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We have developed two effective aerosol dynamical models MULTIMONO and
MONO32. The models take into account gas-phase chemistry and aerosol dynamics
and includes the following processes: (1) emissions of gases and particles; (2) chemical
reactions in the gas phase; (3) dry deposition of gases and particles; (4) homogeneous
binary H2SO4-H2O or ternary H2SO4-H2O-NH3 nucleation; (5) multicomponent con-
densation of H2SO4, H2O, HNO3, NH3 and some organic vapour X onto particles; and
(6) inter- and intramode coagulation of particles. The particles can be classified into
four different size modes which are monodisperse (all particles in a mode possess the
same size and composition). In these models the different aerosol properties, such as
the particle number concentration, the particle diameter, the mass and composition of
the whole distribution, and the mass of particulate matter smaller than 2.5 µm (PM2.5)
and smaller than 10 µm (PM10) can be studied. Particles can include soluble material
such as sulphate, nitrate, ammonium, and sodium chloride, as well as insoluble material
such as organic carbon, elemental carbon, and mineral dust. We have chosen five dif-
ferent particle classes for each size mode (MULTIMONO), or assumed internally-mixed
particles (MONO32). The developed models have been compared with a more detailed
sectional model AEROFOR2. The comparison shows that the developed models are
physically sound. The performed model runs show that the composition of aerosol
particles depends mainly on emissions and condensation. Coagulation seems to be of
minor importance. The state of mixing can be studied effectively using MULTIMONO
or MONO32. E.g. the degree of internal mixing depends on the condensation rate and
condensation time. The developed models can be used as sub-models in one-dimen-
sional boundary layer models and three-dimensional Eulerian models.

Introduction

Atmospheric aerosol particles influence Earth’s
radiation balance directly by scattering and ab-
sorbing solar radiation, and indirectly by acting
as cloud condensation nuclei (CCN) (e.g. Charlson

et al. 1992). Recently some progress has been
made in evaluating the radiative effects of vari-
ous aerosol components such as sulfate, organ-
ics, black carbon, sea salt, and crustal species
(Sokolik and Toon 1996, Chuang et al. 1997,
Kaufman and Fraser 1997, Winter and Chylek
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1997, Haywood and Ramaswamy 1998). How-
ever, substantial uncertainties still remain in the
significance of both direct and indirect radiative
forcing due, for example to biogenic emissions of
organic vapours.

On the other hand, atmospheric aerosol parti-
cles in urban areas cause the loss of visibility (e.g.
Finlayson-Pitts and Pitts 2000) and influence the
human health (Dockery and Pope 1994). Heavily
industrialized areas suffer from pollution fogs
(smogs) that are often related to coal burning and
nowadays also to traffic. The most well-known
example of such smogs is the London “pea-
souper” smog which occurred every once in a
while until the 50’s, when the coal burning was
forbidden. Besides visibility degradation, the Lon-
don smog episodes caused serious health effects
and “excess deaths”. One significant part of the
health problems were atmospheric aerosols and
fog droplets, since particles having diameters less
than 10 µm can penetrate deep into the respira-
tory system (Dockery and Pope 1994).

The increased aerosol concentrations are
largely due to secondary particle production, i.e.
homogeneous nucleation from vapours. Instru-
mental techniques for measuring the concentra-
tion of freshly-formed particles have been devel-
oped recently, so that particles with a diameter of
about 3 nm can be detected. Particles of this small
size have been observed in the free troposphere
(Clarke 1992, Schröder and Ström 1997, Raes et
al. 1997), in the marine boundary layer (Covert et
al. 1992, Hoppel et al. 1994, O’Dowd et al. 1998),
in the vicinity of evaporating clouds (Hegg et al.
1991), in Arctic areas (Wiedensohler et al. 1996,
Pirjola et al. 1998), in urban areas and in stack
plumes (Kerminen and Wexler 1996), and recently
also in boreal forests (Mäkelä et al. 1997).

Although the ternary nucleation of sulphuric
acid, ammonia, and water can explain the aerosol
formation in many cases (Kulmala et al. 2000),
some other condensable vapour is needed for ex-
plaining the aerosol growth and the aerosol mass
and composition distributions. Recently Kerminen
et al. (1999) and Kulmala et al. (1998a) have dis-
cussed the importance of organic vapours to the
aerosol growth. Also the importance of sulphate
surface chemistry to the aerosol mass distribution
has been investigated (Kerminen et al. 2000a).

The complexity of aerosol processes in the

development of aerosol number and mass con-
centrations and the aerosol composition is huge.
Therefore, simple and computationally effective,
yet physically sound models are needed. Recently,
Ackermann et al. (1998) presented a modal ap-
proach which can be used to simulate the particle
formation, transportation, and deposition in re-
gional chemical transport models. In their ap-
proach, the particles could consist of sulphate, ni-
trate, ammonium, and water. Harrington and
Kreidenweiss (1998a, 1998b) applied a mono-
disperse modal approach to model sulphate parti-
cles.

In the present paper we develop a simple and
effective model, MULTIMONO, that simulates
the formation and subsequent growth of aerosol
particles, and evaluates the number and mass con-
centrations of different types of particles. All the
main aerosol physical processes (nucleation, con-
densation, coagulation, deposition, and emis-
sions), together with the gas-phase chemistry, are
included. One of the main aims in our model de-
velopment is to find out an effective but a physi-
cally sound model to be used as a subroutine in
three-dimensional Eulerian models.

The MULTIMONO model and a simplified
version of it, MONO32 (section 4), can be used to
investigate the role of different emissions in deter-
mining the concentration and composition of the
particles. Examples are the role of biogenic emis-
sions in atmospheric CCN production, and inter-
actions between biogenic aerosols and anthropo-
genic pollutants. This paper emphasizes the influ-
ence of coagulation and condensation, even though
also dry deposition and chemistry are taken into
account. We further investigate how rapidly the
aerosol composition changes as a function of con-
densable vapour concentrations and a pre-existing
aerosol particle concentration. The comparison of
the developed model with a more detailed sectional
model AEROFOR2 (Pirjola and Kulmala 2000) is
also presented.

Model description

In the present work we have developed an effec-
tive aerosol dynamical model MULTIMONO,
which is based on our earlier version of a mono-
disperse aerosol dynamical model (Kulmala et al.
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1995, Pirjola and Kulmala 1998). The model takes
into account gas-phase chemistry and aerosol
dynamics, including the following processes: (1)
emissions of gases and particles; (2) chemical re-
actions in the gas phase; (3) dry deposition of gases
and particles; (4) homogeneous binary H2SO4-H2O
or ternary H2SO4-H2O-NH3 nucleation; (5)
multicomponent condensation of H2SO4, H2O,
HNO3, NH3 and some organic vapour X onto par-
ticles, and (6) inter- and intramode coagulation of
particles.

The particles belong to one of the four size
modes called the nucleation, the Aitken, the ac-
cumulation, and the coarse mode. The initial di-
ameter of particles belonging to these modes may
vary in the ranges 1–20 nm, 20–100 nm, 100 nm–
2.5 µm, and > 2.5 µm, respectively. This defini-
tion allows us to study the properties, such as the
particle number concentration, the particle diam-
eter, and the mass and composition of particulate
matter smaller than 2.5 µm (PM2.5) and smaller
than 10 µm (PM10). Besides, emissions of parti-
cles are measured in PM2.5 and PM10. The parti-
cles grow by coagulation and condensation inside
the mode and thus the radius of each mode in-
creases. How and when the particles in a mode
have grown so large that it is reasonable to move
them to the following mode is a future work.

The particles can contain soluble material such
as sulphate, nitrate, ammonium, sodium chloride
(and organics), as well as insoluble material such
as elemental or organic carbon, and mineral dust.
We have chosen five particle composition classes
within the each size mode (Table 1). At the be-
ginning of the simulation the particles can be pure
sulphuric acid-water particles, pure organic or
elemental carbon particles, pure sea salt particles,
pure dust particles, or mixtures of some of these.
After the growth processes the particle composi-
tion changes. Since pure nitrate or pure ammo-
nium particles cannot exist, sulphate, nitrate, and

ammonium are lumped together as inorganic salts.
The differential equations for the number con-

centration Ni and total mass concentrations in each
mode Mi are:

dN

dt
nucleation emission

coagulation drydeposition

i = +

−–
(1)

dM

dt
nucleation emission coagulation

condensation drydeposition

i = + ±

± −
(2)

The total mass includes the mass of sulphate,
nitrate, ammonium, organic and elemental carbon,
sea salt, mineral dust, and water. To follow the com-
position (the mass fraction) of particles, we need
separate differential equations for the mass of each
chemical component, so that the total mass becomes
the sum of the masses of these components. Thus
the total number of differential equations is 68
(chemistry) + 20 (the particle number concentra-
tion) + 7 × 20 (the mass concentrations of sulphate,
nitrate, ammonium, organic and elemental carbon,
sea salt, and mineral dust) = 68 + 160. The set of
equations is solved numerically with a NAG-library
FORTRAN-routine DO2EJF (1990).

Gas-phase chemistry

The chemistry mechanism is based on an EMEP
mechanism (Simpson 1992). It includes 68 chemi-
cal compounds (inorganic and organic) and 140
chemical or photochemical reactions (Pirjola and
Kulmala 1998), and is capable of simulating ru-
ral, urban, and marine conditions. The initial con-
centration, the emission rate, and the deposition
velocity of each compound are given as an input
to the model.

Table 1. Size modes and particle types in the model.
—————————————————————————————————————————————————

Sulphate/ Nitrate/ Ammonium Organic carbon Elemental carbon NaCl Mineral dust
—————————————————————————————————————————————————
Nucl. Mode X X
Aitken mode X X X X
Accum. mode X X X X X
Coarse mode X X X X X
—————————————————————————————————————————————————
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Nucleation

The binary H2SO4-H2O nucleation rate is deter-
mined by applying the revised classical nuclea-
tion theory (Wilemski 1984) which is thermody-
namically correct, and by taking into account the
hydrate formation (Jaecker-Voirol et al. 1987).
This form of theory predicts quite well the homo-
geneous nucleation in a sulphuric acid-water sys-
tem at a temperature of around 289 K and at rela-
tive humidities of 30%–50% (Viisanen et al.
1997). To save the computer time, we have used
a parameterised value for the sulphuric acid mole
fraction in the critical nucleus as a function of
temperature, relative humidity, and relative acid-
ity, as described in Kulmala et al. (1998b).

Several field measurements indicate that the
observed ambient nucleation rates substantially
exceed those predicted by the binary H2SO4-H2O
nucleation theory (Covert et al. 1992, Weber et
al. 1998, 1999, O’Dowd et al. 1998, 1999, Clarke
et al. 1999). The recently developed classical
theory for ternary H2SO4-NH3-H2O nucleation
(Korhonen et al. 1999) shows that if the NH3 con-
centration is over 100 parts per trillion (ppt) and
the H2SO4 concentration is equal to 106 molecules
cm–3, a significant nucleation can occur. On the
other hand if the H2SO4 concentration exceeds 107

molecules cm–3, around 20 ppt of NH3 is needed
for a significant nucleation to occur. A prelimi-
nary parameterisation for the ternary nucleation
rate is available in MULTIMONO.

Condensation

The molecular and the mass flux of condensing
sulphuric acid and organic vapours depends on
the difference between the vapour concentration
far from the droplet and that at the droplet sur-
face, on the diffusion coefficient, and on the
condensational sink due to pre-existing particles.
We used the continuum regime theory corrected
by a transitional correction factor (Fuchs and
Sutugin 1970, see also Pirjola et al. 1999). The
molecular diffusion coefficient can be estimated
using empirical correlations given by Reid et al.
(1987). It should be noted that under tropospheric
conditions, the saturation vapour pressure of sul-
phuric acid is much lower than its ambient va-

pour pressure, so that its evaporation from a par-
ticle is negligible. Depending on its saturation
vapour pressure, an organic vapour can be non-
volatile, semivolatile, or highly volatile. The ma-
jority of organics identified up to now in atmos-
pheric particles are semivolatile or highly vola-
tile (e.g. Hoffmann et al. 1998, Griffin et al. 1999,
Jang and Kamens 1999). However, typically only
about 10% of the organic aerosol mass has been
identified (Saxena and Hildemann, 1996). There-
fore, it is possible that some of these unidentified
multifunctional compounds are nonvolatile and
thus able to grow nanometer-size particles to a
CCN size, as demonstrated by Kerminen et al.
(2000b). In this work organic vapours are assumed
to be nonvolatile.

At the moment, the condensation of nitric acid
is treated in a similar way as the condensation of
sulphuric acid.

The condensation of ammonia is coupled to
the concentration of H2SO4 and HNO3 (Seinfeld
and Pandis 1998). If possible, each condensing
H2SO4 molecule removes two NH3 molecules from
the gas phase, which leads to the formation of
ammonium sulphate (NH4)2SO4. If there is excess
NH3 available, it can react with nitrate to produce
NH4NO3, and each HNO3 molecule takes one NH3

molecule when condensing.
The water content of aerosols (see http://

www.epa.gov/asmdnerl/models3/) is calculated
using empirical polynomials (Tang and Munkelwitz
1994) for the mass fraction of solute as a function
of water activity. The polynomials for ammonium
nitrate and ammonium sulphate are taken from
Chan et al. (1992). The chemical composition of a
sulphate-nitrate-ammonium-water aerosol is based
on equilibrium thermodynamics. The amount of
water depends on the molar concentration ratio be-
tween the total ammonia and the total sulphate: if
this ratio is < 2 the aerosol phase includes ammo-
nium sulphate, and if it is ≥ 2 all the sulphate is
ammonium sulphate and the excess ammonium
forms ammonium nitrate. The organic vapour in
the aerosol phase is assumed not to uptake water,
so the hygroscopic properties of particles are de-
termined by inorganic salts. This is probably a rea-
sonable approximation for most organics in atmos-
pheric aerosols (e.g. Saxena and Hildemann 1997,
Virkkula et al. 1998, Dick et al. 2000).

Sea salt particles are hygroscopic and their
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contribution to the total water content is signifi-
cant. A value of 2.0 to the growth factor corre-
sponding to 90% relative humidity is used in cal-
culating the wet radius of sea-salt particles and
the mass of associated water.

Coagulation

Brownian coagulation coefficients Kij between
particles in modes i and j are calculated accord-
ing to Fuchs (1964). If there are particles larger
than a few micrometers in diameter, gravitational
coagulation becomes important (e.g. Seinfeld and
Pandis 1998) and is also taken into account. When
two particles belonging to different particle com-
position classes coagulate, the resulting particle
is put to the composition class of the originally
larger particle. If the coagulating particles are of
the same size, then half of the resulting particles
are partitioned to each composition classes.

Dry deposition

Dry deposition rates of particles are modelled
according to Schack et al. (1985). Brownian dif-
fusion, interception, and gravitational settling are
taken into account.

Simulating coagulation and condensation
with MULTIMONO

Under typical atmospheric conditions, we simu-
lated aerosol particle populations containing sul-
phate particles from anthropogenic pollutans or
from natural DMS sources, and organic particles

of biogenic origin. The changes in the particle
number concentration and composition as a func-
tion of the condensable vapour concentration and
the initial particle number concentration was in-
vestigated. At the beginning of each 24-hour simu-
lation, the aerosol population was assumed to be
an external mixture of pure sulphuric acid-water
particles and organic particles in both the Aitken
and the accumulation mode. The initial particle
dry diameter was 20 nm for the Aitken mode and
100 nm for the accumulation mode. The tempera-
ture and relative humidity were kept constant and
equal to 293 K and 50%, respectively.

The effect of coagulation was studied by set-
ting the condensing vapour concentrations to zero
and by varying the total aerosol number concen-
tration Ntot. The concentration ratio between sul-
phate and organic particles was 10:1, even though
the simulations were repeated using the ratios 1:1
and 1:10. Of both sulfate and organic particles,
80% were assumed to in the Aitken mode and
20% in the accumulation mode. Table 2 summa-
rizes the initial and final aerosol concentrations
in the sulphate and organic modes.

If the initial Ntot was 103 cm–3, coagulation was
very slow and the particle number concentrations
reduced slightly (Fig. 1) Especially the accumu-
lation mode particle concentrations remained prac-
tically constant. If the initial Ntot was 104 or 105

cm–3, coagulation removed about 60% and 90%
of the particles, respectively. The organic Aitken
mode particle concentration decreased faster than
the corresponding sulphate particle concentration.
This is due to the smaller size of organic parti-
cles, since they are assumed to be insoluble and
to absorb no water. When a smaller organic Aitken
mode particle coagulates with a sulfate Aitken
mode particle, the resulting particle is classified

Table 2. Initial and final particle concentrations (cm–3) for ratios of sulphate and organic particles equal to 10:1,
1:1 and 1:10. Nsa refers to originally pure sulphuric acid–water particles and Norg to pure organic particles.
—————————————————————————————————————————————————

Ntot Nsa Norg Ntot Nsa Norg Ntot Nsa Norg

—————————————————————————————————————————————————
Initial 103 910 90 103 500 500 103 90 910
Final 856 787 69 848 447 401 845 83 762
Initial 104 9 100 900 104 5 000 5 000 104 900 9 100
Final 3 954 3 554 199 3 579 2 261 1 318 3 484 490 2 994
Initial 105 91 000 9 000 105 50 000 50 000 105 9 000 91 000
Final 9 987 9 621 365 9 593 6 747 2 846 9 376 1 683 7 693
—————————————————————————————————————————————————
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as a sulfate Aitken mode particle. This kind of
behaviour is not so clear for the accumulation
mode because coagulation is slower there due to
the larger particle size.

Figure 2 gives an example on how the compo-
sition of particles changes during the coagulation
process. The composition of organic particles
changed very little in the accumulation mode and
not at all in the Aitken mode. Because Aitken
mode organics particles are the smallest particles,
their coagulation with a sulphate particle always
results in an Aitken or a accumulation mode sul-
phate particle. The sulphate mass fraction of ac-

cumulation mode organic particles increses when
they coagulate with sulphate Aitken mode parti-
cles, whereas the organic mass fraction of accu-
mulation mode sulphate particles increases when
they coagulate with organic Aitken or accumula-
tion mode particles. Naturally, self-coagulation
does not change the composition of particles in
any mode.

The greater the initial Ntot, the faster the sul-
phate mass fraction of particles decreased and the
respective organic mass fraction increased. This
behaviour naturally depends on the initial ratio of
the number of sulphate and organic particles. If
the sulphate particles were the dominant ones, then
the sulphate mass fraction of sulphate particles
decreased slower and the organic mass fraction
of organic fraction decreased faster than what is
seen in Fig. 2. If the organic particles were domi-
nant ones, the composition of pure sulphate parti-
cles changed to organic direction faster than in
Fig. 2, and the composition of pure organic parti-
cles remained more than 99.5% of organic.

When condensable vapous were present, the
changes in the particle composition were found
to depend on the amount of the vapours, the frac-
tion of sulphuric acid and organics, and the initial
particle size distribution (Figs. 3–5). Simulations
in Figs. 3–5 were performed assuming an initial
Ntot of 1000 cm–3, so the effect of coagulation
played an insignificant role. The initial number
concentration of sulphate particles was ten-fold
to compared with the concentration of organic
particles, but this concentration ratio was found
to have no effect on the final particle composi-
tion. This was also true for the initial Ntot equal to
104 cm–3 or 105 cm–3, in which cases coagulation
gives an additional contribution to the particle
number and composition development. The steady
state composition was reached more rapidly when
more condensable vapours were available. For ex-
ample, for the condensable vapour concentration
of 109 molecules cm–3 the steady state is reached
in an hour, for the concentrations of 108 molecules
cm–3 it takes about 3 hours, and for the concentra-
tion of 107 molecules cm–3 more than 24 hours.
The simulations were repeated for higher particle
number concentrations and it was found that the
final sulphate and organic mass fractions were
independent of the initial particle concentration,
at least with the used vapour concentrations of

Fig. 1. Time evolution of the total number concentra-
tion Ntot (curve with triangles), the number concentra-
tion of suphate Aitken and accumulation mode parti-
cles (solid and dashdot curves), as well as the number
concentration of organic Aitken and accumulation
mode particless (dashed and dotted curves). The ini-
tial Ntot is 103 cm–3 (a), 104 cm–3 (b) and 105 cm–3 (c),
and is distributed equally between the sulphate and
the organic particles.
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107–109 molecules cm–3. Thus, we can conclude
that in these cases, condensation modified the
particle composition stronger than what coagula-
tion did.

It can clearly be seen that when the concentra-
tion of condensable vapours was high (Fig. 5), an
originally externally-mixed particle population
became internally mixed, i.e. the composition of
sulphate and organic particles became identical
after a couple of hours. On the other hand, if the
concentration of condensable vapours was low
enough (e.g. Fig. 3), originally internally-mixed
particles such as sulphate particles were trans-
formed externally mixed.

The relative humidity RH had a weak influ-

ence on the results shown in Figs. 1–5. The higher
the RH, the larger the water content of particles
and the smaller the coagulation rate. Conse-
quently, the total number concentration at the end
of the simulation was 3.5% larger for the RH =
90% than for the RH = 50%, and 3.5% smaller for
the RH = 10% than for the RH = 50%. Since the
sulphate and organic mass fractions are calculated
without water, and since coagulation has only a
minor effect on composition, changes in the rela-
tive humidity have practically no influence on the
particle composition.

The time development of the particle size is
shown in Fig. 6. It should be noted that if the va-
pour concentration was 108 molecules cm–3, both
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Fig. 2. Time evolution of
the composition of origi-
nally pure sulphate parti-
cles and pure organic par-
ticles assuming the total
particle number concen-
trations of 103, 104, or 105

cm–3. Solid curves refers
to the Aitken mode and
dashdot curves to the ac-
cumulation mode sul-
phate mass fractions.
Dashed curves refer to the
Aitken mode and dotted
curves to the accumula-
tion mode organic mass
fractions. The original ra-
tio of pure sulphate and
organic particles is 1:1.
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sulphate and organic particles present originally
in the Aitken mode grew into the accumulation
mode after 7–8 hours, and if the vapour concen-
tration was 109 molecules cm–3 the respective
growth took only 1–2 hours. At that stage, these
particles can no longer be called Aitken mode
particles. The original accumulation mode parti-
cles have also grown but are still in the accumula-
tion mode size range (< 2.5 µm). As a summary,
at the end of the simulation the particle popula-
tion consisted of two accumulation modes with

the particles possessing different compositions as
shown in Fig. 3.

The mass of particles having a diameter smaller
than 100 nm (PM0.1), smaller than 1 µm (PM1.0) and
smaller than 2.5 µm (PM2.5) is strongly dependent
on the condensing vapour concentrations and also
the water content (Fig. 7). The jump, for example,
in the PM0.1-curves in this figure shows the time
when the particles have grown larger than 100 nm
in diameter and when they should be called accu-
mulation mode particles (cf. Fig. 6).

0 10 20
0

0.5

1

C
om

po
si

tio
n

Sulphate particles

0 10 20
0

0.5

1

C
om

po
si

tio
n

Organic particles

0 10 20
0

0.5

1

C
om

po
si

tio
n

0 10 20
0

0.5

1
C

om
po

si
tio

n

0 10 20
0

0.5

1

Time (h)

C
om

po
si

tio
n

0 10 20
0

0.5

1

Time (h)

C
om

po
si

tio
n

Fig. 3. Time evolution of
the composition of origi-
nally pure sulphate and
pure organic particles
when the total conden-
sable vapour concentra-
tion is equal to 107 mol-
ecules cm–3. The con-
centration ratio between
the sulphuric acid and
the organic vapours is
10:1 (the uppermost fig-
ures), 1:1 (the middle
ones), or 1:10 (the low-
est ones). The initial
particle number concen-
tration is 1000 cm–3.
Solid curves refers to
the Aitken mode and
dashdot curves to the
accumulation mode sul-
phate mass fractions.
Dashed curves to the
Aitken mode and dotted
curves to the accumula-
tion mode organic mass
fractions.
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Comparison between the models
MULTIMONO, MONO32, and AERO-
FOR2

The model MONO32 is a simplified version of
the model MULTIMONO and is suitable for the
use in three-dimensional Eulerian models, for
example the EMEP Eulerien model MADE50
(Multi-level Acid Deposition model for Europe;
e.g. Berge 1997, Berge and Jakobsen 1998). In
MONO32, the four size modes (the nucleation,

the Aitken, the accumulation, and the coarse
mode) are chosen as in MULTIMONO, but there
is no separation for particles possessing different
compositions in each size mode as in Table 1.
Instead, all particles for example in the Aitken
mode have the same composition, and the total
masses of different compouds in this mode are
calculated. Seven prognostic variables per each
size mode are needed to take care of the total mass
of sulphuric acid, ammonium sulphate, ammo-
nium nitrate, organic carbon, elemental carbon,
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Fig. 4. As Fig. 3 but the
total condensable va-
pour concentration is
equal to 108 molecules
cm–3.



370 Pirjola & Kulmala • BOREAL ENV. RES. Vol. 5

sea salt, and dust. The water content and the wet
radii of the particles are calculated as in
MULTIMONO. Thus the total number of differ-
ential equations for the number and the mass con-
centrations is only 4 + 7 × 4 = 32, instead of 160
in MULTIMONO.

MONO32 is useful for three-dimensional
modelling because it limits the number of neces-
sary prognostic equations and can still be used in
estimating the concentrations of PM2.5 and PM10

in Europe. It does not provide the possibility to
investigate how rapidly internally-mixed aerosols
change to externally-mixed ones, or vice versa.

The model AEROFOR2 (Pirjola and Kulmala
2000) is a sectional Lagrangian type box model
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Fig. 5. As Fig. 3 but the
total condensable va-
pour concentration is
equal to 109 molecules
cm–3.

that includes atmospheric chemistry and aerosol
dynamics. The particles can consist of soluble and
insoluble material, and the particle population can
be externally or internally mixed. The chemistry
mechanism and the nucleation mechanisms are
the same as in MULTIMONO and MONO32.
Coagulation, dry deposition, and multicomponent
condensation of sulphuric acid and organic va-
pour are taken into account. The model calculates
the number size distribution and composition dis-
tribution of particles as a function of time.

To compare the models, a lot of simulations
were carried out and the results were compared
with each other. Four cases having sufficiently
different conditions were chosen for this work.
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Fig. 6. Time evolution of the wet diameter of originally
pure Aitken and accumulation mode sulphate and or-
ganic particles. The condensable vapour concentra-
tion is equal to 107, 108, or 109 molecules cm–3. The
initial particle number concentration is 1000 cm–3, and
the ratio of sulphate to organic particles is 10:1. Solid
curves refer to the Aitken mode and dashdot curves
to the accumulation mode.

Fig. 7. Time evolution of the masses PM0.1,PM1.0, and
PM2.5. The condensable vapour concentration is equal
to 107, 108, or 109 molecules cm–3, and the ratio be-
tween the sulphuric acid and the organic vapour con-
centration is 10:1. The initial particle number concen-
tration is 1000 cm–3, and the ratio of sulphate to or-
ganic particles is 10:1.

The temperature and the relative humidity had
constant values of 293 K and 50%, respectively.
At the beginning of each 24-hour simulation, half
of the particles were pure sulphate particles and
the other half were pure organic particles. The
particle concentration ratio between the Aitken
and the accumulation mode was 4:1 for both sul-
phate and organic particles, and the initial dry di-
ameters of these two modes equal to 20 nm and
100 nm, respectively. The total particle number
concentration was 103 and 105 particles cm–3 for
slow and for faster coagulation, respectively. In
addition, the geometric standard deviation of the
mode needed in AEROFOR2 was chosen to be
equal to 1.01 for both the modes.

In the first two cases, the concentration of
condensable vapours was zero, so only coagula-
tion and, to a minor extent, dry deposition affected

the particle number concentration (Fig. 8a and b).
In the second two cases, a condensable vapour
concentration of 108 molecules cm–3 (half of that
was sulphuric acid and the other half organic va-
pour) was assumed. When condensable vapours
are added, particles grow faster and coagulation
becomes slower (Fig. 8c and d). The results of
MULTIMONO and MONO32 are almost similar
and in good agreement with AEROFOR2. The
difference in Ntot between AEROFOR2 and
MULTIMONO is in maximum ~5 %.

The time evolution of the sulphate mass frac-
tion of the whole aerosol population was also in-
vestigated. When condensable vapours were
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Fig. 8. Model compari-
sons of the time evolution
of the total particle con-
centration. MM = MULTI-
MONO, M32 =MONO32
and A2 = AEROFOR2. —
a: Initial Ntot = 103 cm–3 and
condensable vapours = 0.
— b: Initial Ntot = 105 cm–3

and condensable vapours
= 0. — c: Initial Ntot = 103

cm–3, and both the sulphu-
ric acid and organic va-
pour concentrations are 5
× 107 molecules cm–3. —
d: Initial Ntot = 105 cm–3,
and both the sulphuric
acid and organic vapour
concentrations are 5 × 107

molecules cm–3.

present, the sulphate fraction predicted by AERO-
FOR2 decreased slightly more rapidly than the
fractions predicted by the monodisperse models,
so that the final values were 0.46 and 0.47, re-
spectively. If condensable vapours were not
present, coagulation did not change the particle
composition in spite of affecting the total particle
number concentration. As a conclusion, the sul-
phate fractions remained practically the same in
each of the models.

Conclusion

In the present paper we have developed two sim-
ple and computationally effective models
(MULTIMONO and MONO32) that simulate aero-
sol dynamics and gas phase chemistry, especially
the formation and subsequent growth of aerosol
particles, as well as the evolution of the particle
number and mass concentrations and the particle
composition. The models can be used as sub-mod-
els in one-dimensional boundary layer models and

in three-dimensional Eulerian models.
The developed models have been compared

with a more detailed sectional model AEROFOR2
(Pirjola and Kulmala 2000), and the comparisons
showed that the developed models are physically
sound.

The performed model runs showed that the
composition of aerosol particles depends mainly
on emissions and condensation. Coagulation proc-
esses seem to be of minor importance. The parti-
cle mixing state can be effectively studied using
MULTIMONO or MONO32, since the degree of
internal mixing depends on the condensation rate
and the condensation time. On the other hand, by
studying the degree of internal mixing one can
examine the condensation rates.
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