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Abstract. This article has investigated the contribution of residential wood combustion (RWC) to the fine par-
ticulate matter (PM2.5) concentrations in the Helsinki metropolitan area (HMA) for 6 years, from 2009 to 2014.
We have used the PM2.5 concentrations measured at eight air quality measurement stations. The dispersion of
emissions on an urban scale was evaluated with multiple-source Gaussian dispersion models, UDM-FMI (ur-
ban dispersion model of the Finnish Meteorological Institute) and CAR-FMI (Contaminants in the Air from a
Road model of the Finnish Meteorological Institute), and on a regional scale using the chemical transport model
SILAM (System for Integrated modeLling of Atmospheric coMposition). The overall agreement of the predicted
concentrations with measurements of PM2.5 was good or fairly good for all stations and years; e.g. at the per-
manent residential station the daily average values of the index of agreement ranged from 0.69 to 0.81, and the
fractional bias values ranged from −0.08 to 0.11, for the considered 6 years. Both the measured and predicted
daily averaged concentrations showed increasing trends towards the lower-temperature values. The highest pre-
dicted annual averaged concentrations in the region occurred in the vicinity of major roads and streets and in the
suburban residential areas to the northwest, north, and northeast of the city centre. The average concentrations of
PM2.5 attributed to RWC in winter were up to 10- or 15-fold, compared to the corresponding concentrations in
summer. During the considered 6-yearly period, the spatially highest predicted fractions of RWC of the annual
PM2.5 concentrations ranged from 12 % to 14 %. In winter, the corresponding contributions ranged from 16 %
to 21 %. The RWC contribution was higher than the corresponding urban vehicular traffic contribution at all the
residential stations during all years. The study has highlighted new research needs for the future, in particular (i)
the modelling of the RWC emissions that would be explicitly based on the actual ambient temperatures and (ii)
the modelling of the impacts of the most important holiday periods on the emissions from RWC.

1 Introduction

Exposure to fine particulate matter (PM2.5) in ambient air
has been shown to be associated with adverse health effects,
such as acute lower respiratory infections, asthma, chronic
obstructive pulmonary disease, lung cancer, and cardiovas-
cular disease, as well as excess mortality (e.g. Horne et al.,
2018; Anenberg et al., 2018; Li et al., 2016; Pope and Dock-
ery, 2006; Pope et al., 2020; Lelieved et al., 2020). It has

been estimated that 4.2 million deaths per year have been
caused globally by ambient PM2.5 concentrations (Cohen et
al., 2017).

One of the major sources of PM2.5 concentrations is resi-
dential wood combustion (RWC). Wood combustion is a sig-
nificant source of energy for cooking and heating in many
countries worldwide (e.g. Bonjour et al., 2013; WHO, 2016).
Also in developed countries, where RWC was largely re-
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placed by other forms of energy in the 20th century, wood is
still widely used as a heating source, especially in rural areas
(Fernandes et al., 2007). In urban areas, wood-burning stoves
and fireplaces are commonly used as a supplementary heat-
ing method and for recreational use (WHO, 2015; Amann et
al., 2018; Kukkonen et al., 2020).

Residential combustion was estimated to cause 45 % of
global anthropogenic and 27 % of global total PM2.5 emis-
sions in 2010, with an especially high share in Africa and
parts of Asia (Klimont et al., 2017). In EU countries, residen-
tial combustion was estimated to account for 46 % of anthro-
pogenic PM2.5 emissions in 2005, of this 80 % was estimated
to originate from the combustion of biomass (Amann et al.,
2018). However, there was a substantial variation within the
EU countries: the contribution of biomass combustion to
PM2.5 emissions ranged from less than 10 % in the Nether-
lands, Ireland, Cyprus, and Malta to 70 %–80 % in Croatia,
Latvia, and Lithuania.

In most Nordic and Baltic countries (except for Iceland),
wood has commonly been used as a fuel for decades. Many
of these countries have historically had ample resources of
local wood (Denier van der Gon et al., 2015; Kukkonen et al.,
2020). In many urban areas in the continental Nordic coun-
tries (i.e. Finland, Denmark, Norway, and Sweden), the RWC
share of the local emissions of PM2.5 has commonly been
considerably lower than that in rural areas. This has been
partly due to (i) the use of firewood only as a supplementary
heating method in cities and (ii) clearly, the other urban emis-
sion sources. However, the total amount of RWC emissions
has nevertheless been significant in part of the Nordic cities,
due to either many RWC-heated detached houses or the heat-
ing of larger blocks of flats by RWC (Kukkonen et al., 2020).
For instance, in the Helsinki metropolitan area (HMA), RWC
has been estimated to have caused 45 % of the urban PM2.5
emissions from combustion in 2021 (Korhonen et al., 2022).

From 1990 to 2015, the biomass consumption for resi-
dential heating doubled in the EU (Bertelsen and Mathiesen,
2020). According to Viana et al. (2015), in some countries,
such as Norway, Austria, Denmark, and Bulgaria, the rel-
ative share of biomass of all fuels in the residential sector
continued to increase from 1990 to 2012. However, in some
other countries, e.g. Spain, Greece, Hungary, and Croatia, the
contribution of biomass combustion decreased from 1990 to
2005, after which the contribution started to increase. The
latter trend was partly due to the economic situation in these
countries and the domestic supply of wood and partly due to
climate policies (Viana et al., 2015). According to Eurostat
(2023), in all these countries, the consumption of primary
solid biofuels in the residential sector increased from 1990
to 2012, especially in Bulgaria (340 %), Hungary (234 %),
and Denmark (146 %). In the other above-mentioned coun-
tries, the increase was 20 %–34 %, and the average increase
in the EU was 95 %. In more recent years, the consumption
of primary solid biofuels in the residential sector has slightly

decreased; it was 82 % higher in 2020 as compared to the
corresponding level in 1990 (Eurostat, 2023).

The growing concern for the health impacts associated
with PM2.5 emissions has resulted in a range of abatement
measures for RWC emissions. Such measures have already
been taken, e.g. in continental Nordic countries; these were
reviewed by Kukkonen et al. (2020). On the other hand, sub-
stituting fossil fuels with renewable energy has been recom-
mended by the EU. The political target has been set to in-
crease the share of renewable energy to 32 % by the year
2030 (EU Renewable Energy Directive 2018/2001, RED II).
For instance, in Helsinki, the coal-fired district heating has
partly been replaced by other options, one of which is bioen-
ergy heating plants (Helen Ltd, 2023). The increased use of
renewable energy in Europe has, however, been dominated
by the increase in RWC in residential stoves, instead of the
commonly more controlled and efficient combustion of wood
in heating plants (Sikkema et al., 2021). This has resulted in a
significant increase in PM2.5 emissions in Europe from 2005
to 2016 (Couvidat et al., 2021). It has also been pointed out
that the sustainable resource of biomass is limited, and there-
fore alternative renewable energy sources should be encour-
aged instead of biomass (Andersen et al., 2021). Due to these
conflicting goals, it is challenging to predict the future devel-
opment of RWC emissions. In Finland, the energy security
considerations and the tradition of using fairly easily avail-
able fuelwood have favoured RWC. To diminish harmful im-
pacts, reducing emissions by updating appliances and using
more environmentally friendly energy sources can be encour-
aged (Savolahti, 2020). It has been estimated that Finnish
RWC emissions might decline slightly in the 2020s (Ohto-
nen et al., 2023).

The PM2.5 emissions originating from RWC are com-
monly released at low altitudes and may therefore have a sub-
stantial adverse impact on local air quality and human health.
It is important to quantitatively determine the contribution of
RWC emissions to the PM2.5 concentrations in ambient air
and evaluate the impact of potential emission reduction mea-
sures. Karagulian et al. (2015) evaluated in a global review
that an average of 20 % of urban ambient PM2.5 originated
from domestic fuel burning; the corresponding value for ve-
hicular traffic was 25 %. However, they also found that there
was a wide variation between different regions. In western,
northwestern, and central and eastern European countries,
these contributions were 15 %, 22 %, and 32 %, respectively.
According to a review of source apportionment studies by
Belis et al. (2013), the relative contribution of biomass com-
bustion to PM2.5 concentrations in Europe was 15 %± 7 %,
with the highest relative contributions in urban areas occur-
ring in the Alps and in northern Europe.

In countries where wood is used for residential heating,
the seasonal variation in RWC is pronounced (Klimont et al.,
2017). Episodes with high PM2.5 concentrations often occur
in winter, due to both intensive local emissions and meteoro-
logically stable periods and low wind speeds. Trompetter et
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al. (2010) have compared PM2.5 source contributions in win-
ter and summer, based on several source apportionment stud-
ies in New Zealand; the contribution of wood combustion
ranged from 63 % to 91 % in winter and from 9 % to 45 %
in summer. In northern Italy, the contributions of biomass
combustion in the period including autumn and winter were
25 %–30 % and 27 %–31 % in urban and rural sites, respec-
tively. In summer, the corresponding contributions were 1 %
and 3 % (Perrone et al., 2012).

In the HMA, Hellén et al. (2017) have previously eval-
uated the significance of RWC to the concentrations of
benzo[a]pyrene (BaP), which is a good indicator substance
for wood burning. Soares et al. (2014) and Aarnio et al.
(2016) evaluated in detail the contribution of different emis-
sion sources on the PM2.5 concentrations in the HMA; how-
ever, these earlier studies did not include the contributions
originating from wood combustion. The first attempts to esti-
mate the effect of wood combustion on the PM2.5 concentra-
tions in the HMA were described by Ahtoniemi et al. (2010).
More recently, Teinilä et al. (2022) have assessed the im-
pact of residential combustion on air quality in a detached-
housing area in Helsinki, based on air quality measurements.

An unprecedentedly detailed emission inventory for RWC
has been compiled in the HMA by the Helsinki Region En-
vironmental Services Authority (Kaski et al., 2016). Kukko-
nen et al. (2020) used this emission inventory to model the
PM2.5 concentrations, including RWC. This study also evalu-
ated the concentrations of PM2.5 and the related contributions
of RWC in three other Nordic cities, viz. Copenhagen, Oslo,
and Umeå. Kukkonen et al. (2020) focused on estimating the
annually averaged concentrations, and the study also solely
addressed the PM2.5 concentrations during a single year, for
each of the selected target cities. Orru et al. (2022) also stud-
ied the health impacts of PM2.5 from RWC in the same four
Nordic cities.

In another study, Kukkonen et al. (2018) evaluated the con-
tributions of various source categories to the annually aver-
aged concentrations of PM2.5 in the HMA during a multi-
decadal period. They provided evidence that the emissions
of PM2.5 originating from small-scale combustion in the
HMA increased slightly in time from the 1980s to the early
2010s. However, the relative share of RWC with respect to
the total emissions in that area increased substantially dur-
ing that period. The reasons for this relative increase were
that both the emissions from local vehicular traffic and the
long-range transported background of the PM2.5 concentra-
tions decreased during that period, the former by a factor of 5
(Kukkonen et al., 2018). Based on the measured BaP con-
centrations, it can be estimated that the current level of RWC
emissions in the HMA is slightly lower than in the begin-
ning of 2010s. In the early 2010s, the annual average of BaP
concentration at the residential measurement station at Var-
tiokylä ranged from 0.5 to 0.7 ngm−3, while in recent years
the level has ranged from 0.4 to 0.5 ngm−3 (Korhonen et al.,
2023).

The above-mentioned studies indicated that in the Helsinki
metropolitan area (HMA), RWC had a significant impact on
the emissions of PM2.5 and on public health in the early
2010s. However, these studies did not include an in-depth
analysis of the model performance or diagnostic model eval-
uation.

The main aim of this article is to investigate in depth
the contribution of RWC to the PM2.5 concentrations in the
HMA for several years (2009–2014). The specific objectives
were (i) to evaluate the seasonal and shorter-term variations
in the concentrations attributed to RWC, including their spa-
tial variability; (ii) to analyse both the temporal and spatial
year-to-year variation in pollution from RWC; and (iii) to
evaluate the model predictions against data in more depth,
including diagnostic evaluation. The results can be used for
understanding better both the interannual and shorter-term
temporal variations in the pollution from RWC. The results
can also be used for developing more effective policies for
the abatement of pollution attributed to RWC and for deriv-
ing insights for an improved modelling of the contributions
from RWC.

2 Methods

2.1 The considered domain and the measurement
network for concentrations

2.1.1 Modelling domain

The Helsinki metropolitan area (HMA) is an agglomeration
of four cities: Helsinki, Espoo, Vantaa, and Kauniainen. The
total population of this agglomeration is approximately 1.21
million (2022). The cities are in a fairly flat coastal area by
the Baltic Sea. The annual average temperature in the centre
of Helsinki is currently 6.5 ◦C; the monthly average ranges
from −3.8 ◦C in February to 18.1 ◦C in July (Jokinen et al.,
2021). The locations of the cities and the measurement sta-
tions selected for this study are presented in Fig. 1.

2.1.2 Concentration measurement network

We have used the hourly time series of the PM2.5 concen-
trations, measured at eight air quality measurement stations
operated by the Helsinki Region Environmental Services Au-
thority (HSY). The locations of the stations are presented in
Fig. 1. The classification of the sites, the years of measure-
ment, and the measurement devices are presented in Table 1.
The monitoring height for all these sites was approximately
4 m.

We selected six measurement stations located in detached-
house areas (Vartiokylä, Päiväkumpu, Kattilalaakso, Kau-
niainen, Tapanila, and Ruskeasanta). The residential wood
combustion emissions in this region almost exclusively origi-
nate from residential combustion in detached houses (Kukko-
nen et al., 2020). The urban- and regional-background sta-
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Table 1. The measurement sites used in this study, their site classifications, the years of measurement, and the measurement devices for
PM2.5. The detached-house areas have been additionally classified as more densely and more sparsely built ones.

Name of the site Site classification Measurement year(s) Measurement device(s)

Päiväkumpu Detached-house area Densely built 2011 FH 62 I-R
Tapanila Detached-house area Densely built 2013 FH 62 I-R
Ruskeasanta Detached-house area Densely built 2014 FH 62 I-R
Vartiokylä Detached-house area Sparsely built 2009–2013 GRIMM EDM 180

2013–2014 SHARP 5030
Kattilalaakso Detached-house area Sparsely built 2012 SHARP 5030
Kauniainen Detached-house area Sparsely built 2013 SHARP 5030

Kallio Urban background 2009–2014 TEOM 1400ab
Luukki Regional background 2009 FH 62 I-R, TEOM 1400ab

2010 FH 62 I-R
2011–2012 FH 62 I-R, SHARP 5030
2013–2014 FH 62 I-R

Figure 1. The cities in the Helsinki metropolitan area and the air
quality measurement stations used for this study. Three categories
of air quality stations were included: detached-house areas and ur-
ban and regional backgrounds. The urban-background station is lo-
cated in central Helsinki, and the regional-background station is in
the northern part of the city of Espoo. We also used weather data
from two synoptic meteorological stations. © OpenStreetMap con-
tributors 2019. Distributed under the Open Data Commons Open
Database License (ODbL) v1.0.

tions at Kallio and Luukki, respectively, have been selected
for the analysis of urban and local concentration increments.

The concentrations were measured with continuous mea-
surement methods. The FH 62 I-R monitor is based on the
attenuation of β rays by a filter, which is directly related to
the amount of mass on the filter. The GRIMM EDM 180 in-
strument uses an optical technique in which particles are di-
vided into different sizes in diameter based on light scatter-
ing. SHARP 5030 (Synchronized Hybrid Ambient Real-time
Particulate Monitor) is a particulate monitor combining light-
scattering photometry and beta radiation attenuation. TEOM

1400ab (tapered element oscillating microbalance) uses the
tapered element oscillating microbalance technique to mea-
sure the mass concentration of particulate matter on a filter
(Walden et al., 2010). The measured values were corrected
with calibration equations based on Walden et al. (2010);
these ensure equivalence with reference methods.

The surroundings of the measurement stations in
detached-house areas are substantially different. The im-
mediate vicinity of stations of three sites (Päiväkumpu,
Tapanila, and Ruskeasanta) is more densely built, compared
to that of the other three considered stations in detached-
house areas. The site of Kattilalaakso is located lower than
its surroundings, which may be unfavourable for the efficient
mixing of pollution. All stations in detached-house areas are
located in regions with relatively low traffic volumes, except
for the site of Ruskeasanta, as there is a densely trafficked
highway at a distance of 700 m from the site. This high-
way had an estimated average traffic volume on weekdays
of 58 200 vehicles per day in 2013 (Malkki and Loukkola,
2015).

The urban-background station at Kallio is located on the
edge of a sports field in the city centre, at a distance of 80 m
from a street with an average traffic volume on weekdays of
6300–8800 vehicles per day (2009–2014). The regional mea-
surement station of Luukki is located in a rural area. How-
ever, it may occasionally be exposed to pollution caused by
vehicular traffic on a local minor road, as well as previously
by a camping centre, which was situated in the vicinity of the
site, until the station was moved a distance of 300 m further
from this local source in May 2012.

2.2 Emission inventories

We have evaluated the PM2.5 emissions from urban RWC and
vehicular traffic. It has previously been found that the contri-
bution of other urban source categories to the PM2.5 concen-
trations has not been significant in this region (Kukkonen et
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al., 2018; Hannuniemi et al., 2016). For shipping and harbour
activities, the contribution in the 3-year period of 2012–2014
has been estimated to exceed 10 % only in the immediate
vicinity of major harbours (Kukkonen et al., 2018). The con-
tribution of power production to local PM2.5 concentrations
has been negligible in most parts of the area (Hannuniemi
et al., 2016). The construction and maintenance activities of
housing and streets could also potentially affect the measured
concentrations. However, there is no reliable emission inven-
tory regarding these source categories for this area. The con-
struction and maintenance activities have relatively more im-
portance in the central regions of the cities in the considered
metropolitan area; these have less importance in detached-
house residential areas.

Evaluation of the emissions originating from RWC and
traffic emissions is presented briefly in this paper. For a more
detailed description of the methodology, the reader is re-
ferred to Kukkonen et al. (2018).

2.2.1 Evaluation of the emissions from residential wood
combustion

The emissions of RWC used in this study were based on
an emission inventory by the local environmental authority,
HSY, for 2013–2014. The amount of wood combusted in dif-
ferent types of fireplaces and the habitual uses of wood com-
bustion were estimated using a questionnaire (Kaski et al.,
2016). The results were applied to all detached and semi-
detached houses in the regional register for dwellings of the
HMA. The emission factors for different types of fireplaces
were based on the results of a national measurement pro-
gramme and available literature (Kaski et al., 2016; Savolahti
et al., 2016).

In the HMA, 90 % of the detached houses have wood com-
bustion appliances. However, only 2 % of the houses use
RWC as a primary heating method.

The meteorological variables, especially ambient temper-
ature, influence the amount of RWC. The average variations
in RWC between months, days of the week, and hours of
the day were included in the model, using coefficients based
on the temporal distributions. These coefficients were based
on analysing the data from both the questionnaire for 2013–
2014 (Kaski et al., 2016) and from a previous survey for the
HMA, in which the temporal variation in fireplace usage was
estimated in detail for 2008–2009 (Gröndahl et al., 2012).
However, the impact of the actual temporal variation in am-
bient temperatures (e.g. based on measured temperature data
for each hour) has not been explicitly considered, due to the
lack of sufficiently detailed data.

The emissions were evaluated separately for three differ-
ent source categories: heating boilers, sauna stoves, and other
fireplaces. The temporal variation is different for each of
these categories: sauna stoves are used throughout the year
in Finland, whereas the other fireplace types are mostly used
during cold seasons. The variation in the ambient tempera-

ture is expected to be closely related to the use of heating
boilers, but it does not have a straightforward relation to the
use of sauna stoves and other fireplaces. The use of the latter
two RWC source categories is more closely related to social
habits, including the convenience use of fireplaces. The sea-
sonal variation is described in detail in Appendix A.

The same spatial distribution of the emissions from RWC
was used in the modelling for all the considered years. How-
ever, an estimate of the variation in the total annual emission
value was computed based on the available data on the num-
ber of detached houses, firewood consumption, and the tem-
poral changes in the share of different heating methods. This
variation is described in detail by Kukkonen et al. (2018).
The annual total emissions in the HMA from RWC in 2009–
2014 ranged from 189 to 175 t a−1.

The emission height, including the initial plume rise, was
assumed to be equal to 7.5 m. This value is based on the aver-
age height of the detached and semi-detached houses in the
area and separate computations of the effects of plume rise
and downwash for the applied stove techniques (Karppinen
et al., 1998).

2.2.2 Evaluation of the emissions from vehicular traffic

The traffic emissions were evaluated for vehicular exhaust
and suspension for the roads and streets in the HMA for
2009–2014. Traffic emissions were evaluated for 26 536 line
sources.

The spatial distribution of traffic volume data was com-
puted using the EMME/2 transportation planning system for
the year 2008 (HSL, 2011); these data were provided by
Helsinki Region Transport. The data consisted of mileage for
3 selected hours for a day for each road link and regression-
based factors for evaluating hourly traffic volumes. These
data were given for weekdays, Saturdays, and Sundays. Ex-
haust emissions for each year were calculated using aver-
age emission factors and total emission values for the HMA
based on a national calculation system for traffic emissions,
called LIPASTO (Mäkelä and Auvinen, 2009). The annual
total emissions in the HMA originating from exhausts have
a decreasing trend; these ranged from 214 ta−1 in 2009 to
124 t a−1 in 2014.

Suspension emissions were evaluated from exhaust emis-
sions with a semi-empirical modelling approach, based on
the average monthly ratio of concentrations from suspen-
sion and exhaust emissions. These coefficients were com-
puted using previous concentration results computed with
emissions from a detailed road dust suspension model, FORE
(Kauhaniemi et al., 2011, 2014). The annual total emissions
in the HMA originating from suspension ranged from 85 to
83 t a−1 from 2009 to 2014.
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2.3 Meteorological measurements and modelling

We used the synoptic weather and radiation observations
from Helsinki-Vantaa Airport, located 18 km north of the
Helsinki city centre; synoptic weather observations from the
marine station of Harmaja, located on an island 7 km south
of the city centre; and sounding observations from Jokioinen,
90 km northwest of Helsinki, for 2009–2014. The locations
of the synoptic stations are presented in Fig. 1.

The meteorological pre-processing model of the Finnish
Meteorological Institute (MPP-FMI; Karppinen et al.,
2000a) was used for analysing the measured meteorologi-
cal data. The model is based on the energy budget method
of van Ulden and Holtslag (1985). The output of the MPP-
FMI includes an hourly time series of meteorological data
needed for the dispersion modelling, such as temperature,
wind speed, wind direction, calculated atmospheric turbu-
lence parameters, and the boundary layer height. The same
meteorological data were applied to the whole HMA.

2.4 Atmospheric dispersion modelling

Urban-scale dispersion of emissions from RWC and traf-
fic were evaluated with multiple-source Gaussian dispersion
models. The dispersion parameters were modelled as a func-
tion of Monin–Obukhov length, friction velocity, and bound-
ary layer height. Fine particulate matter (PM2.5) was treated
as an inert substance; chemical reactions or aerosol transfor-
mation were not included in the modelling. The influence of
terrain was included in the model as average surface rough-
ness. Time series of hourly concentrations of PM2.5 were
computed for the HMA for 2009–2014.

The dispersion of RWC emissions was computed with
the urban dispersion model of the Finnish Meteorological
Institute (UDM-FMI; Karppinen et al., 2000c), which is a
multiple-source Gaussian dispersion model for point, area,
and volume sources. The model has been evaluated against
measured data, e.g. by Karppinen et al. (2000b). In the model
computations, the RWC emissions were treated as area emis-
sions uniformly distributed in squares of 100m× 100m.

The dispersion of vehicular emissions was evaluated with
CAR-FMI (Contaminants in the Air from a Road model of
the Finnish Meteorological Institute), which is a Gaussian
finite-length line source model (e.g. Härkönen, 2002; Karp-
pinen et al., 2000c; Kukkonen et al., 2001). The CAR-FMI
model has been evaluated against measured data, e.g. by
Karppinen et al. (2000b), Kauhaniemi et al. (2008), Aarnio
et al. (2016), Singh et al. (2014), and Srimath et al. (2017).
Street canyon dispersion modelling was not applied. The co-
efficients of the variation in weekly emissions were included
in the calculations.

The calculation grid consisted of two sub-grids: the sub-
grid for RWC, with a horizontal resolution of 100m×100m,
and the sub-grid for traffic, including 52 301 calculation

points, with spatial resolution ranging from 20 m in the vicin-
ity of the roads to 500 m in background areas.

The regional-background concentrations were based on
concentrations computed with a global- to meso-scale dis-
persion model, SILAM (System for Integrated modeLling
of Atmospheric coMposition; Sofiev et al., 2006, 2015). The
concentrations were evaluated for the European domain, and
their computation has been described in detail by Kukkonen
et al. (2018). For estimating the hourly average regional-
background concentrations, we selected four SILAM grid
points closest to the HMA and calculated the average of
the concentrations at these four locations for all the chem-
ical components of PM2.5, except for mineral dust. For min-
eral dust, we used the minimum concentration value in the
four selected points. The regional-background concentra-
tions were added to the computed urban concentrations in
the post-processing phase.

2.5 Statistical parameters

For evaluating model performance, we have computed the
following statistical parameters: the index of agreement (IA);
the square of the correlation coefficient, also called R-
squared (R2); the normalized mean square error (NMSE); the
factor of 2 (FAC2); and the fractional bias (FB).

The index of agreement is defined as (Willmott, 1981)

IA= 1−
(CP−CO)2(∣∣CP−CO

∣∣+ ∣∣CO−CO
∣∣)2
, (1)

where CP and CO are the predicted and observed concentra-
tion and overbar denotes the average over the dataset. The
index of agreement is a measure of the degree to which ob-
served deviations about CO correspond to predicted devia-
tions about CO, and it is sensitive to the differences between
the observed and predicted means (Willmott, 1981). The in-
dex of agreement varies from 0.0 to 1.0; the latter value cor-
responds to a perfect agreement. The value of the IA of ap-
proximately 0.4 corresponds to the agreement of two random
time series which have the same average value (Karppinen et
al., 2000b).

The parameters R2, NMSE, and FAC2 are measures of cor-
relation of the predicted and observed concentration time se-
ries. R2 is the square of the correlation coefficient R:

R =

(
CO−CO

)(
CP−CP

)
σCOσCP

, (2)

where σC denotes standard deviation over the dataset. NMSE
is defined as (e.g. Chang and Hanna, 2004)

NMSE=
(CO−CP)2

COCP
. (3)

FAC2 is defined as the fraction of data for which 0.5≤
CP/CO ≤ 2; i.e. it describes the share of predictions within
a factor of 2 compared with observations.
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Fractional bias is a measure of the agreement of the ob-
served and predicted mean concentrations, and it is defined
as

FB=
2
(
CP−CO

)
CP+CO

. (4)

Values of FB between −0.67 and 0.67 describe under- and
over-estimation by a factor of 2.

3 Results and discussion

We first evaluate the predicted concentrations against mea-
surements. Second, we present and discuss the predicted con-
centrations of PM2.5, their year-to-year variation, and the dif-
ference between concentration values annually and in winter.
We also compare the contributions from RWC and traffic to
the PM2.5 concentrations in residential areas and examine the
temporal variations in these contributions.

We have also presented an analysis of the representativ-
ity of the measurement stations in areas containing detached
houses in Appendix B. This analysis was done in terms of the
location and amount of emissions from RWC in the vicinity
of each measurement station. The stations were exposed to
substantially varying amounts of emissions originating from
RWC.

3.1 Evaluation of predicted concentrations against
measurements

3.1.1 Statistical analysis

The annual average concentrations and statistical parame-
ters for the selected measurement stations are presented in
Tables 2 and 3. Statistical parameters were calculated from
daily average concentrations. The concentrations were mea-
sured for all the considered years at only one residential site
(Vartiokylä) and the regional- and urban-background sites.

The differences between the predicted and observed con-
centrations at RWC stations are partly due to the setup of
the model. The emissions of RWC were considered on a spa-
tial resolution of 100m×100m. Clearly, this can average out
the spatial emission distribution on a finer scale. The highest
measured short-term local concentration peaks may therefore
be under-predicted by the model. These impacts are probably
highest in the more densely built residential areas.

The predicted concentrations near the sources are also
sensitive to the evaluation of the effective emission height.
Clearly, the effective emission height is dependent on the me-
teorological conditions and the structural details of buildings
in each region. There are also uncertainties regarding the spa-
tial distribution of the emissions in each computational grid
cell. All the observed values were measured at a height of
4 m. Near an emission source the predicted concentration at
the ground level may not accurately represent the observed
concentration value at the height of 4 m.

However, the overall agreement of predicted concentra-
tions with measurements can be considered to be good or
fairly good for all stations.

In the regional-background station, IA ranges from 0.59
to 0.72, and fractional bias ranges from −0.11 to 0.13. For
the urban-background station, the IA ranges from 0.64 to
0.75, and fractional bias ranges from −0.07 to 0.08. The
model agreement is therefore slightly better at the urban-
background station, compared with the regional background.
The corresponding model performance statistics for the per-
manent residential site (Vartiokylä) are close to those at the
urban-background station (IA ranges from 0.69 to 0.81, and
FB ranges from−0.08 to 0.11). For the other residential sites,
the IA ranges from 0.65 to 0.76, which is close to the corre-
sponding agreement at the urban-background station. The FB
values are different between more densely (FB from−0.31 to
−0.16) and more sparsely built areas (FB from−0.1 to 0.02);
the model slightly under-predicts values in densely built ar-
eas.

Regarding the permanent residential site, the year-to-year
variation in model performance can be considered to be sub-
stantial. These differences are probably mainly caused by the
changing weather conditions. The modelling of the amounts
of RWC was based on semi-empirical temporal profiles of
the amount of RWC (for months, days of the week, and hours
of the day), instead of the actual measured temperature val-
ues.

According to our previous studies (e.g. Kukkonen et al.,
2018), the model performance measures for traffic stations
in the HMA were in the same range, compared with those
found at the RWC stations in this study. This provides evi-
dence that the impacts of RWC were modelled with an accu-
racy comparable to the modelling of the impacts of vehicular
traffic.

3.1.2 Seasonal and monthly average concentrations

We have computed average concentrations for the seasons of
the year, during the whole of the considered 6-year period.
The seasons have been defined as follows: winter as January,
February, and December; spring as March, April, and May;
summer as June, July, and August; and autumn as September,
October, and November. Seasonal average concentrations are
presented in Fig. 2a–c for three categories of stations.

In summer, the concentrations were substantially under-
predicted for all the categories of stations. The regional-
background concentration values were extracted directly
from the predictions of the chemical transport model
SILAM. The model skill scores for the PM2.5 concentrations
of the SILAM model have previously been found to be rel-
atively worse in summer, due to uncertain particulate matter
components in summer, such as biogenic organics and the
contributions from wildland fires (Prank et al., 2016). The
agreement in summer is worse for RWC stations than for
the background stations, which may be due to some miss-
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Table 2. Observed and predicted annual average concentrations (µgm−3) and statistical parameters (IA, R2, NMSE, FB, FAC2) for the
residential station at Vartiokylä and for the urban- and regional-background stations at Kallio and Luukki, respectively. Parameters were
calculated based on daily concentrations. The number of daily averages (N ) is also presented.

2009 2010 2011 2012 2013 2014

Vartiokylä CO 7.4 8.1 7.4 6.6 6.8 9.8
CP 8.2 8.4 7.5 7.4 7.5 9.0
IA 0.75 0.74 0.81 0.75 0.69 0.72
R2 0.39 0.32 0.48 0.39 0.30 0.32
NMSE 0.41 0.49 0.46 0.57 0.50 0.55
FAC2 76 73 74 73 68 65
FB 0.10 0.04 0.02 0.11 0.09 −0.08
N 342 362 358 365 351 365

Kallio CO 8.4 9.0 7.8 7.5 7.0 8.1
CP 8.0 8.4 7.7 7.2 7.2 8.8
IA 0.75 0.65 0.75 0.69 0.64 0.72
R2 0.37 0.19 0.37 0.29 0.22 0.36
NMSE 0.35 0.58 0.55 0.61 0.54 0.61
FAC2 73 67 63 66 66 65
FB −0.06 −0.07 −0.02 −0.05 0.03 0.08
N 365 363 358 363 364 365

Luukki CO 7.2 8.5 7.7 7.1 6.3 7.4
CP 7.3 7.6 7.2 7.0 6.7 8.4
IA 0.72 0.63 0.65 0.68 0.59 0.65
R2 0.33 0.15 0.20 0.26 0.15 0.29
NMSE 0.45 0.76 0.86 0.72 0.71 0.77
FAC2 67 62 55 63 58 61
FB 0.01 −0.11 −0.07 −0.02 0.05 0.13
N 365 360 358 348 365 364

Table 3. Observed and predicted annual average concentrations (µgm−3) and statistical parameters (IA, R2, NMSE, FB, FAC2) for five
measurement stations in residential areas. Parameters were calculated from daily concentrations. The number of daily averages (N ) is also
presented.

Year CO CP IA R2 NMSE FAC2 FB N

Päiväkumpu 2011 10.8 7.9 0.76 0.39 0.55 56 −0.31 362
Kattilalaakso 2012 8.2 7.5 0.70 0.29 0.59 63 −0.10 361
Kauniainen 2013 7.1 7.3 0.65 0.24 0.56 66 0.02 360
Tapanila 2013 9.1 7.8 0.67 0.24 0.49 65 −0.16 360
Ruskeasanta 2014 11.3 9.4 0.69 0.26 0.55 65 −0.18 359

ing emission sources specifically in summer in the model,
e.g. particulate matter from barbecues in some residential ar-
eas.

The agreement of predicted and measured concentrations
was fairly good during the other seasons. There were over-
predictions for most of the values in spring. In autumn,
there were both over- and under-predictions. In winter, dif-
ferences between the years are obvious: the predicted con-
centrations were higher than observed in 2013 and 2014 for
all stations including those at Kallio and Luukki. In 2012
the model under-predicted values for all stations except Var-
tiokylä. Over-estimation occurred more often for RWC sta-

tions than for the regional- and urban-background stations.
These differences between years were probably caused by
the assumed semi-empirical seasonal variation in RWC emis-
sions in winter, which does not take into account the year-
to-year variation in the meteorological conditions during the
considered periods.

To evaluate the impact of seasonal variation functions for
emissions, we have analysed the bias of the model predic-
tions in terms of the severity of the winter. In addition, we
have compared observed and predicted long-term winter av-
erages separately for weekdays and weekends, as well as for
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Figure 2. Predicted and measured concentrations (µgm−3) during the seasons of the year for three categories of stations, i.e. residential and
urban and regional background, during 2009–2014.

holiday weeks and other weeks for Vartiokylä. These results
have been presented in Appendix C.

These results showed that there were slightly more model
over-predictions in the case of the relatively warmer win-
ters, some difference between weekdays and weekends, and
a clear difference between holiday weeks and other weeks.
The model under-predicted values especially in December
at the residential sites. This could have been caused by the
increased recreational wood burning and cooking by wood-
burning stoves during the Christmas holiday season and, in
addition, the fireworks of the New Year celebration. The
model under-predictions in December were not correlated
with ambient temperatures. The results also highlight that the
local holiday weeks in January and February have an impact
on the amount of wood combustion.

3.1.3 Correlations of daily average concentrations and
ambient temperatures

To analyse in depth the impact of ambient temperature to
local RWC concentrations in winter, we first selected the
cases for which the RWC contribution was above the av-
erage value, according to the model computations. The ob-
served and predicted concentrations at the residential stations
are presented in Fig. 3a–l for these cases against the ambient
temperatures.

Both the measured and predicted daily averaged con-
centrations show increasing trends towards the lower-
temperature values. The trends and the distribution of data
points are similar for all the stations, both for the measured
and predicted data. As expected, the observed concentrations
were slightly better correlated with temperature than the pre-
dicted concentrations, with one exception (the residential site
at Kattilalaakso).

We examined in detail several individual cases in which
the predicted concentrations clearly differed from the mea-
sured values. As an example, there is a particularly clear dif-
ference at two residential stations (Tapanila and Kauniainen),
at which excessively high daily concentrations (compared

with the corresponding measured values) were predicted at
a fairly cold ambient temperature of −4 ◦C. The reason for
predicting such high concentration values in this particular
case was connected to especially inefficient dilution of pol-
lution during prevailing very low winds, combined with high
predicted RWC emissions during a weekend. The observed
concentrations at the time were not substantially elevated.
These days corresponded to the local holiday week in win-
ter, during which a large fraction of people are traditionally
travelling, most of them outside of the metropolitan region. A
detailed examination of the data revealed that there were also
over-predictions of concentrations during other holiday peri-
ods. These results therefore provide evidence that the influ-
ence of the main holidays should be considered in modelling
the temporal variation in RWC emissions.

3.2 Predicted spatial concentration distributions

The predicted spatial distributions of annual PM2.5 con-
centrations and those averaged for winter are presented in
Fig. 4a–d for 2 years, 2009 and 2010. These concentrations
include the contributions originating from both urban vehic-
ular traffic and RWC and the regional background. We have
chosen these 2 years to highlight the year-to-year variation in
the RWC contributions. During the considered period (2009–
2014), the concentrations of PM2.5 in winter originating from
urban wood combustion were the lowest in 2009 and the
highest in 2010.

The centre of Helsinki is located on a peninsula, in the
southern middle region of the maps. The highest annually av-
eraged concentrations (Fig. 4a and b) occurred in the vicinity
of major roads and streets and in the suburban residential ar-
eas to the northwest, north, and northeast of the city centre.
The predicted annual average concentrations ranged from 7.2
to 11.0 and from 7.4 to 11.7 µgm−3 in 2009 and 2010, re-
spectively.

The contribution from shipping and harbours is not in-
cluded in the computed concentrations. According to Kukko-
nen et al. (2018) this contribution exceeds 10 % only in
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Figure 3. Daily average measured (left-hand side panels) and predicted (right-hand side panels) concentrations as a function of the ambient
temperature. The data have only been presented for the cases in which the contribution attributed to RWC was above the average value at
the residential stations. The linear trends of data in each figure have been presented by the blue lines. The overall average trend of observed
concentrations on temperature for all years and stations is presented by the red lines; this trend is therefore the same for all the panels on the
left-hand side.
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Figure 4. The predicted average concentrations of PM2.5 (µgm−3) in the Helsinki region, as annual averages in (a) 2009 and (b) 2010 and
as winter averages in (c) 2009 and (d) 2010. The main street and road network are presented with the black lines, and the sea areas are in
a light-blue colour. The physical scales of figures are indicated by the bars on the lower right-hand sides of each panel. © OpenStreetMap
contributors 2019. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

the immediate vicinity of major harbours in the centre of
Helsinki and in the southeastern part of the area.

The modelling takes into account the seasonal variation
in the RWC emissions using a semi-empirical variation func-
tion, which has been assumed to be the same for all the years.
The differences in the predicted annual concentrations in dif-
ferent years are therefore mainly caused by (i) the different
urban meteorological conditions in different years (affecting
the atmospheric dispersion) and (ii) the different regional-
background concentrations.

In winter (Fig. 4c and d), the corresponding average con-
centrations were higher for both years, and these were more
focused on the residential areas. The differences in the an-
nual and winter concentrations in each year are caused not
only by a clear difference between background concentra-
tions but also by the higher RWC contribution in winter. The
concentrations in winter ranged from 8.9 to 13.1 µgm−3 in
2009 and from 10.5 to 16.4 µgm−3 in 2010.

In winter, the highest concentrations from RWC to PM2.5
were 1.7 and 2.8 µg m−3 in 2009 and 2010, respectively. In
summer, the corresponding seasonal values were approxi-
mately 0.2 µgm−3 with a negligible variation between dif-
ferent years. Consequently, the average concentrations at-
tributed to RWC in winter were up to 10- or 15-fold, com-

pared to corresponding concentrations in summer in 2009
and 2010, respectively.

The relative fractions of the contribution of RWC to the
PM2.5 concentrations are presented in Fig. 5a–d, as annual
averages and in winter. The highest predicted fractions of
RWC of the annual PM2.5 concentrations were 12 % and
14 % in 2009 and 2010, respectively. In winter, the highest
average contributions were 16 % in 2009 and 21 % in 2010.
In the city centre, the source contribution of RWC was low,
due to almost negligible local emissions.

3.3 Monthly average contributions from traffic and
residential wood combustion

Predicted monthly concentrations, attributed to urban RWC
and vehicular traffic are presented for measurement stations
in Fig. 6a–c.

Clearly, the PM2.5 concentrations attributed to RWC were
much higher in winter. In the case of vehicular traffic, the sea-
sonal variation is moderate. The predicted time series for the
permanent residential site (Vartiokylä) highlights the year-to-
year variation, which is caused mainly by the differences in
urban meteorological conditions.
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Figure 5. Contribution of residential wood combustion to the concentrations of PM2.5 (a, b) annually and (c, d) in winter in 2009 and
2010 (%). © OpenStreetMap contributors 2019. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

At all the RWC stations during all years, the RWC con-
tribution was higher than the corresponding vehicular traf-
fic contribution for all the considered months. However, at
one site (Ruskeasanta), the monthly average concentrations
from traffic and RWC were comparable in summer; this was
caused by the emissions from a heavily trafficked highway
in the vicinity of the site. At the urban-background station
in Kallio, the concentrations attributed to urban traffic were
dominant.

4 Conclusions

Residential wood combustion (RWC) has been found to be
an important source of fine particulate matter worldwide, and
its relative significance has been projected to increase in the
future. Previous studies have indicated that in the Helsinki
metropolitan area (HMA), RWC has had a significant impact
on the emissions and concentrations of PM2.5 (Kukkonen et
al., 2018, 2020) and on public health (Orru et al., 2022). In
the present study, we have substantially extended the previ-
ous analyses, by investigating in depth both the year-to-year
and seasonal variations in the emissions and concentrations
originating from RWC, based both on model computations
and measurements.

The model performance against measured data was sta-
tistically evaluated at six residential monitoring stations and
regional- and urban-background stations during a 6-year pe-
riod. The overall agreement of predicted concentrations with
measurements was good or fairly good for all stations and
years. In more sparsely built residential areas the measure-
ment stations seem to be more representative of a larger
area than in more densely populated residential areas. The
model performance was on the average better for the residen-
tial and urban-background sites, compared with the regional-
background station. The interannual variation in the model
performance was substantial, mainly caused by the chang-
ing weather conditions from year to year. The modelling of
the emissions of RWC was based on semi-empirical temporal
profiles, which were assumed to be the same for each year.

We also analysed the seasonal variation in the model per-
formance. In particular, in winter, the concentrations espe-
cially at the residential stations were slightly over-predicted
for some years, whereas there was some under-prediction for
other years. This was probably caused by the inaccuracies
due to the assumed semi-empirical seasonal variation in the
RWC emissions, which did not take into account meteoro-
logical differences between years. The analysis regarding the
monthly variation in the model performance showed, in par-
ticular, that the model under-predicted values in December
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Figure 6. Predicted monthly average concentrations originating from urban sources, attributed to urban vehicular traffic and residential wood
combustion. The regional background has been excluded.

at the residential sites. This was most likely caused by the
traditional increased recreational wood burning and cooking
by wood-burning stoves during the Christmas holiday sea-
son. The modelling did not allow for the specific influence of
holidays on RWC.

As expected, at the residential sites, both the measured and
predicted daily averaged concentrations were substantially
higher at lower ambient temperature values. The higher con-
centrations were caused both by the increased RWC and the
more frequent inefficient dispersion conditions during peri-
ods of prevailing low temperatures. In particular, it was found
that there were some substantial model over-predictions dur-
ing a local holiday week in winter. During that period, a large

fraction of people traditionally travel, which has not been
taken into account in the modelling. We conclude that holi-
day periods should be taken into account in the modelling of
RWC. This conclusion was supported by the in-depth analy-
sis of the observed and predicted concentrations for holidays
weeks and other weeks, based on all the data during the con-
sidered 6-year period.

The highest predicted annually averaged concentrations in
the Helsinki region occurred in the vicinity of major roads
and streets and in the suburban residential areas to the north-
west, north, and northeast of the city centre. In the city cen-
tre, the source contribution of RWC was low, due to almost
negligible local emissions.
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In winter, the concentrations were clearly higher than the
annual average concentrations, and, as expected, the spatial
distributions were more focused on the residential areas. The
average concentrations attributed to RWC in winter were up
to 10- or 15-fold, compared to corresponding concentrations
in summer, in 2009 and 2010, respectively. The interannual
variation in concentrations was considerable especially in
winter.

The regional background is the largest contributor to the
concentrations of PM2.5 in the HMA. During the consid-
ered 6-year period, the spatially highest predicted fractions of
RWC of the annual PM2.5 concentrations ranged from 12 %
to 14 %. In winter, the corresponding contributions ranged
from 16 % to 21 %. At all the residential stations during all
the considered years, the RWC contribution was higher than
the corresponding contribution attributed to vehicular traffic,
for all months of the year.

The study has highlighted some research needs for the fu-
ture. It would be more accurate if the modelling of the RWC
emissions would be directly based on the actual hourly mete-
orological parameters, especially the ambient temperatures.
Clearly, this would necessitate a development of new semi-
empirical, temperature-dependent temporal profile functions,
regarding the variation in RWC emissions, on a daily, weekly,
and seasonal basis. However, the variation in the ambient
temperature is expected to be closely related to the use of
heating boilers but probably not so closely related to the use
of sauna stoves and fireplaces. The use of the latter two RWC
source categories is more closely related to social habits and
the convenience use of fireplaces.

The impacts of the most important holiday periods should
also be taken into account in the modelling of the emissions
originating from RWC. For this aim, one would need a more
detailed survey of human activities, including especially the
possible increased recreational use of fireplaces, and an eval-
uation of the fraction of people travelling during holidays.

Appendix A: The modelled temporal variation in
RWC emissions

The temporal variation functions for RWC emissions applied
in the model are averages applied for all years, and they were
determined separately for sauna stoves, boilers, and other
fireplaces. With the exception of boilers, the functions were
estimated by analysing the datasets based on questionnaires
for the years 2008–2009 (Gröndahl et al., 2012), which in-
cluded data on the monthly, daily, and hourly variation in
RWC, and for the years 2013–2014 (Kaski et al., 2016),
which included additional data on monthly variation. How-
ever, the number of boilers in the questionnaire was not ade-
quate for estimating the seasonal variation, and it was there-
fore estimated based on monthly heating degree days and es-
timates for the amount of energy required for heating water.

Figure A1. Temporal monthly, daily, and hourly variation coeffi-
cients of the RWC emissions for the different categories of wood
combustion.

The temporal variation functions are presented in Fig. A1a–
c.

This method of estimating the temporal variation in RWC
deviates from the method of using an average variation based
on the heating degree days. That method is applied in several
air quality models; it is also used e.g. for the temporal profiles
of the CAMS-TEMPO database (Guevara et al., 2021).

However, at least in the region addressed in the present
study, the temporal variation in RWC emissions is signifi-
cantly different for the various source categories of RWC.
The majority of the RWC emissions in the Helsinki region
originate from sauna stoves and recreational use of other
fireplaces; neither of these is substantially dependent on the
heating degree days. The temporal variation for the emissions
originating from boilers could be modelled based on heating
degree days; however, in this study we have chosen to ap-
ply the same temporal variation for all the considered years.
The recreational use of other fireplaces could be partially de-
pendent on the ambient temperature, but the available data
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Figure B1. The modelled total amounts of emissions originating
from RWC near the residential measurement sites. The legend indi-
cates different radial distances from the measurement site.

regarding their usage were insufficient to estimate reliably
this dependence.

Appendix B: Evaluation of the representativity of the
residential measurement stations

We have examined the total amounts of emissions originating
from RWC in the immediate vicinity (at distances from 50 to
150 m) of the measurement stations at the targeted residential
areas. The results are presented in Fig. B1.

The considered stations are exposed to substantially vary-
ing amounts of emissions from RWC. For instance, at the site
of Ruskeasanta, the amount of emissions within a radius of
150 m of the site was more than 2-fold compared to the those
at stations located in less densely built areas.

Appendix C: Comparison of monthly and long-term
averaged concentrations in winter

We have examined the fractional bias values of the predicted
and measured concentrations for the winter months, in terms
of the ambient temperature. These results are presented in
Figs. C1a and b and C2a and b.

The biases are presented against the ambient tempera-
ture, for each month. The results have been presented sep-
arately for the regional- and urban-background stations and
for the permanent residential station of Vartiokylä. That was
the only residential station which provided data for several
years. For the permanent residential station, we have also
compared the biases calculated for all data in winter with
the biases, which were calculated after excluding the local
holiday weeks.

Figure C1. Fractional bias of the computations for the winter
months as a function of the ambient temperature for the (a) urban-
and (b) regional-background stations. A positive bias corresponds
to a model over-prediction. The data include all the years targeted
in this study.

Figure C2. Fractional bias of the computations for the winter
months as a function of the ambient temperature for the permanent
residential station of Vartiokylä. Panel (a) presents all the consid-
ered data, and panel (b) presents all the data except for that during
the holiday weeks in winter. A positive bias corresponds to a model
over-prediction. The data include all the years targeted in this study.

There are slightly more over-predictions in case of the rel-
atively warmer winters, for both the urban- and regional-
background and residential stations. The applied seasonal
variation function of the RWC emissions could therefore pos-
sibly be adjusted based on these results, in future research.
During the holiday week in February, it is known that a large
fraction of people are travelling, and the amount of wood
combustion is therefore smaller than during other weeks. We
conclude that in addition to the temperature dependence of
the emissions from RWC, the impact of local holidays should
be considered.

There have been mostly under-predictions in December at
the residential sites. This may have been caused by the tra-
ditionally increased recreational wood burning and cooking
during the Christmas holiday season. This under-prediction
is not correlated with ambient temperature.

https://doi.org/10.5194/acp-24-1489-2024 Atmos. Chem. Phys., 24, 1489–1507, 2024



1504 L. Kangas et al.: Contribution of residential wood combustion to PM2.5 concentrations

The average observed and predicted concentrations have
also been compared separately for weekdays and weekends,
as well as for holiday weeks and other weeks, for the 6-year
period for the permanent residential station. This comparison
is presented in Table C1. The holiday weeks were assumed
to be the nationally observed holiday periods before and af-
ter the New Year, from 24 December to 6 January, and the
school holiday week in February (this starts in southern Fin-
land on Monday between 15 and 21 February), including the
weekends before and after the holiday periods.

There is a clear difference in biases between weekdays and
weekends. However, the differences in biases are especially
high between holidays and non-holiday periods. In Decem-
ber, the concentrations are under-predicted, and the under-
prediction is substantial particularly during the holiday week.
In February, the concentrations are clearly over-predicted for
the holiday week. The behaviour of the inhabitants in the
area is probably different during these two holiday seasons:
a large fraction of people are travelling during the holiday
week in February, whereas the seasonal holidays including
Christmas, especially in December, are spent more in homes,
and the RWC emissions are therefore increased mainly due
to recreational wood burning and cooking.

Table C1. Observed and predicted 6-yearly average concentrations
(µg m−3) and fractional biases for weekdays, weekends, holiday
weeks, and other weeks for the permanent residential station (Var-
tiokylä). Parameters were calculated based on daily concentrations.

CO CP FB

January Weekdays 8.9 10.0 0.11
Weekends 10.4 11.5 0.10
Holiday weeks 8.7 10.5 0.19
Other weeks 9.5 10.4 0.09

February Weekdays 10.4 15.0 0.36
Weekends 12.2 16.6 0.30
Holiday weeks 10.4 15.7 0.41
Other weeks 11.1 15.3 0.32

December Weekdays 8.7 7.3 −0.18
Weekends 6.9 6.4 −0.08
Holiday weeks 9.0 6.3 −0.35
Other weeks 8.0 7.3 −0.09
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