurs 1 day after the 22 March peak in
modelled primary PM10. The maximum in modelled pinonic acid of 0.8µg m−3 occurs
on 17 and 22 March, although the whole model time series for this compound exhibits
strong diurnal cycles.5

The combined modelled primary PM10 and SOA concentration of 3.9µg m−3 rep-
resents one quarter of the expected mass percentage (40%) from the primary and
secondary organics, which is therefore under-predicted by a factor of 4. The addition
of the modelled SOA to the primary PM10 does not significantly improve the correlation
of the modelled time series compared with measurements of PM10 (R2=0.51). Addi-10

tion of the particle phase H2SO4 only to modelled PM10 resulted in a better correlation
of modelled data to measurements (R2=0.61). However, addition of particulate HNO3

to the total modelled PM10 decreased the R2 to 0.57. This implies that the treatment
of HNO3 as involatile is too simplistic. However all R2 relationships are significant at
the 95% confidence interval. Equal concentrations of modelled HNO3 and H2SO4 are15

present at Newcastle during March (assuming all HNO3 is particulate matter), with an
average of 4µg m−3 and 5µg m−3 for the whole of the month, respectively. The com-
bined modelled SIA represents 12% of the total measured PM10 mass, which is less
than the expected 50%. The total modelled primary PM10, SOA and SIA for the month
of March is 22% of the observed total. Thus if the maximum mass of PM10 expected20

from all the modelled constituents is 90%, then the model has under-predicted by a
factor of 4.5.

3.2. Urban Newcastle, July 1996

Figure 2 shows the modelled time series of SIA, SOA and primary PM10 to total mea-
sured PM10 concentrations for the July 1996 model runs for Newcastle. Statistics for25

the case study are given in Table 1. CiTTyCAT results reproduce the shape of the ob-
served values better (R2=0.61) than for March, especially between 17–23 July. The
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maximum measured PM10 (43µg m−3) occurs on 19–20 July.
Secondary organic and inorganic components make a much larger contribution to

the modelled PM10 in this summertime case. This is not as a result of seasonal fluctu-
ations in emissions, which were applied to α-pinene for summer model runs. Instead,
the concentrations of anthropogenic species in summer result from different trajec-5

tories, and hence different emission sources from those in March. Concentrations of
α-pinene generated by the model for July runs are also double those modelled in March
due to natural seasonal variation. A peak in model parameter PINONIC, of 1.5µg m−3,
occurs on 21 July at midnight. The mass percentage of the total modelled SOA species
due to the biogenic compound alone is 95%. However, modelled primary PM10 con-10

centrations for July are about a third of the modelled March concentrations. Higher
concentrations of the anthropogenic compounds in July are due to localised emissions
in the north east of the UK, as the trajectories spend much of their lifetime over the
sea, where there are no emissions. This also suggests that there was insufficient time
for a pulse of anthropogenic emissions during the final part of the trajectories to re-15

act; there are no emissions of either anthropogenic species for 3.5 days at the start
of the 15 July trajectory. The total average modelled SOA concentration during July is
0.3µg m−3 and when added to the average modelled concentrations of primary PM10

of 1.2µg m−3 gives a total of 1.5µg m−3. This combined result under-predicts the esti-
mated mass percentage from the modelled primary PM10 plus the SOA by a factor of20

5. The addition of the modelled SOA increases the R2 correlation to 0.63, significant
at the 95% confidence level.

In the R2 correlations for July (Table 1), the R2 relationship is improved further with
the addition of the HNO3, unlike the March model runs. Using only H2SO4 together
with the modelled primary PM10 and SOA does not improve the R2 relationship on25

the 0.63 obtained with the modelled primary PM10 and SOA only. However, if it is
assumed that all HNO3 is in the particle phase, the correlation is improved marginally
to 0.66. The improved correlation maybe fortuitous, as the temperature dependence
of HNO3 condensation is neglected. The average concentrations of HNO3 and H2SO4
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for the whole of July at Newcastle are 0.8µg m−3 and 1.5µg m−3, respectively. These
concentrations are 4 times less than the concentrations for both particulate inorganic
species modelled for the month of March at Newcastle. The peak concentration in
the modelled time series occurs on 19 July, with 40µg m−3 in total, with 25µg m−3

composed of HNO3 and 10µg m−3 from H2SO4. The combined SIA contributes 32%5

to the total measured PM10 for the whole of the month, which is less than the expected
50% mass percentages for SIA. If the modelled primary PM10 and SOA concentrations
are added to the modelled SIA concentration, 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 PM10, which is probably due to the low concentrations of10

modelled primary PM10.

3.3. Rural Narberth, March 1998

Figure 3 shows the time series in the combined secondary inorganic, organic and
primary modelled PM10 at the first of the UK rural receptor sites, Narberth in west
Wales. The total SOA modelled does not generally provide significant additional mass15

to the modelled primary PM10. As with all previous SOA modelling studies in this work,
pinonic acid forms the greatest fraction of total modelled SOA, which is nearly 99% of
the total SOA mass. However, the modelled SOA concentration contributed an extra
60% to the total modelled PM10 on 29 March at Narberth, increasing the modelled
PM10 from 1µg m−3 to 1.6µg m−3. This is the only date in the Narberth study where20

the addition of the modelled SOA mass concentrations makes a significant difference
to the shape of the total modelled time series.

Air mass trajectories on 29 March travel from France and Spain, whilst trajectories for
the rest of the month travel straight across the clean Atlantic Ocean. The SOA scheme
produces more particulate mass from trajectories that have traversed a greater dis-25

tance across the continent. This is because there are increased emissions early on in
the trajectory which have time to react before reaching the receptor site. The modelled
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SOA for 10 March also shows an increase over the original modelled PM10, which
signifies a land-based influence. The 10 March trajectory passed over the Birming-
ham area and picked up anthropogenic gas phase emissions, but this increase is not
mirrored by the modelled primary PM10 as the inventories are different. PMXYLY and
PMTOLY are only present on two of the 31 days in March (9 and 23), in the 0.01µg m−3

5

range. These anthropogenic particle species therefore produce a factor of 10 to 100
times less mass than the biogenic species, though in most cases the anthropogenic
species rarely exceed their vapour pressures and so remain in the gas phase. Plotting
the observed PM10 from NETCEN against the total modelled primary particles plus
the SOA yields an R2 of 0.14 for Narberth. The percentage of total modelled mass10

of primary PM10 and SOA is 3% of the total measured PM10, which represents an
under-prediction on the expected 40% mass fraction by a factor of 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 HNO3 and H2SO4 for the whole of March are15

2.1µg m−3 and 0.3µg m−3, respectively, with a peak of 33µg m−3 on 23 March mainly
due to HNO3. Both the previous SIA studies at Newcastle showed a greater proportion
of H2SO4 in the modelled results. The combined SIA modelled for Narberth forms 15%
of the total measured PM10, which is one third of the expected 50% mass percentages
for SIA. It is likely that emissions of the gas phase precursor species are not present in20

the air parcel, as most of the trajectory length is out over the sea. When the modelled
primary PM10 and SOA mass percentage is added to the modelled SIA contribution,
there is still a total model under-prediction by a factor of 5.6. The R2 correlation coeffi-
cient is reduced to 0.08 for both of the relationships shown alongside Fig. 3, from the
previous modelled R2 value of 0.14. However, none of these relationships are signifi-25

cant at 95%, and could have occurred by chance. Narberth is the only study where the
R2 value decreased after adding the contribution of the modelled SIA.
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3.4. Rural Rochester, March 1998

The time series in the contribution of modelled SIA, SOA and primary PM10 combined
is shown alongside the total measured PM10 concentration in Fig. 4 for the second UK
rural site, Rochester in east Kent. There are two modelled peaks of primary PM10 on
16 March (4.6µg m−3, which is 9% of the measured PM10 peak of 54µg m−3) and 24,5

though there is only peak in the measured PM10 on 16 March. The monthly average
concentration of primary PM10 at Rochester represents 8% of the observed average
concentration. Until 23 March, the modelled SOA is around 0.05µg m−3, and therefore
contributes little mass on top of the modelled primary PM10. The trajectories for the
latter period of March traverse more of the European continent and therefore produce10

slightly more SOA, around 0.2µg m−3, which is a factor of 10 greater than the particu-
late mass produced from the non-continental trajectories. The peak day for modelled
SOA concentrations is 24 March, which yields 0.6µg m−3 entirely composed of pinonic
acid. 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 concentrations15

of 0.05µg m−3. These dates at Rochester do not correspond with the same dates
in March at Narberth when the anthropogenic species were modelled in the particle
phase.

The R2 of the correlations between the modelled primary and modelled primary plus
SOA against measured PM10 at Rochester are both 0.30. The total modelled mass of20

PM10 for the Rochester case is only 9% of the total measured PM10, and the expected
mass is under-predicted by a factor of 4.4.

Both SIA correlations (i.e. H2SO4 only and H2SO4 plus HNO3) are an improvement
on the previous R2 value of 0.30 for Rochester. The coefficients of determination are
0.36 with the addition of H2SO4 only, and 0.41 for the further addition of HNO3. All25

R2 values for Rochester border on 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 correlation is poor. However, the modelled time
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series is very good for the last half of the month, with sharp peaks on 20, 24 and 29
March with 20µg m−3, 15µg m−3 and 22µg m−3, respectively. The average concentra-
tions of HNO3 and H2SO4 modelled for the whole month at Rochester are 6.6µg m−3

and 0.6µg m−3, respectively, again showing a dominance of HNO3. This was also the
case at Narberth, but H2SO4 was the more dominant SIA species for both months at5

Newcastle. At Rochester, the average model concentration of HNO3 is 7 times greater
than the H2SO4 concentration. The combined modelled inorganic species forms 38%
of the total measured PM10, which represents a slight under-prediction of the expected
SIA mass percentage by the model. Addition of the modelled mass percentage of PM10
and SOA for March gives a total mass of 47% for the modelled species. This still rep-10

resents an under-prediction by a factor of 1.9 on the measured PM10 concentrations,
again assumed to be predominantly due to the under-predicted primary PM10.

4. Sensitivity tests

Two sensitivity tests have been conducted which vary the model initial conditions, emis-
sion and deposition rates for the inert primary PM10. In CiTTyCAT, the steady state15

concentration depends linearly on the emission rate E, and on the reciprocal of the
deposition velocity, 1/VD.

dχi
dt

=
Ei

h
−

VDiχi
h

(10)

The very simple treatment of PM10 in CiTTyCAT will introduce some errors in the model
results. The most important simplifications are (i) no wet deposition and (ii) instanta-20

neous mixing through the height of the boundary layer. Error (i) could affect the ability
of the model to capture variability in the observed time series, but not the consistent
under-prediction of the observed aerosol mass. We concentrate on error (ii) here, since
it is related to this first-order under-prediction error. The sensitivity to mixing height may
be significant, but is not such a problem for low spatial resolution in emission invento-25
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ries, and for gradual changes in emissions between adjacent emission squares, but
may be considered for areas of rapidly changing emission values.

4.1. Varying initial conditions

As many of the trajectories begin over Central and Eastern Europe, it may have been
more realistic to set the initial particle concentration at a European background value,5

rather than 0µg m−3. These regions are known to dominate particle emissions (Ap-
Simon et al., 2001), and air parcels originating here are unlikely to be entirely clean.
Table 2 shows the results when the trajectory for the peak concentrations on 22 March
at Newcastle is re-run with varying initial concentrations. The impact is not linear, due
to the self-limiting effect of the first-order deposition scheme. The first row gives the10

default value and the modelled outcome of 19.4µg m−3. The second row uses the
estimated European annual average from ApSimon et al. (2001) who also used the
TNO inventory. They thought that their original estimates might be under-predicted by
a factor of two, and row 3 in the table reflects this. The final row shows that very high
initial conditions must be used to approach the measured value of 94µg m−3 with the15

primary PM10 alone, yet this neglects the fact that most PM10 is composed of SIA.

4.2. Varying emission and deposition rates

To study the effects of varying emissions and deposition, a trajectory ending on 19 July
at Newcastle, the peak in the modelled concentrations for that month, is run five times.
Figure 5 shows the progression of the trajectory from day 198 as it travels towards20

Newcastle on day 201 (19 July). Note that approximately half of the final particulate
mass is injected in half an hour (6 model time steps) as the air trajectory 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 the deposition
rates by 2 and by 5, respectively. Responses D and E use the default deposition rates,25

but multiply the emission rates by 2 and by 5, respectively. The choices for using the
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factors 2 and 5 were to test whether a reasonable under or over-prediction would help
the modelling case, or whether a 400% increase in emissions was required to reach the
observed concentrations. It can be seen that forcing the emissions (D and E) has more
effect on the concentration of PM10, than forcing the deposition rate (B and C). The end
point at Newcastle on day 201 shows the original PM10 concentration to be 6µg m−3.5

Doubling the emissions (D), gives a PM10 concentration of 12µg m−3, and multiplying
the emission rate by a factor of 5 (E) gives 30µg m−3. The response from CiTTyCAT
is linear in the emissions for this case. The measured concentrations in Fig. 2 show
that at Newcastle there was 43µg m−3 of PM10 on 19 July. If approximately 30% of
the PM10 mass is expected to be primary in an urban area (recall that the Newcastle10

receptor site is not immediately beside a road), then the target for primary particles
is reduced to 13µg m−3. This can be achieved by multiplying the primary particulate
emission rates by 2. We may regard this as a rough estimate of the under-prediction
of the emissions inventory, or over-prediction of the boundary layer height.

5. Conclusions15

Our Lagrangian model of primary, organic secondary and inorganic secondary aerosol
mass correlates at the 95% significance level with PM10 data measured data back-
ground urban site, but does less well compared to data at two rural sites. Although the
correlations are significant, there are consistent and substantial under-predictions of
average total mass concentrations and of the expected mass percentages of different20

combinations of aerosol components. The model can be brought closer to the obser-
vations by including a background initial concentration for PM10, and/or increasing the
emissions of primary particles by a factor of approximately 2.

Secondary organic aerosol mass in the model output is always a fraction of the
total aerosol mass, but its inclusion does generally improve the model-data correla-25

tions. The single biogenic species produces significantly more (in excess of 80%) of
the condensed particle mass in CiTTyCAT in all cases, than either of the two anthro-
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pogenic species. This reflects the reactivity of biogenic compounds and the model
suggests that they could be the main contributors to SOA production. However, there
was no spatial variation in the biogenic emissions, and whilst the high molecular weight
compounds are more reactive (such as α-pinene), it is the C5-C10 anthropogenic com-
pounds (predominantly the aromatics) which contribute most to SOA mass concen-5

trations in urban areas (Isodorov, 1990). It is likely that many other important C5-C10
organic compounds are not accounted for in CiTTyCAT, such as other aromatics, alde-
hydes, alkenes and ketones. Such VOCs may also be under-estimated in the emission
inventories, as measurement techniques have previously misinterpreted their impor-
tance (Lewis et al., 2000). The modelling studies undertaken with the new SOA mod-10

ule show minor improvements in correlation with measurements at the UK receptor
sites, with the urban case showing the best improvement in the correlation coefficients
between the modelled and measured PM10 concentrations. The modelled SOA in the
UK urban case produces a factor of 2 more mass than the rural case, which high-
lights the emission differences incurred when the trajectories travel over the land. The15

correlations between primary modelled PM10 and the measured PM10 were poor, and
addition of the modelled SOA did not improve the strengths or the significance of these
relationships. Table 1 shows the percentages of the measured data for modelled pri-
mary PM10, both with and without the modelled SOA and SIA. These calculations are
based on an expected 30% by mass for modelling the primary PM10 only, an expected20

40% for the primary PM10 plus the SOA, and an expected 90% for modelled primary
PM10, SOA and SIA combined. Generally, the model under-prediction decreases as
further species are added. This suggests that if all PM10 species were accounted for
explicitly in the model, the relationships between modelled and measured PM10 will
continue to improve. A perfect correlation (i.e. R2=1) between such explicit species25

modelling and measurements is unlikely, as not all compounds that contribute to PM10
will be accounted for and to some extent parameterisations must be used. In addition,
the transport and mixing of the air can never be modelled accurately. In spite of the
inherent limitations of these process modelling studies, it seems clear that more pro-
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cess studies are necessary to support global climate modelling that includes aerosol
forcing, to improve confidence that the emissions inventories and model structures are
sufficiently accurate to yield useful estimates of aerosol loading. A companion paper
studying European receptor sites (EMO, 2004) aims to further this understanding.
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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% primary PM10, 40%
primary PM10+SOA, and 90% primary PM10+SOA+SIA. SOA is secondary organic aerosol;
SIA is secondary inorganic aerosol.

Primary Primary + SOA Primary + SOA + SIA

Location Date R2 Average Under R2 Average Under R2 Average Under
mass % prediction mass % prediction mass % prediction

factor factor factor

Newcastle 03/1996 0.49 9 3.3 0.51 10 4.0 0.57 22 4.5
Newcastle 07/1996 0.61 6 5.0 0.63 8 5.0 0.66 40 2.5
Narberth 03/1998 0.13 2 15.0 0.14 3 13.3 0.08 18 5.6
Rochester 03/1998 0.30 8 3.8 0.30 9 4.4 0.41 47 2.1

Factor values >1 represent an under-prediction.
Factor values =1 represent a perfect match.
Factor values <1 represent an over-prediction
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Table 2. Results from 22 March trajectory with varying initial conditions. All concentrations in
units of µg m−3.

Initial PM10 Resultant PM10

Default 0 19
European Background 16 27.3
European Background ×2 40 40
High Initial Values 120 89
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Fig. 1. Time series to show the modelled contribution of SIA, SOA and primary PM10 to the
measured PM10 concentrations at Newcastle during March 1996.
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Fig. 2. Time series to show the modelled contribution of SIA, SOA and primary PM10 to the
measured PM10 concentrations at Newcastle during July 1996.
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Fig. 3. Time series to show the modelled contribution of SIA, SOA and primary PM10 to the
measured PM10 concentrations at Narberth during March 1998.
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Fig. 4. Time series to show the modelled contribution of SIA, SOA and primary PM10 to the
measured PM10 concentrations at Rochester during March 1998.
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Fig. 5. Sensitivity study for trajectory ending at Newcastle on 19 July 1996 (see Fig. 2). (A) is
the original response, (B) the deposition rate is halved, (C) the deposition rate is divided by 5,
(D) the emission rates were doubled and (E) the emission rates multiplied by 5.
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