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Abstract. The prediction skill of the regional aerosol–
climate model REMO-HAM was assessed against the black
carbon (BC) concentration measurements from five locations
in Finland, with focus on Hyytïalä station for the year 2005.
We examined to what extent the model is able to repro-
duce the measurements using several statistical tools: median
comparison, overlap coefficient (OVL; the common area un-
der two probability distributions curves) and Z score (a mea-
sure of standard deviation, shape and spread of the distri-
butions). The results of the statistics showed that the model
is biased low. The local and regional emissions of BC have
a significant contribution, and the model tendency to flat-
ten the observed BC is most likely dominated by the lack
of domestic burning of biofuel in the emission inventories.
A further examination of the precipitation data from both
measurements and model showed that there is no correlation
between REMO’s excessive precipitation and BC underesti-
mation. This suggests that the excessive wet removal is not
the main cause of the low black carbon concentration output.
In addition, a comparison of wind directions in relation with
high black carbon concentrations shows that REMO-HAM is
able to predict the BC source directions relatively well. Cu-
mulative black carbon deposition fluxes over Finland were
estimated, including the deposition on snow.

1 Introduction

Black carbon (BC), operationally defined as the light-
absorbing fraction of carbonaceous aerosols, is an air pol-
lutant formed through the incomplete combustion of fossil
fuels, biofuel, and biomass. Both natural processes and an-
thropogenic activities are responsible for the emission of BC
(Cooke et al., 1999). Black carbon particles absorb solar ra-
diation, causing an increase in their temperature and emis-
sion of thermal-infrared radiation into the surrounding space.
When BC deposits onto a frozen surface, such as snow or
ice, the immediate effects are changing the reflectivity of the
snow and heating the surface, both of them promoting ice
and snow melting (Jacobson, 2004; Hansen and Nazarenko,
2004). Deposition of BC on snow is thought to affect the
climate on regional and global scales.Jacobson(2004) pre-
dicted a reduction in snow albedo due to BC deposition of
1 % in the Northern Hemisphere and 0.4 % globally, resulting
in an increase in global temperature of 0.06◦C. Hansen et al.
(2005), based on a simulated deposition of BC, parameter-
ized the changes in snow albedo, calculated a positive radia-
tive forcing of 0.15 W m−2 and estimated a global warming
of 0.24◦C.

Due to the numerous and complex mechanisms through
which BC affects the radiation balance, estimating the im-
pact of black carbon on climate change remains largely un-
certain. As black carbon has a relatively short lifetime in the
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atmosphere (a couple of days to less than 2 weeks), it has
been considered as a candidate species for immediate reduc-
tion of climate forcing, as part of short-term climate control
strategies (Levy et al., 2008; Bond et al., 2011; UNEP and
WMO, 2011). Therefore, proper BC modelling is needed and
stands out as being of great interest among atmospheric sci-
entists. However, model simulation of BC is hindered by var-
ious factors. For instance, accurate knowledge of BC emis-
sions is essential for a proper model prediction of black car-
bon. Global BC emission inventories show large discrep-
ancies due to differences in emission factors and sources.
According toBond et al.(2004), emission inventories can
have an uncertainty of a factor of 2, whileRamanathan and
Carmichael(2008) give a factor of two to five on regional
scale, and a minimum of± 50 % on global scale. These un-
certainties play an even more significant role in regional sim-
ulations, as at smaller scale the actual emissions are more
likely to deviate even more from the annual or monthly mean
inventory.

In addition to the uncertainties due to the inaccuracy of
the input data, current models – whether global or regional –
are still agonizing due to the great difficulties in representing
the complexities of aerosol dynamics (and in this particular
case the evolution of BC) in a rigorous way.Vignati et al.
(2010b) underlined the importance of an adequate charac-
terization of the black carbon aging process in the models.
After being emitted to the atmosphere, BC goes through a
series of chemical and physical transformations. Condensa-
tion of soluble material onto BC, coagulation of BC parti-
cles with soluble particles and photochemistry are contribut-
ing processes collectively known as aging. The aging process
should not be overlooked, as it changes the particles’ compo-
sition and hence their physico-chemical properties (Furutani
et al., 2008; Decesari et al., 2006). For instance, the particle’s
hygroscopicity is modified from a hydrophobic state towards
a more hydrophilic state. The hygroscopicity of BC particles
defines which removal process – wet or dry deposition – will
be more effective, hence impacting the black carbon lifetime
by an estimated one order of magnitude (Croft et al., 2005).
Observations have shown that wet deposition represents 70–
85 % of the tropospheric sink for the carbonaceous aerosols
(Pöschl, 2005). However, wet deposition is considered one of
the most uncertain processes in models (Textor et al., 2006).

To date, many global models have been used to study the
spatial and temporal evolution of BC particles, as well as
their physical properties. In early attempts to model black
carbon concentrations, modellers assumed that BC was ex-
ternally mixed and had a constant size distribution (Haywood
and Shine, 1995; Tegen et al., 1997). More up-to-date models
include BC size fractionation and internal mixing (Stier et al.,
2005; Vignati et al., 2010a; Schwarz et al., 2010; Gilardoni
et al., 2011). For a very comprehensive overview of the BC
simulation, the reader is directed toKoch et al.(2009), who
compared 17 models from the AEROCOM aerosol model
comparison with several types of observation, revealing large

BC discrepancies, coming mostly from BC inventories and
from the models’ characteristics.

At regional level, several chemistry transport models have
been applied to calculate BC concentrations. For instance
Schaap et al.(2004) presented the LOTOS model simula-
tions for the year 1995 over Europe. The comparison with
the experimental data showed that the model underestimates
the PM2.5 levels, mostly because of the underprediction of
the carbonaceous material. The authors concluded that the
most important cause of the discrepancy may be the emis-
sion inventories for BC.Tsyro et al.(2007) and Simpson
et al.(2007) applied the EMEP chemical transport model to
calculate elemental carbon (EC) and, respectively, EC and
OC concentrations over Europe for the years 2002–2004. The
model underestimates the EC measurements by 19 % on av-
erage, overestimating in the Nordic countries and underesti-
mating in Southern Europe.

Although numerous regional aerosol–climate models ex-
ist, few have been used to analyse black carbon distribu-
tion and properties.Carmichael et al.(2003) used the re-
gional scale transport model CFORS to calculate BC con-
centrations (among other species) and presented a compari-
son with aircraft measurements above Asia. Using the same
model,Uno et al.(2003) went into a more detailed analysis
of black carbon, using surface BC measurements at five re-
mote Japanese islands for model validation. In both cases, the
CFORS model seemed to underestimate black carbon levels.
Wu et al.(2004) investigated the emission, transport and dis-
tribution of black-carbon-containing aerosols and their radia-
tive effect over China by means of the regional climate model
RIEMS. Solmon et al.(2006) implemented a simplified an-
thropogenic aerosol model within the regional climate model
RegCM and ran it over a large domain extending from North-
ern Europe to southern tropical Africa. The model evaluation
was carried out in terms of black carbon, organic carbon and
sulphate surface concentrations, and aerosol optical depths.
More recently,Wu et al.(2008), using regional climate model
RegCM3, simulated the direct radiative effects of BC over
the Asian region and investigated the possible climate change
induced by BC. However, the authors, among other simplifi-
cations, considered in their model only black carbon as such,
i.e. without any internal or external mixing with other kind
of aerosols, which can lead to errors in the overall overesti-
mation of the BC warming (Cappa et al., 2012).

To the authors’ knowledge, no other regional aerosol–
climate model studies regarding black carbon have been con-
ducted in the recent years. The lack of interest in the subject
is surprising, given the fact that regional models – with their
relatively higher resolutions – could bring an enhanced un-
derstanding of the behaviour of BC aerosols and their cli-
matic impact on regional scale.

In this study we apply and explore the performance of our
current version of regional aerosol–climate model REMO-
HAM in terms of black carbon near-surface concentrations
and deposition fluxes in Finland. The authors stress the fact
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Table 1. The modal structure of HAM-M7. Ni denotes the aerosol number of modei and Mj
i

denotes the mass of compoundj . The dry
radiusr shows the limits of different modes (Stier et al.(2005)).

Mode Soluble / Mixed Insoluble

Nucleation mode
r ≤ 5 nm N1, MS

1
Aitken mode

5 nm< r ≤ 50 nm N2, MS
2 , MBC

2 , MPOM
2 N5, MBC

5 , MPOM
5

Accumulation mode

50 nm< r ≤ 0.5 µm N3, MS
3 , MBC

3 , MPOM
3 , MSS

3 , MDU
3 N6, MDU

6
Coarse mode

r >0.5 µm N4, MS
4 , MBC

4 , MPOM
4 , MSS

4 , MDU
4 N7, MDU

7

that this work is only the first step towards a more compre-
hensive development effort of the present regional climate
model.

The outline of the article is as follows: a brief description
of the model, the sites and the instrumentation is given in
Section 2. Section 3 deals with the comparison between ob-
servations and the model results, several statistics with the
focus on Hyytïalä station and estimations of total deposition
fluxes and deposition on snow over Finland. Section 4 sum-
marizes the results and draws conclusions.

2 Model description and experiments

2.1 REMO-HAM model

The regional climate model REMO is a hydrostatic, three-
dimensional atmospheric model developed at the Max Planck
Institute for Meteorology in Hamburg and based on the Eu-
ropa Model, the former numerical weather prediction model
of the German Weather Service (Jacob and Podzun, 1996;
Jacob, 2001). The physics of the model is derived from the
global circulation model ECHAM4 (Roeckner et al., 1996),
although many parts have been changed due to higher res-
olution. Moreover, the model has been updated so that the
physics is partly based on ECHAM5 (Roeckner et al., 2003;
Pietikäinen et al., 2012). The model has 31 vertical levels and
the horizontal resolution used was 0.44◦ (50× 50 km2).

Pietikäinen et al.(2012) implemented the aerosol mod-
ule HAM-M7 to the REMO model. HAM-M7 is an aerosol
chemistry and physics module, which predicts the evolution
of an ensemble of microphysically interacting internally and
externally mixed aerosol populations as well as their size
distributions and compositions (Vignati et al., 2004). The
size distribution is represented by a superposition of seven
log-normal modes: one soluble nucleation mode, together
with soluble and insoluble aitken, accumulation and coarse
modes. The M7 microphysical core includes coagulation,
condensation of sulphuric acid gas, nucleation and thermody-
namical equilibrium with water vapor, and redistributes the

particle mass and number between modes (Stier et al., 2005).
The aerosol components considered in HAM-M7 are sul-
phate (S), black carbon (BC), particulate organic carbon
(POM), sea salt (SS) and mineral dust (DU). Table1 sum-
marizes the way HAM-M7 treats different species and how
the aerosol components are divided between different modes.
Black carbon is defined in soluble and insoluble Aitken
modes and in soluble accumulation and coarse modes. The
aging is achieved via condensation of sulphuric acid and co-
agulation with soluble particles. When condensation of sul-
phate forms a soluble monolayer on the surface of the hy-
drophobic BC aerosols, they are moved from insoluble to
soluble/mixed mode (Vignati et al., 2004). Similarly for co-
agulation, when a soluble mode particle coagulates with an
insoluble one, the resulting particle is assumed to be solu-
ble. Within the soluble and insoluble modes, the growth of
particles can lead to inter-modal transfer (Stier et al., 2005).
The aerosol module has been coupled with a stratiform cloud
scheme, but so far it has not been coupled with radiation
(Pietikäinen et al., 2012).

BC (and other species) undergoes different transport pro-
cesses in the model: transport in convective clouds, dry and
wet deposition, sedimentation, vertical diffusion and verti-
cal and horizontal advection (Stier et al., 2005; Pietikäinen
et al., 2012). The convective transport of tracers is based on
the mass-flux scheme byTiedtke(1989) with modifications
by Nordeng(1994). The dry deposition is built on the same
size-dependent parameterization as in the ECHAM5-HAM.
Wet deposition is based on the modelled precipitation for-
mation rate. The aerosol partitioning between air and cloud
water is determined as a function of a size- and composition-
dependent scavenging parameter. This parameter is different
for stratiform and convective clouds, and it takes into ac-
count the mode (size) and hygroscopicity of aerosols (sol-
uble/insoluble) (for more details, for example the scavenging
parameter values, seeStier et al.(2005)). Below-cloud scav-
enging is based on a physically detailed aerosol and collector
droplet-size-dependent parameterizations for rain and snow
by Croft et al.(2009). They showed that the size-dependent
treatment of below-cloud deposition had fairly small impact
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on the BC concentrations over Europe.The sedimentation ve-
locity calculation is based on the Stokes velocity with the
Cunningham slip-flow correction factor accounting for non-
continuum effects (Stier et al., 2005). The sub-grid scale
vertical diffusion fluxes are calculated according toLouis
(1979) for the lowest level. For other levels, the model uses a
second-order closure scheme of hierarchy level 2 byMellor
and Yamada(1974). The horizontal and vertical advection is
solved with a finite difference, antidiffusive scheme bySmo-
larkiewicz(1983, 1984).

REMO’s transport properties have been evaluated in a se-
ries of studies for various trace species. For instance,Chevil-
lard et al.(2002a) compared the simulations of222Rn from
REMO and global model TM3 with continuous observa-
tions across Europe, showing that REMO reproduces well
the transport features on a synoptic and subsynoptic scale, of-
ten performing better than TM3. In an accompanying study,
Chevillard et al.(2002b) investigated the spatial distribution
and temporal variability of atmospheric CO2 over Europe
and Western Siberia using REMO. The model results were
compared to continuous measurements at ground stations
and vertical profiles from aircraft measurements, concluding
that REMO realistically simulates the short-term variability
of CO2 fluxes and mixing ratios. REMO has been used to
investigate the distribution and spatiotemporal variability of
CO, CO2 and 14CO2 (Gamnitzer et al., 2006), the summer
smog episodes in Europe (Langmann et al., 2003) and the
dispersion of particulate matter originating from peat fires in
Asia (Langmann and Heil, 2004), all reporting good results.

Based on the evalution ofPietikäinen et al.(2012), the cur-
rent REMO-HAM version is missing at least two important
physical features: an online coupled radiation module and a
secondary organic aerosol module. The first deficiency links
the modelled aerosols directly to the climate – which can in-
duce various effects to BC concentrations, especially on local
scales – while the latter has direct impact on aerosol concen-
trations and composition, which can lead to changes in BC
concentrations.

The emissions used in the present study are based on
the AEROCOM emission inventory for the year 2000 (http:
//nansen.ipsl.jussieu.fr/AEROCOM/), except for the sea salt
and dimethyl sulphide (DMS) emissions which are based on
an approach byStier et al.(2005). BC emissions originate
from three different sources: vegetation fires, usage of fossil
fuels and usage of biofuels. All black carbon emissions are
released to the insoluble Aitken mode. A detailed list of other
different emission species and sources is presented inDen-
tener et al.(2006). The model domain covering the entirety
of Europe is presented in Fig.1. The colour scheme repre-
sents the modelled yearly mean black carbon concentration.
On average, the concentrations near the strongest emissions
sources in Europe are about one order of magnitude higher
than in southern Finland and almost two orders of magnitude
higher than in Lapland.

Fig. 1.The model domain covers the entirety of Europe. The colour
scheme represents the modelled yearly mean black carbon concen-
trations [µg/m3].

The lateral and upper boundary treatment in REMO-HAM
is similar to the one described inPietikäinen et al.(2012):
the European Center for medium-Range Weather Forecast
(ECMWF) operational dataset was used for the lateral me-
teorological boundary data with the relaxation scheme by
Davies (1976), while the aerosol boundary data were ob-
tained from ECHAM5-HAM run in nudged mode with
ECMWF analysis data. The spin-up times were three months
for ECHAM5-HAM and two months for REMO-HAM.

AEROCOM is one of the most used emission inventories,
especially by the aerosol simulation community. It comprises
a compilation of emissions dedicated to help the hindcast of
aerosol simulation, and it includesBond et al.(2004) emis-
sions for BC. It has to be noted that AEROCOM does not
include the residential wood burning which, according to
Kupiainen(2006), accounts for 25–30 % of the total emis-
sions in Western Europe.Granier et al.(2011) compared a se-
ries of global and regional anthropogenic and biomass burn-
ing emission inventories for the period 1980–2010. For BC
in particular, 12 emission inventories were assessed, includ-
ing AEROCOM, Bond (Bond et al., 2007), GAINS (Kupi-
ainen and Klimont, 2007; Klimont et al., 2009; Cofala et al.,
2007), and ACCMIP (Lamarque et al., 2010). Despite the
large discrepancies found between the emission inventories
until mid-1990, the authors report a better agreement for
the year 2000 in terms of BC anthropogenic emissions at
global scale, with a maximum difference of 22 %, and with
an even better consensus of 20 % for Western Europe. How-
ever, much larger differences (a factor of two) were found
for Central Europe. Although the differences are not in-
significant, they are within the uncertainty range estimated
in Bond et al. (2004). AEROCOM inventory shows an in-
crease of about 10 % in the global anthropogenic emissions
of BC, from about 4.8 Tg yr−1 in 2000 to 5.2 Tg yr−1 in 2005

Atmos. Chem. Phys., 13, 4033–4055, 2013 www.atmos-chem-phys.net/13/4033/2013/
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(Fig. 1a inGranier et al.(2011)). However, the emissions for
Western and Central Europe remain rather constant after the
year 2000 (Fig. 2a, b inGranier et al.(2011)). As such, the
emissions for the year 2000 can be used for the year 2005
without introducing significant errors. As such, AEROCOM
became our emission inventory of choice for this study in
order to have a common ground with other studies and to al-
low future comparisons with different models using the same
dataset as input. An ongoing REMO-HAM project deals with
new, country-specific emission inventory and will be pub-
lished within months. However, this is not within the scope
of the present study.

Pietikäinen et al. (2012) evaluated the REMO-HAM
model in terms of aerosol number concentration, size distri-
bution and gas phase sulphur dioxide concentrations by com-
paring the model results with ECHAM5-HAM and measure-
ment data for four different sites for the year 2005 using AE-
ROCOM emission inventory for 2000. According to the au-
thors, REMO-HAM was able to represent the measured val-
ues well, showing also a slight improvement from ECHAM5-
HAM. As such, in the present study we focus only on black
carbon, as a step towards the overall model evaluation.

2.2 Experimental data

The measurements were conducted at five different locations
in Finland:

1. Pallastunturi GAW (Global Atmosphere Watch) station
(Hatakka et al., 2003), a remote station located in the
subarctic region at the limit of the northern boreal forest
zone;

2. Hyytiälä SMEAR II (Station for Measuring Forest
Ecosystem – Atmosphere Relations) station (Kulmala
et al., 2001; Hari and Kulmala, 2005), a rural station in
southern Finland, representative of boreal forest;

3. Puijo SMEAR IV station (Leskinen et al., 2009), lo-
cated in the suburb of Kuopio (population 91 000);

4. Utö EMEP (European Monitoring and Evaluation Pro-
gramme) station (Engler et al., 2007), situated on a
small island about 60 km from the Finnish southwest
coast and 90 km from the city of Turku (population
176 000);

5. and Virolahti EMEP station (Anttila et al., 2008), lo-
cated in the south-eastern corner of Finland, with the
Russian border 6 km to the east and E18 highway 5 km
to the north.

The measurement sites and instruments have been described
in detail byHyvärinen et al.(2011) and their locations are
presented in Fig.2. The colour scheme in the figure depicts
the black carbon annual emissions in the model domain.

Fig. 2. The location of the measurement stations in Finland. The
colour code represents the yearly black carbon emissions [mg/m2].

The black carbon measurements were conducted with two
different instruments: the AE 31 aethalometer (Magee Sci-
entific) and the multi-angle absorption photometer (MAAP)
(Thermo Scientific). As BC by definition cannot be unam-
biguously measured with these instruments, it is customary
to refer to the measured light-absorbing constituent as equiv-
alent BC. As both the aethalometer and MAAP utilize a light
absorbance method on a filter strip, they yield very compara-
ble data of the aerosol BC, as was found at Pallastunturi (see
the Supplement inHyvärinen et al.(2011)).

The measurement details of BC from each station are spec-
ified in Table2. The concentrations measured behind differ-
ent inlets are comparable as long as there are no sources of
black carbon from, e.g., incomplete combustion (Hyvärinen
et al., 2011). The time resolution of the instruments was typ-
ically one minute. Five-minute average data were quality-
checked and data with outliers or instrument problems were
removed. More than 20 minutes of data coverage was re-
quired for the computation of hourly averages.

Additional uncertainty between the modelled and mea-
sured BC concentrations may arise from the fact that the
measurements provide optically defined BC concentrations,
whereas the model actually deliver mass-based elemental EC
rather than BC. BC and EC are two carbon fractions typically
defined by their measurement technique: BC is measured
optically while EC is obtained from thermal and thermal-
optical methods. According to the EPA Report to Congress
on Black Carbon (http://www.epa.gov/blackcarbon/), about
70 % of recent studies (year 2000 or later) that compared
ambient BC and EC measurements in a wide variety of envi-
ronments reported consistently obtaining a high correlation
with an average ofR = 0.86± 0.11 (Allen et al., 1999; Bae
et al., 2007; Hitzenberger et al., 2006; Sahu et al., 2009;
Miyazaki et al., 2008; Husain et al., 2007; Hagler et al.,
2007), while the other 30 % report very low BC : EC ratios
(∼0.5) and very high BC : EC ratios (∼2) (Chow et al., 2009;
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Table 2.Measurement details for each station.

Station Instrument Inlet Inlet height Measurements
(ground/sea level) started

Pallastunturi Aethalometer AE 31∗ Gas line, 7 m/572 m 18 Aug 2005
total air 07 Jan 2008

MAAP PM10 7 m/572 m 04 Sep 2007

Hyytiälä Aethalometer AE 31 PM10 4 m/179 m 08 Dec 2004
Puijo MAAP PM2.5 75 m/306 m 25 Aug 2006
Utö Aethalometer AE 31 PM2.5 2 m/7 m 11 Jan 2007
Virolahti Aethalometer AE 31 PM2.5 2 m/4 m 26 Aug 2006

∗ In the total air inlet since 7 Jan 2008. Gas line inlet has a cut-off size of about 7 µm. Total air inlet has no cut-off, and
has heating for drying the aerosol.

Babich et al., 2000; Jeong et al., 2004; Lim et al., 2003).
These inter-comparison data are based on ambient measure-
ments and not on source measurements. The BC (or EC) in
the emission inventories are not directly measured, but calcu-
lated mathematically from PM2.5. In such cases we acknowl-
edge the fact that the difference between BC and EC may in-
crease the scatter and/or bias between the measurements and
simulations, but without actual measurements at the sites the
magnitude of the scatter or bias is difficult to quantify.

3 Results

To characterize the REMO-HAM’s abilities and limitations,
the model results calculated for the year 2005 are compared
with experimental data. This study uses observations from
five sites for different periods of time as specified in Table2.
For each site we used the first full year with available data.
According toHyvärinen et al.(2011), BC concentrations ex-
hibited each year a clear seasonal cycle with the highest
concentrations during the spring and winter, and the low-
est during the summer. In addition, the year-to-year variation
of the annual average BC levels is not larger than 20 % for
all stations, although few individual months exhibited larger
differences. As such, the comparison of the 2005 model
run with different years of experimental data should be re-
garded as qualitative rather that quantitative in nature. Be-
cause Hyytïalä station had black carbon measurements for
the entirety of 2005, the analysis and the comparison will
focus on this station only, while for the others we will just
briefly summarize the findings. However, it is expected that
the model-measurement differences in Puijo, Utö, Virolahti
and Pallastunturi mostly have the same causes as in Hyytiälä.

The BC concentration measurements are confined to a
point in space, while the model gives the parameter over
an area defined by the model’s grid box. However, since the
resolution used in REMO is 0.44◦

×0.44◦(50× 50 km2) and
there are no major point sources within the grid cells where
the measurement sites are located (Williams et al., 2011), we
can consider that the point measurement is representative for

the entire grid cell. The BC concentrations at a given loca-
tion were calculated using the CDO (Climate Data Opera-
tors) remapping tools, that is, a bilinear interpolation to a
one-point grid in which the coordinates (latitude and longi-
tude) have been defined. A detailed description of CDO can
be found athttps://code.zmaw.de/projects/cdo.

3.1 BC concentrations: model vs. measurements

The surface mass concentrations of black carbon were ex-
amined first. The monthly means of modelled and measured
black carbon concentration for the 5 station are shown in
Fig. 3. A seasonal variation is detected for all the stations,
with a maximum in late winter/early spring and a second
maximum in the autumn, potentially due in part to lower
mixing height levels during this time of the year. Lower
BC concentrations during the summer are probably due to
slightly lower traffic, less biomass burning and better dilu-
tion because of the higher mixing height. The model was able
to reproduce the seasonal cycle, with better agreement with
the measured values outside of the periods of maximum ob-
served BC concentrations (see the relevant numbers for each
site below).

At Hyyti älä, the observed monthly mean concentrations
ranged from 175 to 687 ng m−3, while the modelled monthly
means ranged from 100 to 334 ng m−3. REMO underesti-
mated the observations significantly during the winter and
autumn maxima by more than 50 %. During early spring and
summer, the disagreement between REMO results and obser-
vations was still quite high, with an average underestimation
of roughly 40 %.

The highest monthly averaged concentrations measured
in Pallas were 160 ng m−3 during February and 143 ng m−3

during March. The autumn maximum was less pronounced in
comparison to the other locations. REMO seriously underes-
timated the observations during July–September, when mod-
elled BC was about 20 % of the measured BC. The model
overestimated the observations during October by 22 %.

Atmos. Chem. Phys., 13, 4033–4055, 2013 www.atmos-chem-phys.net/13/4033/2013/
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Fig. 3. Monthly average of black carbon concentrations (red circles represent the measurements and the blue stars the model result for the
year 2005).

Fig. 4. The box-and-whisker diagram of the model (upper panel) and measurements’ (lower panel) BC concentrations in Hyytiälä (2005).
The solid red line locates the median, the edges of the box are the 25th and 75th percentiles and the red plus marks represent the outliers.

At Puijo, the measured monthly average concentrations
were in the range of 114–445 ng m−3. REMO underesti-
mated the observed monthly averages by 31 %, the largest
differences being seen in August (67 %) and September
(61 %).

The BC experimental monthly means in Virolahti varied
from 225 to 707 ng m−3. The corresponding range was sim-
ulated by REMO as 70–426 ng m−3. On average, REMO un-
derestimated the observations by 47 %.
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The measurements at Utö showed a clear maximum in
March, which was not captured by the model. However,
REMO reproduced the measurements quite well for most
of the months, with the exception of August and December,
when the differences between the model results and observa-
tions were considerable. The underestimation of the model
was 47 % for spring and summer, while for winter and au-
tumn months the underestimation was about 20 %.

Overall, a systematic underestimation of calculated black
carbon concentrations was detected for all stations, with pro-
nounced problems during February and March, followed by
less pronounced discrepancies during the autumn. In addi-
tion, the measured black carbon concentrations give a clear
picture of the BC levels in different parts of the country,
with low BC concentrations in Lapland and about 3–4 times
higher levels in central and southern Finland. The model fol-
lows the north–south gradient of BC concentrations quite
well.

3.2 Case study: Hyytïalä

3.2.1 Statistics

Figure4 depicts the box-and-whisker monthly diagram of 3-
hourly resolution data of modelled (upper panel) and mea-
sured (lower panel) black carbon concentrations. In each box,
the central solid red line locates the median, the edges of the
box are the lower and upper quartiles (25th and 75th per-
centiles), the whiskers stretch to the most extreme data points
that were not considered outliers, and outliers are shown indi-
vidually (red plus mark). The REMO outliers were relatively
evenly distributed, except for January and May, while the
measurements showed more variability in the extreme val-
ues. Both REMO and measurement monthly data were posi-
tively skewed (with long upper whiskers and a large number
of outliers towards larger values), showing a strong departure
from the normal Gaussian curve. As such, the use of median
instead of mean makes more sense for comparing the time
series of the model and the measurements. The same figure
shows distinctly different upper extreme values, or, in other
words, different concentration ranges. The REMO concen-
trations went up to about 1200 ng m−3, while the measure-
ments reached values up to 3000 ng m−3.

For further comparison, the monthly medians are pre-
sented in Fig.5. The highest measured monthly median value
appeared in February, which was about 2–3 times higher than
observed during the rest of the months. This pattern is consis-
tent with other measurements made in Hyytiälä during 2006–
2008 presented inHyvärinen et al.(2011) (Fig. 3, panel 3 in
their article), except for 2008 when the median BC concen-
tration peaked in March. The largest discrepancy between the
model and the measurements was also recorded in February,
with a modelled median BC concentration being about 3.5
times smaller than the measured median. On the other hand,
March and September showed the best agreement between

Fig. 5.Monthly medians of the black carbon concentrations, where
the red circles represent the measurements and the blue stars the
model results (Hyytïalä, 2005).

Fig. 6. 3-hourly scatter plot of the black carbon concentrations in
Hyytiälä (2005): model vs measurements.

the model and the measurements in terms of medians, while
for the rest of the months the simulated values were within a
factor of 2 of the corresponding measured values.

The scatter plot of 3 h resolution data for the entire period
presented in Fig.6 gives a good visual picture of the corre-
spondence between the two sets of data. The model underes-
timate is evident. It is difficult to point out a specific reason
for this underestimation. However, the February case seems
to be a local feature, where the probable cause is the exis-
tence of a point BC source not accounted for in the model’s
emission inventory. The local emissions affect BC concen-
trations on short time scales and consequently induce larger
variabilities of observations as compared to model simula-
tions.

The use of a single statistic (like median) to gauge the
quality of the model is usually insufficient. In order to asses
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Fig. 7. The histograms (pink: REMO; and green: measurements)
and the probability density functions (pink: REMO; and blue: mea-
surements) of the black carbon concentration for the entire experi-
mental period (Hyytïalä, 2005).

the agreement between the model and the observations, sev-
eral other statistical tools should be considered. For instance,
the overlap coefficient (OVL∗), defined as the common area
under two probability distributions curves, offers a technique
for exploring the discrepancies between two samples and
provides a good measure of the agreement between the dis-
tributions. In general, this area is defined as

OVL∗
=

∞∫
−∞

min[f1(X),f2(X)]dX, (1)

wheref1(X) andf2(X) are the probability density functions
of the two distributions (Clemons and Bradley Jr., 2000).
In our case, the overlap coefficient is calculated by divid-
ing OVL∗ by the area under the measurements’ probability
density function (PDF), resulting in a fraction (or percent-
age, respectively, if multiplied by 100) of the measurements
that are covered by the model. Henceforth, this fraction will
be denoted by OVL. OVL ranges from 0 – when the distri-
butions are completely distinct – to 1, when the distributions
are identical. Like any other statistical tool, OVL has its own
advantages and disadvantages. On the plus side, OVL is a
simple, easy-to-understand concept, as well as being less re-
strictive than other methods in the sense that the measure-
ment of the agreement between the distributions can be done
no matter what the distribution setting is. The disadvantage
of using OVL lies in the fact that its magnitude does not de-
note where the common area is located.

Our distributions were positively skewed, and therefore a
reasonable parametric form to characterize them was hard to
deliver. As such, we considered a nonparametric approach, in
the form of a kernel density estimator. Fig.7 depicts the his-
tograms and the nonparametric density functions for the mea-
sured and computed 3-hourly resolution black carbon con-
centrations for Hyytïalä over the entire year of 2005. The bin
widths, BW, (and consequently the number of bins) for the
histograms were calculated using the Freedman–Diaconis
rule (Freedman and Diaconis, 1981) which states that

BW = 2 IQR(x)n−1/3, (2)

where IQR represents the interquartile range of the data and
n is the number of observations in the samplex. The model
distribution data was narrow and shifted towards smaller con-
centrations, whereas the measurement distribution had a long
tail towards higher concentrations. In this case, the overlap-
ping coefficient was 0.59, showing that nearly 60 % of the
observed data could be explained by the model. However,
the model failed to simulate concentrations higher than about
500 ng m−3 and underestimated the concentrations between
250 and 500 ng m−3 by more than 50 %. For very low con-
centrations the model overestimated the observations signif-
icantly.

More information about REMO-HAM behaviour can be
obtained by exploring the monthly density functions pre-
sented in Fig.8 together with the monthly overlap of the
probability density curves (blue) shown in Fig.9. In terms
of the overlap coefficient, the poorest agreement between
REMO and measurements was observed in February, with
an OVL less than 0.4 – as expected from the median com-
parison in Fig.5 – while for the rest of the months the agree-
ment was constantly above 0.5. The highest overlap values
were registered in March and September with values above
0.8, followed by May, October and November with OVLs be-
tween 0.7 and 0.8. In terms of seasons, the model was able
to explain 76 % of the observed data for autumn, 72 % for
spring, 59 % for summer and only 48 % for winter. There was
no seasonal pattern associated with the overlap coefficient.

The Mann–WhitneyU test is the nonparametric equiva-
lent of, and has a similar statistical power as, the indepen-
dent samplest test. It is used when the sample data are not
normally distributed. The Mann–WhitneyU test is applied
to the 3 h resolution data from the measurements (M) and
REMO (R) and calculated for each month (12 sets in total).
First, the data were combined into a set ofN =NM +NR el-
ements (the number of measurement and REMO data points,
each ranging between 224 and 248, depending on the length
of the month), then ranked from lowest to highest BC con-
centration magnitude, including tied rank values where ap-
propriate. Tied rank value represents the average of the ranks
that two or more identical scores would have obtained, had
they be different from each other. The rankings were re-
sorted into the two separate samples R and M, and the sum
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(a) January (b) February (c) March

(d) April (e) May (f) June
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(j) October (k) November (l) December

Figure 8

50

Fig. 8. Monthly histograms (pink: REMO; and green: measurements) and the probability density functions (pink: REMO; and blue: mea-
surements) of the black carbon concentration (Hyytiälä 2005). The overlap coefficient (OVL) for each month is listed in the upper part of
each plot.

of the ranks of each sample (SR andSM) was calculated. The
Mann–WhitneyU statistic is given by

U = min(UM,UR), (3)

where theU statistic for each sample is

Ui = Si −
Ni(Ni + 1)

2
, (4)

with i = R, M. For a large sample (N > 20), U is approxi-
mately normally distributed and the standardized value or the
Z score (or coefficient) can be calculated as

Z =
|
NRNM

2 − U |

σ
, (5)

whereσ is the standard deviation given by

σ =

√
NRNM(N + 1)

12
. (6)

In case two or more data are the same, the normal approxi-
mation still can be used with an adjustment to the standard
deviation,

σ =

√√√√ NRNM

N(N − 1)

[
N3 − N

12
−

g∑
j=1

t3
j − tj

12

]
, (7)

whereg is the number of groups of ties andtj is the number
of tied ranks in groupj .
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Fig. 9.Monthly overlap coefficient (OVL) and Z coefficient.

The Z score (presented in Fig.9) is a measure of stan-
dard deviation, but also a test of statistical significance that
helps to decide whether or not to reject the null hypothesis.
The null hypothesis is in principle a hypothesis of “no dif-
ference”. Very high Z scores are usually found in the tail of
a distribution, indicating that the null hypothesis is very un-
likely. In our case, large values of Z were associated with
poor agreement between the observations and the model re-
sults. According to Fig.9, only one Z value was below the
usually agreed critical Z score value of 1.96 (corresponding
to 95 % confidence level), that is, in the case of March, which
also corresponds to a large overlap coefficient. This is the
only case when we can not reject the null hypothesis. The
Z scores for the rest of the months ranged from 2.5 to 12, in-
dicating that a rejection of the null hypothesis is possible. As
expected, the Z score and the overlap coefficients were anti-
correlated. However, in some cases, a relatively high OVL
was characterized also by high Z values (see May, August,
October and November). The highest Z scores (above 9) were
found for January, February, July and December and were
related also to clearly different shapes of the model and mea-
surement distribution curves. According toHart (2001), the
Mann–Whitney test (and the related Z score) can detect not
only the differences in medians but also the differences in
shapes and spreads.

3.2.2 Wind direction and black carbon concentrations

In order to determine the wind direction conditions con-
tributing to the highest BC concentration levels in Hyytiälä,
the black carbon concentrations were categorized by
wind direction. Hourly wind direction data for Hyytiälä
were obtained fromhttp://www.atm.helsinki.fi/∼junninen/
smartSearch(Junninen et al., 2009) and then combined on a
3 h basis to match the corresponding modelled data. Fig.10
presents the wind rose diagrams and the associated measured
BC concentrations for each season. The length of the slices
represents the percentage of time the wind blows from a cer-
tain direction, and the colour diagram represents the 3 h BC

average mass concentration. The prevailing wind direction
was from the south. However, the diagram indicates that the
major black carbon contribution came from south-east and
south-south-east corridors which were also associated with
low wind speeds (not shown). These directions hint at Orivesi
as the dominant source. Orivesi is a typical Finnish town,
with a population of approximately 10 000, located 20 km
from Hyytiälä, consisting mostly of houses, with no signif-
icant industrial activity. In such towns, the residential wood
burning is considerable all around the year, a BC source usu-
ally overlooked in the (global) emission databases.

The second-highest concentrations of black carbon came
from the the southwest sector, mostly evident in autumn, but
less distinct during spring and winter. A possible source in
this direction is Tampere (population of 213 000), the largest
inland city in the Nordic countries located about 60 km from
Hyytiälä. Although Tampere is definitely a stronger source of
black carbon than Orivesi, the concentrations measured from
this direction were smaller, potentially due to the greater dis-
tance and to higher wind speed, the latter affecting the BC
concentrations through its dispersive effects.

The modelled wind directions and their associated black
carbon concentrations are presented in Fig.11. Although the
model fitted well the measurements during the autumn, the
correlation between the model data and the observations in
Hyytiälä for the entire year of 2005 was rather low. This is
most likely due to the fact that the wind direction measure-
ments represented real local conditions, while the model re-
sults were the values from the edges of the grid box of the
location. However, the directions of the highest concentra-
tions of black carbon, although not as elevated as in the mea-
surement data, were reproduced fairly well by the model.
The exception was found in spring, when elevated measured
concentrations of BC came from south-east and southwest
sectors, while the model’s main BC source comes from the
north-east and to a lesser extent from the south-east.

In both modelled and measured cases presented above, the
black carbon concentrations peaked in the direction of Tam-
pere and Orivesi, showing the contribution of the local emis-
sion sources. As such, the much lower modelled concentra-
tions coming from the same directions could be explained
by the defective local BC emission inventories. On the other
hand, the long-range-transported BC – a topic that will be
discussed in the following chapter – is expected to be associ-
ated with a much broader wind direction distribution.

3.2.3 Long-range-transported black carbon

It is well documented that Finland is subject to long-
range transport of polluted air, mostly originating from
densely populated areas of Europe (Sogacheva et al., 2005;
Aurela et al., 2011). As such, the long-range-transported
BC should also be taken into consideration. To study the
model over- and underestimation of BC concentration, the
sources and transport pathways of the air masses arriving at
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Fig. 10.The measured seasonal wind directions (slices) and BC concentrations represented as a colour scheme (Hyytiälä 2005).

Hyytiälä station were analysed using the HYSPLIT−4 (Hy-
brid Single-Particle Lagrangian Integrated Trajectory) model
developed by NOAA Air Resource Laboratory (Draxler and
Hess, 1998). The 4-day back trajectories arriving at 12:00
LT at 100 m height above ground level were calculated. This
height was chosen to study the air mass transport inside the
boundary layer, to catch all possible emission sources and
to eliminate additional errors related to surface topography.
The arrival time was chosen to be midday as during win-
tertime at higher latitudes the boundary layer is considered
to be formed by 12:00. The midday calculated trajectories
are also representative for the averaged day time trajectories
(not shown). Air mass back trajectories were combined sea-
sonally and classified in 3 groups according to the degree
of disagreement between measurements and model results:
a) REMO-HAM overestimation, b) REMO-HAM moderate
underestimation (the maximum difference between observa-

tions and model of 300 ng m−3) and c) REMO-HAM severe
underestimation (the difference above 300 ng m−3).

The results for the first case are presented in Fig.12.
Air mass transport through all seasons was mainly from
the Arctic and North Atlantic, considered as a clean, low-
anthropogenic-emissions area. During the transport to the
site, the air masses were not passing over significant sources
of BC, and therefore the measured concentrations were low.
The overestimation is small to moderate, with an average of
170 ng m−3 and median of 100 ng m−3.

Figure13 depicts the moderate model underestimation. In
this case, the air masses were mainly of Arctic and North
Atlantic origin in spring and summer and only a few of con-
tinental origin (polluted) in winter and autumn.

The last group representing REMO’s severe underestima-
tions (Fig.14) is characterized by air masses mainly of conti-
nental origin (Central and Eastern Europe), characterized by
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Fig. 11.The modelled seasonal wind directions (slices) and BC concentrations represented as a colour scheme (Hyytiälä 2005).

an elevated concentration of anthropogenic pollutions, most
of them occurring during the winter and autumn. Our find-
ings are in concordance with the results reported byAurela
et al.(2011) andHyvärinen et al.(2011).

It has to be noted that – for the last case – the majority
of the air masses arriving at Hyytiälä cross over southern
Finland, collecting the BC emitted by the regional and lo-
cal sources, and therefore the long-range and local/regional
sources cannot be easily separated. However, this separa-
tion can be achieved within the model, by switching off
the sources of black carbon in Finland and allowing only
the contribution of the cross-border-transported BC. Fig.15
presents the percentage of the cross-border BC to the total
black carbon load. While both long-range transport and lo-
cal and regional sources do contribute to atmospheric black
carbon over Finland, highly populated areas are more influ-

enced by local sources (central and southern Finland, espe-
cially Helsinki metropolitan area) while the remote areas are
dominated by the long-range-transported BC. In the region of
Hyytiälä, the contribution of the cross-border BC is less than
30 %, making the local/regional emissions the main source
of black carbon. Monthly median contribution of the long-
range-transported BC in Hyytiälä in comparison to the nor-
mal BC median concentrations are presented in Fig.16.

Within the local and regional emissions, traffic and do-
mestic combustion (mainly wood burning) are the the key
sources of black carbon (Kupiainen, 2006). When air masses
are influenced by biomass burning, the presence of levoglu-
cosan – a molecular marker of biomass burning aerosols pro-
duced by pyrolysis of cellulose and hemicellulose – can be
detected and used as a qualitative indicator for BC orig-
inating from the biomass combustion (Kuo et al., 2008).
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Fig. 12.Seasonal 4-day air mass back trajectories arriving at Hyytiälä (2005) for the samples where REMO-HAM is moderately (not more
than 300 ng m−3) underestimating the measurements.

Fig. 13. Seasonal 4-day air mass back trajectories arriving at Hyytiälä (2005) for the samples where REMO-HAM is severely (more than
300 ng m−3) underestimating the measurements.

A series of research articles have reported various concen-
trations of levoglucosan in Hyytiälä. For instance,Saarnio
et al. (2010) obtained an average levoglucosan concentra-
tion of 17 ng m−3 during spring 2007, whileYttri et al.
(2011) obtained an average concentration of 4.6 ng m−3 for

the late summer of 2009. The levoglucosan concentrations
detected byKourtchev et al.(2005) were relatively low dur-
ing summer 2004 (10 ng m−3 ) and became the dominant or-
ganic species in the autumn samples (29 ng m−3). The au-
thors concluded that this is an indicator for wood burning
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Fig. 14. Seasonal 4-day air mass back trajectories arriving at Hyytiälä (2005) for the samples where REMO-HAM is overestimating the
measurements.

Fig. 15. The percentage of the cross-border BC to the total black
carbon load obtained by switching off the emissions in Finland for
the year 2005.

taking place at or closed to the station in Hyytiälä, most
likely for domestic heating purposes. A similar conclusion
was drawn bySaarnio et al.(2010), who stated that the at-
mospheric levoglucosan in Hyytiälä is caused primarily by
regional scale wood combustion, although in some cases the
black carbon was originating from smokes transported from
wild/agricultural fires (Saarikoski et al., 2007).

Fig. 16.Comparison of the monthly modelled median BC concen-
trations: blue stars: the full emissions run; black triangles: the model
results when the BC emissions in Finland are switched off. The in-
side plot represents the percentage of the BC concentrations from
the no-emissions run from the full-emissions run.

In conclusion, the presence of levoglucosan together with
the drastic reduction of BC concentrations when the Finnish
emissions are switched off hint to the fact that local and re-
gional emissions have a significant contribution. Although
there is an obvious contribution of the long-range-transported
BC, the model tendency to flatten the observed BC concen-
trations is most likely dominated by the inaccurate character-
ization of BC within the emission inventories, in particular
the missing local-wood-burning emissions. However it is not
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Fig. 17.Monthly percentage difference for precipitation in southern Finland. Blue and red colours represent the model overestimation and
underestimation, respectively. White represents agreement. The central grid in the outlined square indicates Hyytiälä location, while the
number above each panel represents the mean precipitation difference for the square.

plausible to rule out other possible causes (inaccurate predic-
tion of meteorology, various parameterizations etc.) .

3.2.4 Precipitation and black carbon concentrations

Wet removal is the dominant sink for the black carbon and
thus a potential cause of the underestimated black carbon
concentrations. We compared the model results against mea-
surement data from CRU TS 3.0 (Jones et al., 2008). The
CRU TS 3.0 dataset is available on a 0.5 degree grid, has
a monthly time resolution, and covers all the land points of
earth. The precipitation data from REMO-HAM were con-

servatively remapped to the CRU grid so that a direct com-
parison is possible.

The monthly comparison of precipitation in southern Fin-
land is presented in Fig.17 as a percentage difference be-
tween the model output and the measurements. The blue
colour marks the model overestimation of precipitation,
which seemed to occur during each month, preponderantly
in January, March, April, May, June and December. The red
colour depicts model underestimation, and the area mean on
top of each plot represents the mean precipitation difference
around Hyytïalä. There was no obvious correlation between
REMO’s excessive precipitation and REMO’s black carbon
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Fig. 18.Modelled seasonal black carbon near-surface median con-
centration [ ng m−3] over Finland for 2005.

underestimation. If the wet removal was the leading reason
for the black carbon underestimation, we would expect a high
percentage difference in precipitation during February (area
mean of just 26 %), when the BC underestimation was high-
est, or a good agreement in precipitation in March (area mean
of 110 %), when also the BC concentrations matched. The
same reasoning can be applied for the remaining months: for
April to August the REMO BC underestimation was simi-
lar, while the precipitation difference given by the area mean
ranged from 26 % in June to 198 % in April. The only agree-
ment between precipitation difference and BC underestima-
tion was found in September, when both of the above quanti-
ties were small. It is possible that the overestimated precipi-

Fig. 19.Modelled seasonal black carbon deposition fluxes [mg/m2]
over Finland for 2005.

tation might contribute to a certain extent to the underestima-
tion of BC concentrations. However, the fact that no monthly
correlation was observed suggests that the low BC fluxes in
the emission inventories are the main reason for BC under-
estimation, rather than the model overestimating the wet re-
moval.

3.3 Modelled black carbon concentration and
deposition over Finland

The continuous REMO-HAM simulation for the year 2005
delivers a complete annual cycle of the black carbon con-
centration and deposition over the whole country. Fig.18
presents the modelled near-surface BC median concentra-
tions for all seasons. Each spatial figure exhibits a similar
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Fig. 20. Modelled black carbon deposition flux on snow [mg/m2]
over Finland for winter and spring 2005.

pattern: a clean northern Finland atmosphere, with increas-
ing black carbon concentrations southwards, reaching a max-
imum around the city of Helsinki. A similar pattern is found
also for the cumulative concentrations over all vertical levels
(not shown). The spatial distribution of black carbon concen-
tration corresponds to high-emission regions with high pop-
ulation density (see Fig.2 for comparison). The same figure
reveals that the BC concentration is lower during the summer
than during the other seasons over most of the domain. Given
the results obtained by comparing the observed and modelled
BC concentrations in various locations around Finland, we
can assume that the real concentration values for the entire
domain will exceed the model estimates by approximately a
factor of two.

Figure19presents the total black carbon deposited during
each season.The spatial distribution of the total deposition
was correlated to the black carbon emissions (Fig.2) and had
a strong geographical and temporal variability: the largest de-
position occurs in the higher populated regions, that is, in
southern and central Finland, while northern Finland had the
lowest deposition rate, due mainly to lower emissions. The
black carbon deposition reached the highest rates during win-
ter and autumn, declined significantly in spring and reached
a minimum during the summer.

Wet and dry deposition rates have been considered sepa-
rately. The dry deposition ranked in magnitude well below
the wet deposition (1.03 Gg in comparison to 5.53 Gg), but
it was more evenly distributed. Dry deposition reached its
highest rates in southern Finland (0.84 Gg in comparison to

0.12 Gg in northern Finland). However, the wet deposition
remained the dominant process of removing black carbon
from the atmosphere during autumn, winter and spring, while
in the summer the two removal mechanisms were similar in
efficiency. Unfortunately, the lack of surface measurements
of black carbon deposition did not allow us to properly eval-
uate the model performance in simulating this particular fea-
ture. Nevertheless, the model provides at least information on
spatial and temporal distribution of BC concentrations and
deposition, which can be used to investigate the black carbon
deposition effects on snow over Finland.

In order to calculate the BC deposition on snow, infor-
mation about the simulated snow depth (snow water equiv-
alent) was used. The mass of black carbon deposited via dry
and wet deposition were summed for all of the time steps
in which the snow depth was over zero. Fig.20 summarizes
the seasonal black carbon deposition within the snowpack
for winter and spring only, as during the summer the depo-
sition on snow was practically zero and very small during
the autumn. The total deposition amount of BC in Finland
was 1071.52 mg m−2 in the winter months (January, Febru-
ary and December 2005) and 442.53 mg m−2 in spring, cor-
responding to 2.51 Gg and 1.03 Gg, respectively. The total
emission of black carbon in Finland is 2.0351 Gg in win-
ter, showing the contribution of the BC transported across
the border. In spring, the BC emission reaches 2.0803 Gg,
about 2 times higher than the deposited amount, leading to
the idea that at least half of the emitted BC is exported. Sev-
eral studies have investigated the BC deposition on snow at
global level for various time periods.Skeie et al.(2011) us-
ing Oslo CTM2 chemical transport model calculated an av-
erage of BC deposited on snow during spring months of the
year 2000 between 50–200 ng g−1 of snow for Finland.Flan-
ner et al.(2007) applied the Snow, Ice, and Aerosol Radia-
tive (SNICAR) model coupled to a general circulation model
and obtained a similar BC deposition on snow range asSkeie
et al.(2011), but for the year 1998. Our model result of about
131 ng g−1 for spring 2005 falls within the same order of
magnitude. However, our result cannot be compared directly
to the results reported in literature, as they are not from the
same year.

4 Summary and concluding remarks

The aim of this study was to investigate the capability of
the regional climate-aerosol model REMO-HAM to predict
black carbon concentrations at various sites in Finland, with
focus on Hyytïalä station. Several statistical tools were uti-
lized in order to better evaluate the model’s predictive abil-
ity. Each statistic was able to explain a certain aspect of
the model and measurement comparison: the monthly me-
dian comparison illustrated the ability of the model to repro-
duce the seasonal pattern of the BC measurements, the over-
lap coefficient of two probability density functions offered
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an approach for the measurement of the agreement between
two distributions in any distributional setting, and the Z score
brought additional information on the agreement between
shape and spread of the distributions of modelled and mea-
sured data. Together, these statistical tools generated a more
complete picture on the behaviour of the regional aerosol cli-
mate model REMO-HAM. In addition to the statistical tools,
wind directions and precipitation data were examined.

The main results of this study are the following:

1. The model is able to simulate to a certain extent the sea-
sonal variation of BC concentrations, especially during
the spring, summer and autumn seasons.

2. Satisfactory agreement between the model and mea-
surements based on OVL and Z coefficients can be
found for the same periods of time as listed above (OVL
of 72 %, 59 % and 76 %).

3. The model is biased low with respect to the black carbon
concentrations larger than 500 ng m−3 with about 60 %.

4. The model is biased high with respect to black car-
bon concentrations smaller than 250 ng m−3 with about
30 %.

5. The model compares well against the source areas of
high black carbon concentrations.

6. The contribution of the modelled cross-border-
transported BC in Hyytïalä is less than 30 % for the
year 2005.

7. The model overestimation of precipitation is most likely
only partially responsible for the underestimation of
black carbon concentrations.

8. REMO-HAM simulates a large spatial and seasonal
variability of black carbon concentrations and deposi-
tion rates over Finland, reflecting the emission pattern.

9. The deposition of black carbon on snow has been esti-
mated for winter and spring 2005 (2.51 Gg and 1.03 Gg,
respectively) and compared to the emissions for the
same seasons.

The above results indicate that the model’s low bias for
the black carbon concentrations is due mainly to the inaccu-
racy of the emission inventories, whose so-called black car-
bon data are apparently representative for elemental carbon-
like substance (Vignati et al., 2010b). In addition, the local
sources of black carbon – like wood burning emissions – are
often not taken into account in the emission databases, also
leading to serious underestimations.

The comparison results suggest a need for the develop-
ment of a more comprehensive country-specific emission in-
ventory as well as for a detailed study of the BC removal

mechanisms. These questions will be addressed in the near
future.
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K., Karppinen, A., Kukkonen, J., and Hillamo, R.: Chemical
composition of aerosol during major biomass burning episode
over northern Europe in spring 2006: experimental and mod-
elling assesments, Atmos. Environ., 41, 3577–3589, 2007.

Saarnio, K., Teinil̈a, K., Aurela, M., Timonen, H., and Hillamo, R.:
High-performance anion exchange chromatography-mass spec-
trometry method for determination of levoglucosan, mannosan
and galactosan in atmospheric fine particulate matter, Anal.
Bioanal. Chem., 398, 2253–2264, 2010.

Sahu, L., Kondo, Y., Miyazaki, Y., Kuwata, M., Koike, M.,
Takegawa, N., Tanimoto, H., Matsueda, H., Yoon, S., and Kim,
Y.: Anthropogenic aerosols observed in Asian continental out-
flow at Jeju Island, Korea, in spring 2005, J. Geophys. Res., 114,
D03301,doi:10.1029/2008JD010306, 2009.

Schaap, M., Van Der Gon, H. A. C. D., Dentener, F. J., Visschedijk,
A. J. H., Van Loon, M., ten Brink, H. M., Putaud, J. P., Guil-
laume, B., Liousse, C., and Builtjes, P. J. H.: Anthropogenic
black carbon and fine aerosol distribution over Europe, J. Geo-
phys. Res., 109, D18207,doi:10.1029/2003JD004330, 2004.

Schwarz, J., Spackman, J., Gao, R., Watts, L., Stier, P., Schulz,
M., Davis, S., C., W. S., and Fahley, D.: Global scale
black carbon profiles observed in the remote atmosphere
and compared to models, Geophys. Res. Lett., 37, L118812,
doi:10.1029/2010GL044372, 2010.

Simpson, D., Yttri, K., Klimont, Z., Kupiainen, K., Caseiro, A.,
Gelencser, A., Pio, C., Puxbaum, H., and Legrand, M.: Model-
ing carbonaceous aerosol over Europe: Analysis of the CAR-
BOSOL and EMEP EC/OC campains, J. Geophys. Res., 112,
doi:10.1029/2006JD008158, 2007.

Skeie, R., Berntsen, T., Myhre, G., Pedersen, C., Ström, J., Gerland,
S., and Ogren, J. A.: Black carbon in the atmosphere and snow,

from pre-industrial times until present, Atmos. Chem. Phys., 11,
6809–6836,doi:10.5194/acp-11-6809-2011, 2011.

Smolarkiewicz, P. K.: Simple positive definite advection scheme
with small implicit diffusion., Mon. Weather Rev., 111, 479–486,
1983.

Smolarkiewicz, P. K.: A fully multidimensional positive definite
advection transport algorithm with small implicit diffusion., J.
Comput. Phys., 54, 325–362, 1984.

Sogacheva, L., Dal Maso, M., Kerminen, V., and Kulmala, M.:
Probablility of nucleation events and aerosol particle concentra-
tion in different ai mass types arriving at Hyytiälä, southern Fin-
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