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A modelling analysis of observations of aerosol concentrations during the LAPBIAT meas-
urement campaign is presented and possible sources of the aerosols and their precursors 
are discussed. The LAPBIAT measurement campaign at the SMEAR I station at Värriö 
in eastern Lapland took place from 26 April to 11 May 2003 and registered a series of 
particle formation events. The SILAM model was applied in adjoint (inverse) mode for 
back-tracing the air masses observed during several selected episodes. It was also applied 
in forward mode using the EMEP sulphur emission data in order to qualitatively evalu-
ate the contribution of anthropogenic sulphur to the corresponding events. As shown by 
adjoint simulations, the air masses corresponding to the observed peaks of concentra-
tions of the nucleation-size aerosol often originated from areas different from the source 
regions responsible for the observed aged pollution plumes. We examined the origins of 
air masses during three nucleation events registered during the Värriö campaign. Observa-
tions of the first nucleation event were interrupted when polluted plume from the Nikel 
metallurgy plant (Russia) was transported to the site, replacing the cleaner air masses with 
the on-going particle formation. The second (most intensive) event occurred in the air that 
was transported for substantial distances over the central part of Finland in prevailing dry 
and relatively warm conditions. Since such conditions correspond to large biogenic VOC 
emissions, one can expect a major contribution of these species in the observed event. 
During the third episode, the air masses were transported directly from the Arctic Sea, thus 
suggesting a significant impact of marine aerosols. Also, three episodes with elevated con-
centrations of accumulation and coarse range particles were found. According to adjoint 
simulations, urban and industrial emissions were responsible for these events.
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Introduction

A series of studies during the last decade have 
shown that aerosol formation can take place in 
substantially different environments and is much 
more common than has previously been known 
(e.g. Kulmala et al. 2004a, 2008). It has also 
been shown that the formation events and subse-
quent chemical and physical reactions of ageing 
of pollutants last for at least several hours. How-
ever, most of observations and process studies 
of aerosol formation are based on the homoge-
neous-volume assumption, i.e., the properties of 
the passing air mass are assumed to be constant 
during the event (Kulmala et al. 1995).

The validity of such an assumption depends 
on several factors. Thus, the meteorological con-
ditions substantially vary on a time-scale of 
hours and can sometimes undergo sharp changes 
at a time scale of tens of minutes. Clearly, the 
chemical composition of the plumes also alters 
when these are transported over source and sink 
areas. Species can be scavenged by precipitation, 
which can result in sharp gradients of concentra-
tions in both time and space. Therefore, short 
term observations alone at any single location 
cannot provide sufficient information to restore 
the history of the transformations that took place 
in the observed air volume even in recent past. 
This can potentially lead to misinterpretations of 
aerosol dynamics and chemistry.

There are several categories of mathematical 
methods for describing the atmospheric transport 
and transformations that are used for the analysis 
and interpretation of the observed pollutant con-
centrations. These can be broadly categorised to 
backward trajectories, conventional atmospheric 
dispersion modelling, and adjoint (i.e. inverse) 
modelling.

i. The most widespread approach is based on 
qualitative consideration of backward trajec-
tories using an appropriate model, such as, 
e.g., the HYSPLIT trajectory model (Draxler 
and Rolph 2003). The analysis is commonly 
based on meteorological fields computed by 
numerical weather prediction models, and a 
Lagrangian advection algorithm. The models 
can be used to evaluate the trajectories back-
ward in time, arriving at the monitoring site 

at the moment when a particular measured 
value is recorded. Interpretation of the results 
is usually qualitative (e.g. Skjøth et al. 2007, 
Barletta et al. 2009), but sometimes quantita-
tive analysis can be undertaken (Kulmala et 
al. 2000, Sogacheva et al. 2005, 2007, Heo et 
al. 2009).

ii. The second category of methods is based on 
modelling of the atmospheric transport and 
diffusion forward in time, followed by the 
model-measurement comparison, sometimes 
accompanied by sensitivity studies (e.g. 
Stern et al. 2008). Systematic discrepancies 
of model predictions and measured values 
are then analysed and attributed to either the 
deficiency of the applied model(s), or to spe-
cific processes, such as misinterpreted mete-
orological developments, missing or inaccu-
rate emission data, etc.

iii. The third method has been used for local 
case studies for several years — so-called 
footprint estimation on the basis of the adjoint 
dispersion equation (e.g. Rannik et al. 2003, 
Kuparinen 2006, Kuparinen et al. 2007a, 
2007b, Vesala et al. 2008) and in the source 
apportionment of greenhouse gas emissions 
(Bergamaschi et al. 2005). The methodology 
has recently also been adopted to the analysis 
of regional air quality (e.g. Saarikoski et al. 
2007, Kaasik et al. 2008, Prank et al. 2008) 
and the dispersion of allergenic pollen (Sofiev 
et al. 2006a, 2006c, 2006d, Siljamo et al. 
2008). The method is based on the numerical 
solution of the adjoint dispersion equation 
(see the background in Marchuk 1982).

The idea of the adjoint dispersion method 
is to explicitly compute the sensitivity of the 
observed values to emission fluxes, chemical 
transformations and meteorological processes 
that can affect the particular observation. This 
approach is directly associated to variational 
data assimilation methods, which are more and 
more widely used in both meteorological and 
dispersion applications (Unden 2002, Kalnay 
2003, Fisher and Lary 1995, Elbern et al. 1997, 
1999, 2007, Vira 2008). Essentially, the footprint 
evaluation is the first half of the first-iteration 
cycle of the 4D-VAR (four-dimensional varia-
tional data assimilation), which is interpreted by 
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4D-VAR as a gradient of the cost function (usu-
ally, the root-mean-square-error of the model-
measurement scatter plot) with regard to emis-
sions, initial conditions, or model parameters.

In comparison with the first two approaches, 
the adjoint dispersion formalism allows a much 
more accurate and direct quantitative estimation 
of the source regions that affect a particular obser-
vation. However, the adjoint modelling is cur-
rently rarely applied to the analysis of the obser-
vations, except for in the local footprint computa-
tions (Vesala et al. 2008). This is probably due 
to the apparent complexity of the approach and 
its relatively higher computational and develop-
ment costs as compared with, e.g., the qualitative 
analysis with backward trajectories.

The goal of the current study is to analyse 
the results of the observational campaign at the 
station of Värrio (Ruuskanen et al. 2007) by 
means of the regional-scale footprint computa-
tions, and highlight the possible source regions 
that contributed to the numerous nucleation 
events during April and May 2003. In particular, 
we aim at explaining the characteristics of the 
selected nucleation events, which were in some 
cases strongly disturbed by external impacts. 
To the best of our knowledge, such an analysis 
of the sources of the aerosol formation events 
using adjoint dispersion modelling has not been 
published previously. The combined usage of 
forward and adjoint dispersion computations is 
also scarce in the literature, except for the above-
mentioned data assimilation studies.

Experimental data

The field experiments were carried out at the 
SMEAR I site (Station for Measuring Forest Eco-
system–Atmosphere Relation, 67°46´N, 29°35´E) 
(Hari et al. 1994), located in Värriö nature park in 
eastern Lapland, less than 10 km from the border 
with Russia and 100–200 km away from major 
pollution sources at the Kola Peninsula (Fig. 1).

The campaign included measurements of aer-
osol particle size distributions with EAS (electric 
aerosol spectrometer, Tammet et al. 2002) from 
28 April to 11 May 2003. Detailed description 
of campaign design and results is reported by 
Ruuskanen et al. (2007). Atmospheric concen-

trations of trace gases including SO2, O3 and 
NOx were also measured. The EAS can be used 
to measure aerosol size distribution in the aero-
dynamic diameter range of 3 nm–10 µm with 
spectral resolution of 8 fractions per decade (28 
fractions in total). The wide range of measurable 
particle sizes is an advantage of EAS as com-
pared with other equipment used at SMEAR I 
(see Ruuskanen et al. 2007). In order to compare 
the measured data with the model predictions, 
the EAS fractions were grouped into four aerosol 
modes (Table 1; see also e.g. Mäkelä et al. 2000, 
Pirjola et al. 2003).

Time series of the concentrations of all 
modes exhibit narrow sharp peaks and rela-
tively long time intervals with much lower 
values (Fig. 2). We assumed that these low 
levels represent the background concentrations 
(Table 1, second column from right). Note that 
number concentrations (rightmost column) are 
only approximates and given for easier under-
standing, due to large size range the relation 
between mass and number concentrations is far 
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from functional dependence. Background levels 
were subtracted from the total measured con-
centrations for inverse model runs. If subtraction 
resulted in negative values (i.e. concentrations 
were even smaller than the typical background), 
these were replaced with zeroes. The idea of 
such processing was to enhance the sensitivity 
of model to strong sources, which presumably 

cause the highest concentrations. It was easier 
to visually distinguish the footprints of con-
centration peaks in the model output, after the 
background produced by diffuse sources was 
eliminated. The effect of this manipulation to the 
peak concentrations is negligible, because these 
are several times higher than background.

Table 1. aerosol size ranges distinguished in the size distributions during the värriö campaign. maximum back-
ground concentrations of aerosol particles have been defined in the text.

size range Diameter (nm) number of eas estimated maximum
  fractions background concentration
   
 min. max.  µg m–3 approx. particles (cm–3)

nucleation 3 24 7 0.001 1000
aitken 24 100 5 0.05 1000
accumulation 100 1000 8 2 400
coarse 1000 10000 8 4 2
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Fig. 2. hourly average 
mass concentrations of 
aerosol particles in (a) 
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and (b) accumulation and 
coarse modes, measured 
by the eas during the 
campaign at the station of 
värriö in april–may 2003. 
the legends in the figure 
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peaks, as used in the text.
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Modelling methods

The atmospheric dispersion and 
numerical weather prediction models

The variant of the SILAM model used in this 
study is based on a Lagrangian particle Monte-
Carlo dynamics. The model has been developed 
at the Finnish Meteorological Institute and has 
been validated against the meso-scale European 
Tracer Experiment (ETEX) (Sofiev et al. 2006b), 
the results of various field measurement cam-
paigns, and the long-term air quality observa-
tions of EMEP (Sofiev et al. 2006b, 2006c). For 
aerosol, SILAM considers advective and turbu-
lent transport, and dry (including size-dependent 
sedimentation) and wet deposition.

The SILAM model has two modes of opera-
tion: forward and adjoint (Sofiev et al. 2006d). 
In the forward mode, the input data contain emis-
sions from specified sources, meteorological input 
data produced by numerical weather prediction 
models, land use data and other data. The output 
of the forward simulation consists of the four-
dimensional (4-D) fields of concentrations (i.e. 
3-D spatial patterns and their temporal evolutions) 
and 3-D dry and wet deposition fields (i.e. 2-D 
spatial patterns and their temporal evolutions).

In the adjoint (i.e. inverse) mode, the model 
input in the specific case of this study contained 
measured aerosol concentrations (the so-called 
sensitivity source function), and the meteoro-
logical fields. However, no emissions are used 
as model input in the adjoint computations. The 
output (the so-called sensitivity distribution) was 
a 4-D probability field for the locations of the 
sources of the observed concentrations. This 
output specifies the probability that the measured 
concentration is originated from a specific loca-
tion or region, it could also be called the foot-
print of the observations.

In the forward and inverse computations, 
we used the meteorological fields from the 
short-term forecasts by the European Centre 
of Medium-range Weather Forecasts (ECMWF), 
the fields were extracted every 6 hours. To 
evaluate the influence of varying meteorological 
input, the fields of the numerical weather predic-
tion model HIRLAM (the Finnish variant of this 
model) were also used for a few parallel runs.

The adjoint dispersion computations

The adjoint modelling is a technique to evalu-
ate the footprint of the observations. A ground 
surface footprint of a single observation is by 
definition a surface area, which delineates the 
sources that are responsible for the observed 
atmospheric concentrations. As a simplification, 
all sources located within the footprint area 
would influence this observation, and no sources 
located outside the footprint area would affect it.

However, the detailed contributions of these 
sources can be probabilistically evaluated, i.e., 
the model can be used to evaluate the probability 
of a specific air parcel to reach the observational 
site. By integration over all the sources and trans-
port pathways, one can evaluate the spatial and 
temporal distribution of the probability for the 
sources to impact a specific measurement. The 
source areas, for which this probability does not 
vanish, comprise the footprint that corresponds 
to this particular observation. Computations of 
the footprint with standard dispersion models 
are prohibitively resource-consuming, while the 
adjoint modelling generates the solution with 
reasonable efforts (Marchuk 1982, Sofiev et al. 
2006d).

Assuming the first-order closure of the tur-
bulent diffusion problem with a diagonal eddy 
diffusivity tensor (so-called K-theory closure, 
see Marchuk 1982, Jacobson 1998, Seinfield & 
Pandis 2006), and linear or linearised chemical 
reactions (Marchuk 1982), the adjoint dispersion 
equation can be written in the following form:

  (1)

where L* is the adjoint dispersion operator that 
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has been defined in the first row of the equation, 
c* is the sensitivity distribution that arises from 
the sensitivity source function S, t and xi are the 
time and spatial coordinates (i = 1, 2, 3), ui is the 
ith component of the mean wind, µii is the diago-
nal component for the diffusion coefficient, x* 

represents the adjoint linear sink term, tend is the 
end time of the simulations, vd is the dry deposi-
tion velocity at the reference height h1, and H is 
the upper boundary of the horizontal computa-
tional domain äΩ.

For computing the footprint of a single obser-
vation in the time series, the specific form of S is 
calculated as follows:

  (2)

Here, xst and yst are the coordinates of the station, 
zref is the reference height of the monitor inlet, 
and tstart, and tend are the start and end times of the 
observation, and H is the Heaviside step function 
[H(x) = 0 for x < 0 and H(x) = 1 for x ≥ 0]. As a 
result, the S function is zero everywhere except 
for the point (xst, yst, zref) where it is equal to 1 
during the observation time. For the footprint of 
a time series, S should be scaled with actual con-
centrations measured for every corresponding 
observation interval.

The adjoint equation is directed backwards in 
time, so the sensitivity distribution c* starts from 
the receptor with sensitivity S at t = tend and covers 
the areas where the sources affect the receptor. 
Importantly, the adjoint formalism is based on 
linearity assumption regarding all the processes. 
Since the actual mechanisms are usually non-
linear, various local linearization algorithms have 
to be applied in order to obtain an analogy to Eq. 
1 (for more details see Marchuck 1982).

We performed the adjoint simulations sepa-
rately for each size range. The dry and wet 
deposition processes are included, however, 
the simulation setup does not include aerosol 
dynamics or chemistry. In comparison with the 
above-outlined footprint dispersion studies pub-
lished to-date, this setup includes the deposition 
processes, which may substantially alter the pat-
terns and shorten the predicted footprint areas. 
The sensitivity source function was constructed 

based on the aerosol concentrations measured by 
EAS, with the background concentrations sub-
tracted. The complementary forward simulations 
included chemical transformation of sulphur 
oxides after the DMAT model (Sofiev 2000), as 
well as the deposition processes. However, the 
aerosol dynamics was not included into the for-
ward simulations either. Being an evident limi-
tation, this did not affect the analysis outcome 
too strongly because the primary target of the 
study was the source apportionment of the gase-
ous precursors rather than the aerosol processes 
themselves.

Adjoint simulations used mass concentra-
tions rather than number concentration. The rela-
tion between these quantities was calculated 
for each particle size assuming the density of 
particulate matter to be 1000 kg m–3. The time 
scale of model runs (a few days) is much longer 
than the time scale of condensation growth (a 
few hours) but quite short in comparison with 
the removal time for fine particles. As a result, 
for particles in the nucleation and Aitken ranges, 
the footprint computed refers to the precursors of 
the aerosol rather than the particles themselves. 
For coarser particles, especially from the accu-
mulation mode, the obtained footprint reflects 
the distribution of the direct sources of aerosols.

The forward dispersion computations

Forward model runs were performed in order 
to investigate the contribution of anthropogenic 
and natural emissions to the observed concentra-
tions. The emission data of these runs include 
(i) primary particulate matter (PM10), (ii) pri-
mary fine particlulate matter (PM2.5), (iii) sulphur 
dioxide, (iv) sulphate and (v) sea salt. Emissions 
of primary particulate matter, sulphur dioxide 
and sulphate were gathered from EMEP data-
base for Europe, excluding the most southern 
and western parts, as those regions do not have 
any substantial influence on the concentrations 
in the considered boreal region. A more detailed 
database of sources was applied for Finland. The 
Finnish emission inventory has a 1-km resolu-
tion for area sources and includes about 250 
point sources. The main aerosol components that 
were not included in the modelling are nitrates 
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and ammonium. Seasonal, weekly and diurnal 
variations followed Sofiev et al. (1996). The 
emissions of sea salt are embedded in SILAM 
and governed by wind speed and sea water 
salinity by using the updated paramaterisation 
of Monahan et al. (1986) modified with data of 
Mårtensson et al. (2003).

SILAM model computes the conversion of 
SO2 to sulphate via a single-reaction transforma-
tion scheme (Sofiev 2000). No other chemical 
reactions were included, chemical components 
of primary particles and sea salt were regarded 
as passive tracers.

The horizontal resolution of model output 
was 20 km, and the concentration and sensitivity 
distribution fields were saved once in every 15 
minutes. Output in the vertical direction con-
sisted of five layers up to the height of 3150 m 
above the ground surface. For the numerical 
results presented here, the output fields were 
averaged over the two lowest layers (from the 
ground level up to a height of 150 m). The wind 
vectors overlaid in the concentration maps were 
also averaged over the two lowest layers, cor-
responding to a layer from the ground level to 
approximately a height of 150 m.

Results

The selection of the episodic events

The classification of aerosol events in this study 
is based on four size ranges listed in Table 1. 
Events are classified qualitatively (see Fig. 2), 
assuming each peak is significantly exceeding 
the stated background level in corresponding 
size range to be an event. We expect that behind 
each of these events (peaks) should be a particle 
formation, evolution or transport process (or 
coincidence of processes) that is not common 
during the entire measurement campaign. In fol-
lowing we examine the possible processes.

During the analysis, we paid special attention 
to the conditions that promote or prohibit the 
nucleation events. Although the precise mecha-
nism and all conditions for the nucleation burst 
are not known, a low concentration of coarse 
aerosol particles (i.e. a low condensation sink) 
is typically necessary (Kulmala et al. 2005). 

Nucleation events therefore occur predominantly 
during dry and sunny weather with clean air 
masses and sufficient solar radiation. Due to bio-
genic emissions of precursors, the boreal forest 
is an important source of secondary fine aero-
sols (Tunved et al. 2006) produced via oxida-
tion of isoprene and monoterpenes (Kavouras 
et al. 1998, Kourchev et al. 2005, 2008). It has 
been found that nucleation events in boreal for-
ests occur even in late winter with snow cover 
present, due to life activities in evergreen tree 
crowns during sufficient solar radiation (Kul-
mala et al. 2001, 2004d).

Another natural source of particles is the 
sea. Apart from micrometer-size particles, 
10-nm size particles were registered over the sea 
but their origin had not been completely clear 
(Covert et al. 1992, Mårtensson et al. 2003, 
Clarke et al. 2006). Finally, a well-known but 
totally different environment for the formation of 
nanometer particles is the urban photochemical 
smog (McMurry and Eisele 2005).

The measured mass concentrations of the 
four considered aerosol size ranges contain three 
nucleation events (sudden appearing and follow-
ing growth of a large number of nanometer-size 
particles), three high-concentration episodes of 
coarse and accumulation particles and one epi-
sode, where concentrations of all particles except 
nucleation range (i.e. Aitken, accumulation and 
coarse) were elevated (Fig. 2). The nucleation-
size aerosol peaks occurred on 30 April (event 
1), and on 5 and 9 May (events 2 and 3, respec-
tively). The nucleation bursts occurred during 
the low background concentration of pre-exist-
ing (accumulation and coarse mode) aerosol 
particles.

We selected two categories of episodes for a 
detailed examination: (i) periods with the highest 
measured concentrations of nucleation aerosol, 
and (ii) for contrast, other specific episodes, 
and their footprints are compared. In particu-
lar, we address the three detected nucleation 
events and three events of simultaneous highest 
concentration of coarse and accumulation parti-
cles, referred henceforward as accumulation and 
coarse peaks or A & C peaks. Although these 
two size ranges are of different physical origin, 
they often occur simultaneously in industrial and 
urban emissions.
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Nucleation events

During the LAPBIAT measurement campaign 
at Värriö three nucleation events were observed 
(Fig. 3).

First nucleation event

This event occurred on 30 April 2003. It can 
be characterized as an interrupted nucleation 

event. Before event 1, concentrations in all size 
modes were anomalously low and, after a few 
hours, a highly polluted air mass was observed 
with large amounts of particles of Aitken, accu-
mulation and coarse modes (Ruuskanen et al. 
2007). A remarkable amount of nucleation par-
ticles appeared again a few hours later, after the 
exchange of the air masses.

The inverse model run (Fig. 4a) shows that 
the most probable source areas of nucleation 
aerosol during the first event are located to the 
east of Värriö. During the preceding night, the 
air masses were transported through the Nor-
wegian–Russian border in the vicinity of the 
Nikel metallurgy industry, but they were not 
transported over any intensive source areas. Cor-
responding forward simulations show that there 
was practically no sulphate in the air around 
Värriö at the beginning of the event (Fig. 4b). An 
excessive concentration of sulphate arrived from 
Kola Peninsula only during the next six hours 
(Figs. 4c and 5).

The observation of the nucleation event (rise 
of the concentration of nucleation aerosol) was 
interrupted by arriving polluted plume (about 
16:00) that contained sulphates and anthropo-
genic particles (see Figs. 3a and 5). The total 
modelled PM (Fig. 4) also includes sea salt from 
the northern sea areas and the Baltic Sea, but 
their fraction was small. The modelled total of 
primary PM and sulphate in the polluted plume 
was about 8 µg m–3 including about 5 µg m–3 of 
sulphates, which is in fair agreement with the 
PM10 estimated from EAS measurements (about 
10 µg m–3).

second nucleation event

This nucleation event started on 5 May at 11:00 
GMT, then a large number of nanometer-size 
particles grew to Aitken sizes in late evening. 
This is a typical strong nucleation event with rel-
atively high growth rate around 4 nm h–1. Inverse 
model computations show that the air masses 
were transported during the two previous days 
over the continental areas of northern Sweden 
and central Finland, and were also transported 
over the Gulf of Bothnia (Fig. 6).

When the nucleation event began at Värriö, a 

Fig. 3. time-size concentrations of nucleation events: 
(a) event 1 (30 april–1 may), (b) events 2 (5–6 may) 
and 3 (8–9 may).



Boreal env. res. vol. 16 • Origin of aerosol particles observed in 2003 in Finnish Lapland 23

Fig. 4. (a) sensitivity distribution of mass concentration 
of nucleation particles averaged from 28 april 16:00 
Gmt to 30 april 14:00 Gmt — the nearly two-day inte-
grated footprint of nucleation event 1 (Fig. 2). concen-
trations of sulphate (µg m–3): (b) at 12:00 Gmt during 
the nucleation event, (c) at 21:00 Gmt, three hours 
after the nucleation event was interrupted, simultane-
ously with appearance of another peak in nucleation 
mode.

well-defined footprint was formed that extended 
over the Finnish Lapland from north-east to 
south-west (Fig. 6b). During and shortly after 
this nucleation event the forward model compu-

tations did not show any advection of substantial 
concentrations of sulphate over Värriö. Only on 
6 May, was there some slight influence of sul-
phate pollution from central Europe.
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The nucleation event number 2 on 5 May 
(Fig. 6) was followed by relatively high concen-
trations of Aitken nuclei during the following 
couple of days (cf. Fig. 2a). When the event 
started, the source area of Aitken nuclei extended 
along the western coast of Finland to the Baltic 
Sea and reached the coast of Latvia (Fig. 7). 
The maximum of Aitken size range particle con-
centration at Värriö occurred a few hours later 
than that of the nucleation particles. Remarkable 
concentrations of Aitken nuclei were observed 
between the late evening of 5 May and the 
evening of 6 May. Thus, we suppose that these 
Aitken nuclei were the aged particles from the 
nucleation event that took place during 5 May 
all over the western Finland and was observed at 
Värriö as two sequential peaks of concentrations 
— first of the nucleation-sized particles and then 
of Aitken ones.

third nucleation event

In the case of nucleation event on 8 May (Fig. 8), 
the air masses were transported from the Norwe-
gian Sea. A well-defined footprint was formed 
that extended over the Finnish and Norwegian 
Lapland from north-west to south-east (Fig. 8b). 
This event can be described as a typical nuclea-
tion event in Finnish Lapland (Vehkamäki et al. 
2004).

Description of Aitken, accumulation and 
coarse particle events

Contrary to simulations of the footprints of 
nucleation particles, the model tracing of larger-
size aerosol fractions indicated the influence 
of anthropogenic activities. The concentration 
of accumulation particles was used as the main 
indicator of pollution from remote sources due to 
its longest lifetime in the atmosphere.

Permanently high aerosol concentrations 
bewteen 28 and 29 April were influenced by 
large areas of north-western Russia and Baltic 
states (Fig. 9). Then the footprint of the obser-
vation shifted to the north and to the east and 
finally reached the observation site being also 
enriched with emissions from Kola Peninsula.

The highest mass concentrations of parti-
cles, about 30 µg m–3, were observed in the late 
evening of 2 May (Fig. 2). The inverse model 
run suggests that the origin of particles was 
located at the westernmost areas of Kola (Fig. 
9a). The forward run is based on the EMEP 
database with the corrected location of the Nikel 
smelter (for details regarding corrected location 
see Kaasik et al. 2007) (Fig. 10).

Although the plume from Nikel is obviously 
the reason of the peak of coarse (and also accu-
mulation size range) particles, the SILAM model 
with ECMWF meteorological data failed to pre-
dict that peak in quantitative terms: the monitor-
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Fig. 5. measured con-
centrations of aerosol in 
nucleation size range and 
in two other size classes 
(these are approximately 
equal to the Pm1 and 
Pm10), and modelled 
Pm2.5 concentrations that 
include sulphate, sea salt 
and primary Pm2.5, during 
formation and break-up of 
nucleation event 1.
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Fig. 6. time evolution of the sensitivity distribution 
(footprint) of the nucleation particle mass concentration 
for the nucleation event 2: (a) 4 may, 21:00 Gmt, (b) 5 
may, 12:00 Gmt, and (c) 5 may, 21:00 Gmt.

ing station remains just at the edge of the narrow 
plume, 20–30 km west from its axis. Thus, there 
is only a very small increase from background 
level in concentrations predicted for Värriö. To 

clarify the impact of meteorological input to the 
results, a parallel model run was performed with 
short-term forecast from the HIRLAM model 
(the variant of this model developed at the Finn-
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ish Meteorological Institute).
The results look qualitatively similar (Fig. 

11), but the plume from the Nikel industrial 

complex computed using the HIRLAM meteoro-
logical fields was transported first to south-south-
west and then eastwards exactly over Värriö, this 

Fig. 7. sensitivity distributions of aitken particle mass 
concentration, nucleation event 2 (Fig. 2): (a) 5 may, 
12:00 Gmt, nucleation started at värriö, aitken “cloud” 
approaching; (b) 6 may, 00:00 Gmt, nucleation range 
is vanishing, long “tail” of aitken mode footprint is 
approaching värriö; and (c) 6 may, 18:00 Gmt, end of 
the elevated concentration of aitken particles.
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resulted in a better agreement of model predic-
tions with the observed values (Fig. 12).

The model computations using the ECMWF 
and HIRLAM data failed to predict the exact 
position and size of aerosol peaks on 28 and 29 
April (Fig. 12b).

Discussion

Three particle formation events (30 April, 5 May 
and 8 May) were selected for a more detailed 
analysis. The most informative with respect to the 
aerosol formation mechanisms was the second 

Fig. 8. time evolution of the sensitivity distribution 
for nucleation particle mass concentration, nucleation 
event 3: (a) 8 may, 09:00 Gmt, before the peak of 
nucleation particles in värriö; (b) 8 may, 15:00 Gmt, at 
the peak time; and (c) 9 may, 00:00 Gmt, at the end of 
nucleation event 3 (Fig. 2).
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one, as it was intensive enough and not disturbed 
by arrival of polluted plumes. Prior to the episode, 
the air masses spent more than two days over the 
forested areas with scarce human activities and no 
major influence of industrial pollution.

Hence, the main mechanism triggering the 
growth of particles in this case was most likely 
the condensation of biogenic volatile hydrocar-
bons that had been accumulated in the air during 
previous days (for details of the mechanism, 

Fig. 9. sensitivity distribution for the mass concentra-
tion of accumulation mode: (a) 28 april, 15:00 Gmt; (b) 
29 april, 18:00 Gmt; and (c) 1 may, 06:00 Gmt, when 
polluted plume broke the nucleation event 1 (Fig. 2).
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see Kulmala et al. 2004b, 2004c, Tunved et al. 
2006). Taking into account the footprints of both 
nucleation and aged Aitken particles, we can 

estimate that the area of gathering the precursors 
may have extended for approximately 1000 kilo-
metres from south-west to north and north-east. 

Fig. 10. (a) sensitivity distribution for mass concen-
tration of accumulation particles, 2 may, 18:00 Gmt, 
during the highest aerosol concentration; (b) concen-
tration of sulphates in air, 12:00 Gmt; and (c) concen-
tration of sulphates nine hours later (21:00 Gmt), at the 
peak of the coarse particles (Fig. 2).
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Fig. 11. modelled concentrations of sulphate (µg m–3) at the top of coarse aerosol peak 3 (3 may, 00:00 Gmt): (a) 
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Fig. 12. comparison of 
measured concentrations 
with model predictions, 
applying different meteor-
ological data: (a) sulphate 
ion, and (b) sulphur diox-
ide.
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However, as the air masses were transported 
over the Baltic Sea, we cannot exclude the influ-
ence of marine emissions.

The first nucleation event is interesting due to 
the sharp change of air masses at Värriö that inter-
rupted its observation. It was also a more com-
plicated case for the analysis as compared with 
the second event. The first part of the episode 
followed the typical pattern. During that time, 
the emissions from the Arctic Ocean or biogenic 
emissions from forests in Lapland could have 
affected the composition of the plume shortly 
before it reached the measurement site. The area 
considered was still covered with snow and the 
temperatures were slightly below zero, but solar 
heating of tree crowns could induce some veg-
etation activity. As the air masses were advected 
very close to the Nikel metallurgy factory, one 
cannot exclude some influence of gaseous emis-
sions from its surrounding infrastructure as well.

Regarding the interruption of the first nuclea-
tion event observations at the station, the for-
ward model run reproduced the time of arrival of 
sulphate-rich air from Nikel plant with accuracy 
close to the 15-minute model time step (about 
16:00–17:00 GMT, 30 April). The concentrations 
of sulphates were nearly the same as the measured 
fine-aerosol level at that time (2–5 µg m–3). This 
indicates that the measured rapid increase of aero-
sol mass concentration occurred due to industrial 
pollution from the Nikel metallurgical complex.

The source apportionment of the last particle 
formation event (nucleation event 3 on 8 May) 
is straightforward: the air was advected during 
less than 10 hours from the Norwegian Sea over 

northern Lapland. According to this time scale, 
most of the particle growth occurred over the 
continental areas, but it can start at the sea coast-
line and marine emissions might take part in trig-
gering the formation of particles.

High levels of particles during 28–29 April 
occurred probably due to diffuse emissions from 
North-western Russia and Baltic states, in con-
trary to the above peaks during 30 April–3 May 
(Fig. 9) that originated from metallurgical indus-
tries of Kola Peninsula (Russia). Lower concen-
trations than in the later events but still remark-
able levels of SO2 suggest considerable age of 
the plume and impact of remote anthropogenic 
sources, such urban emissions in the St. Peters-
burg area pointed by the adjoint run of SILAM. 
The missing part of modelled PM could then 
consist of nitrates, ammonia, dust, etc.

It is also possible that the first peak of coarse 
and accumulation modes in the evening of 28 
April might include an influence of a local sauna 
at Värriö biological station, about 2 km south-
west of the monitoring site: wind was blowing 
from southern directions and complex landscape 
favoured an efficient dispersion of emissions. A 
low SO2 concentration is also more typical for 
wood burning than for industry. However, the 
model resolution was insufficient to detect such 
a small-scale effect. The probable origins of all 
events are presented in Table 2.

Both forward and adjoint simulations were 
performed with two input meteorological data-
sets in order to assess (at a qualitative level) 
the uncertainties caused by the usage of par-
ticular meteorological datasets for the disper-

Table 2. identified origins of peaks presented in Fig. 2.

event Dates identified area of origin Probable source

accumulation and coarse peak 1 28 april st. Petersburg and surroundings, urban and industrial
  surroundings of värriö emissions, local saunas
accumulation and coarse peak 2 29 april st. Petersburg and urban and industrial
  surroundings emissions
nucleation 1 30 april regions mainly in russia and emissions from forests,
  norway, to the east and to the possible some industrial
  north of värriö influence
aitken particle event 30 april–1 may Kola peninsula, russia industrial emissions
accumulation coarse peak 3 2–3 may Kola peninsula, russia industrial emissions
nucleation 2 5 may southern lapland emissions from forests
nucleation 3 8 may arctic sea, northern lapland possible marine emissions
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sion modelling. Such uncertainties can be very 
large from the point of view of a single-station 
observation (see Figs. 11 and 12). In particular, 
the concentrations predicted for the specific site 
can differ by orders of magnitude depending on 
meteorological input. This sensitivity, however, 
is to be expected because the pollution pattern 
over the region is almost entirely dictated by few 
strong almost-point sources. As a result, even a 
small uncertainty in positioning of the plumes 
from these sources can lead to large differences 
in absolute concentrations registered at a single 
monitoring site. This holds for both forward and 
adjoint dispersion analysis.

In general, the plumes calculated with the 
HIRLAM meteorological data were narrower 
and the pollutant concentrations at the ground 
level were higher than in the correspond-
ing plumes computed using the fields of the 
ECMWF model. These findings qualitatively 
corroborate the previous results of Sofiev et al. 
(2006c), who compared the outcomes of the 
SILAM model simulations with the ETEX data, 
using two HIRLAM model versions and the 
ECMWF model. In the current case, during the 
third peak of coarse particles concentrations, 
the surface-level wind directions modelled by 
ECMWF and HIRLAM differ for up to 30° (Fig. 
11). Thus, the computations using the ECMWF 
wind fields suggested that the plume from the 
Nikel plant was transported directly to the south, 
while the corresponding computations using the 
HIRLAM data resulted in a more complicated 
pattern of concentrations.

The simulations were performed without 
explicit treatment of aerosol dynamics while 
the chemical transformations were taken into 
account only in the forward mode. These evident 
limitations, however, do not affect the outcome 
of the analysis because the main goal of the 
study was to evaluate the sources of aerosol pre-
cursors and qualitatively evaluate the conditions 
favouring the nucleation events. Simulation of 
the events themselves was outside the scope of 
the study. The simplified model configuration 
significantly reduced the resources needed for 
the computations and allowed, in particular, the 
ensemble-type uncertainty analysis of the disper-
sion paths of the air masses before and during 
the nucleation events.

Conclusions

Adjoint dispersion modelling can be used as an 
assessment tool for prediction of the observa-
tional footprint at regional scale. Particularly, it 
localises the areas contributing to the concentra-
tions of both aerosol particles and their precur-
sors, and provides a detailed time schedule of a 
new particle formation event in the plume, while 
it is transported towards the station.

Combination of adjoint and forward model-
ling of transport of species from known sources 
makes it possible to distinguish more accurately 
between the local and non-local sources. A cross-
checking of the results based on inverse and for-
ward computations is also useful for the quality 
assurance of models.

According to the size of the computed foot-
prints, the nucleation and particle-growth events 
could possibly extend over hundreds and some-
times thousands of kilometres (see Vana et al. 
2004). The regional scale of the events may 
partly explain their complicated appearance in 
the observations. The chemical and physical 
properties of the air masses may change substan-
tially during the atmospheric transport, due to 
deposition (in particular, scavenging), the vary-
ing anthropogenic and natural emissions, and the 
physical and chemical transformation processes.

Application of ensemble-type approaches 
with several input datasets can be of importance 
for both forward and inverse tasks, in particular, 
when the corresponding sources are geographi-
cally limited and result in fairly narrow plumes. 
Thus, in one of the analysed episodes, there 
was a remarkable difference between the results 
computed with the meteorological fields of the 
ECMWF and HIRLAM models.

The SMEAR I station is a convenient test site 
for mesoscale air quality model applications, due 
to the absence of significant local sources of air 
pollution in close neighbourhood (on the scale of 
tens of kilometres), an extensive sector for wind 
directions from pristine regions, and a presence 
of a few well-identified intensive point sources 
at the distances of 100–200 kilometres.
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