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Abstract. Variations in black carbon (BC) concentrations paigns showed that the effect of traffic on the BC concentra-
over different timescales, including annual, weekly and diur-tions had decreased during the studied years. This reduction
nal changes, were studied during ten years in Helsinki, Finwas caused by lower emitting vehicles, since between years
land. Measurements were made in three campaigns betweel®96 and 2005 the traffic rates had increased.
1996 and 2005 at an urban area locating two kilometres of
the centre of Helsinki. The first campaign took place from
November 1996 to June 1997, the second from September
2000 to May 2001 and the third from March 2004 to Oc- 1 Introduction
tober 2005. A detailed comparison between the campaigns
was 0n|y made for winter and Spring months when data fr0m|t is well known that atmospheric particulate matter (PM) has
all campaigns existed. The effect of traffic and meteorologi-adverse health effects, especially in urbanized areas (Pope et
cal variables on the measured BC concentrations was studied-, 2002; Keeler et al., 2005). One of the main constituents
by means of a mu|tip|e regression ana|y3i3, where the meof fine-sized PM has been identified to be black carbon (BC),
teorological data was obtained from a meteorological pre-particularly in primary particles originating from combustion
processing model (MPP-FMI). sources. The major anthropogenic source of BC is incom-
The BC concentrations showed annual pattern with max-Plete combustion of fossil and biomass fuels. These include,
ima in fall and late winter due to the weakened mixing and ©-9. residential heating, traffic and power plants. In traffic,
enhanced emissions. Between 1996 and 2005, the campaid$Pecially diesel engines are known to emit BC (e.g. Wat-
median BC concentrations decreased slightly from 1.11 toson et al., 1994). Szidat et al. (2006) estimated that almost
1.00ugm=3. The lowest campaign median concentration all BC in Zirich originates from anthropogenic sources and
(Oggug m_3) was measured during the second Campaign inthe contribution of biogenic emissions is inSignificant. Char-
2000-2001, when also the lowest traffic rates were measuredllcteristic to BCis its ab|l|ty to absorb solar radiation effec-
The strongest decrease between Campaigns 1 and 3 was ofiely. Thus, it plays an important role in climate change by
served on weekday daytimes, when also the traffic rates ar@arming the atmosphere (Jacobson, 2001; Novakov et al.,
highest. The variables affecting the measured BC concentra2003). In addition to global effect, black carbon has also a
tions most were traffic, wind speed and mixing height. Onlocal effect on visibility (Jiang et al., 2005) and small car-
weekdays, traffic had clearly the most important influencePonaceous particles are considered to have severe effects on
before the wind speed and on weekends the effect of windiuman health, for instance to cardiopulmonary and respira-
speed diluted the effect of traffic. The affecting variables andtory diseases (Stoeger et al., 2006). Because of its global
their influence on the BC concentrations were similar in win- and local effects, it is important to understand the nature and
ter and spring. The separate examination of the three camsources of BC particles. To common knowledge, BC is a
primary emission and it is not produced in secondary reac-
tions. Itis inert in the atmosphere and can be considered as a

Correspondence td-. Jarvi conservative tracer of combustion emissions (Kendall et al.,
BY

(leena.jarvi@helsinki.fi) 2001). Most BC is found in small particles (e.g. Ruellan and
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Fig. 1. The measuring locations on Helsinki area. The black circle
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located next to one of the main roads leading to the down-
town of Helsinki. In Vallila, the annual contribution of BC

to PMy 5 and PMg was found to be 14% and 7%, respec-
tively, in 2000—2001 (Viidanoja et al., 2002). The most im-
portant source of BC has been identified to be local traf-
fic, which contributes 63% to the concentrations on working
days (Pakkanen et al., 2000). Other main contributors are
long-range transport and other local sources than traffic. The
effect of domestic heating is negligible at the measurement
site, since in Helsinki the usage of district heating is most
common (Pakkanen et al., 2000). Road traffic emissions have
been affected by an increase in the number of vehicles dur-
ing the past years. On average, traffic rates have increased
12% in Helsinki between 1996 and 2005 (Lilleberg and Hell-
man, 2006). It is reasonable to assume that especially the
number of diesel vehicles has increased, since the fraction of
diesel powered cars, vans, busses and lorries has increased
from 20 to 30% in Finland during this time @kek, 2008).

At the same time, exhaust emissions from vehicles have de-
creased due to developments in the after-treatment and clean-
ing methods of car exhausts.

The purpose of this work is to study the temporal varia-

presents the Vallila site and the black square shows the place of thons in BC concentrations with different timescales between
automatic traffic counts atdvayla road.

1996 and 2005, and to analyze reasons to the observed be-
haviour. The analysis is done with data from three mea-
surement campaigns. In Sect. 2, the measurements and used

Cachier, 2001). Kerminen et al. (1997) studied diesel vehiclemethods are introduced. The BC concentrations during each

exhausts and found that BC mass concentration peaked witbampaign and the seasonal variations are studied in Sect. 3.1.

aerodynamic diameter of Oidm. Due to their size, the av- More detailed analysis with weekly and diurnal variations

erage time these particles spend in the atmosphere is arourfdr selected periods is presented in Sect. 3.2 and Sect. 3.3

6 days and can be transported some thousands of kilometresimmarizes variations in traffic patterns in 1996-2005. The

(Khan et al., 2006). effect of traffic and meteorological conditions on the BC
The crucial question is how urban BC concentrations haveconcentrations is studied via multiple regression analysis in

developed during the last decades. The main sources of BGect. 3.4. Finally, conclusions are presented in Sect. 4.

have changed because of fuel and technology improvements,

both in industrial and commercial sectors. In the 20th cen-

tury, BC emissions decreased due to the changes in coal u® Measurements and methods

age and improvements in diesel technology (Novakov et al.,

2003). In the United Kingdom, decrease in BC emissions2.1  Measurement site

and concentrations has been detected in the last 40 years (No-

vakov and Hansen, 2004). The reductions can be explainegielsinki (6010 N, 24°56 E) itself is located on a relatively
by the improved technology, which decreases the emissiomiat land at the coast of Gulf of Finland. The area of the city
factors (emitted BC per unit mass of fossil fuel) and clean-js 686 knt with 560 000 inhabitants. Helsinki together with
ing methods. In Europe, the yearly BC emissions decreasethe neighbouring cities (Vantaa, Espoo, Kauniainen) forms
from 0.89 to 0.68 Tg between 1990 and 2000 (Kupiainen andhe Helsinki metropolitan area with a total area of 146G km
Klimont, 2007). This reduction was mainly due to the de- and 1 million inhabitants. The measurements took place in
velopment in Eastern Europe, where a significant decreasgallila about 2 km northeast of the downtown of Helsinki
of BC emissions was observed especially between 1990 angFig. 1). The measuring site represents a typical urban area
1995. The changes in BC concentrations were studied if Helsinki and it is in a small opening surrounded by 5-7
Tokyo in 1994-2004 and a yearly decrease of .§812  storey buildings. It is situated 14 m away from the nearest
was observed (Minoura et al., 2006). The main reason wasgoad, Himeentie. This is one of the main roads leading to the

reported to be lower emitting vehicles. city centre and its traffic loads are high especially during rush
In Helsinki, Finland, BC mass concentration measure-

ments have been conducted in three campaigns since 1996. 1Makek, K.: Personal communication, Technical Research
Measurements have been made at the same site in Vallil@entre of Finland, 2006.
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hours. The number of buses using diesel fuel is considerabl@.3 Effect of black carbon loading and the correction
on the road. method

The traffic rates are monitored by the Helsinki City Plan-

. . . .__With an aethalometer, the BC concentrations are calculated
ning Department. The nearest automatic traffic counting

point is by the IBvayla road on the Kulosaari Bridge, about from the rate of change of attenuation of the Iight bgam. The
1.7km southeast of the BC measuring site (Fig l’) Traf_aethalometersoftware assumes that the relationship be.twe_en
. : . N the rate of change of attenuation and the BC concentration is
fic data is logged once an hour, and during rush hours fourl. H it has been observed that this relationshi
times per hour. linear. However, it has been observed that this relationship
is usually nonlinear (e.g. Weingartner et al., 2003; Arnott et
al., 2005; Virkkula et al., 2007). This nonlinearity leads to
2.2 Black carbon measurements and data selection underestimation of BC when the filter gets darker, i.e. when
attenuation increases. Virkkula et al. (2007) developed a sim-

_ _ ple algorithm to correct the data. The corrected BC concen-
The BC measurements were made during three campaigngations were calculated with equation

between 1996 and 2005. The first campaign was from
November 1996 to June 1997, the second from SeptembdBCcorrecTer-(1 + k - ATN)BCNON—CORRECTED Q)
2000 to May 2001 and the third from March 2004 to Oc- ) ) ) )

dn the Eq. (1), ATN is the light attenuation defined as

tober 2005. Data during these campaigns were incomplet N ! " -
due to, e.g. power cuts and maintenance operations. Thus; 100N Z,™), wherelp and/ are the light intensities be-

comparisons between different years were done for selecteff"® and after the filter, respectively, aht a constant calcu-

periods, when data from all campaigns existed. In the selec'—ated from the concentration difference before and after the

tion, more weight was given to Campaigns 1 and 3, whichfilter spot change. The algorithm assumes that the concen-

had 75% data coverage. For Campaign 2, the coverage wdkation stays stable during the filter spot change (Virkkula

55%. Four comparable periods were found, two in winter €t @l 2007). This is not always true, so medianalues
and two in spring. All together, 82 whole days from each Were calculated for each campaign and were used to cor-
campaign was chosen (Table 1). rect the data. For the aethalometer used during Campaign 1,

i _ k was 0.0058:0.0003 (s.e) and during Campaign 3 it was

All measurements were carried out with the aethalome-j 006a:0.0004. Thek value was not possible to calculate
ters (Hansen et al., 1984). Itis an optical instrument where, gethalometer used at the beginning of the Campaign 2
aerosol particles are collected on a filter (quartz tape) and thg e to the low measuring resolution (20 min). Same applies
light transmittance through the filter is measured. To avoidiy the second aethalometer used during Campaign 2, &ince
the optical saturation, the filter spot changes at a certain ligh{,5|,es for multiwavelength aethalometers may be incorrect.
transmittance value. A more detailed description about the]’herefore, the samievalue, which was valid for Campaign 1
measurement technique is presented in Hansen et al. (19844 \as also obtained by Virkkula et al. (2007), was used to
Sample air was taken using an inlet about 3.5 m above groungyrect the data during Campaign 2. A sensitivity test of the
level and fed into the aethalometer inside a measurement ygjyes showed that a difference of 0.001 would cause a 4%
container. Only particles with aerodynamic diameter smallerg,q 3.99% error in BC concentrations for the aethalometers
than 2.5um were sampled. The aethalometer model, theseqd in 2000 and 2001, respectively.
measuring time resolution and the flow rate varied between Ap, example how the loading effect correction is affecting
the campaigns. In 1996 and 1997, measurements were magge BC concentrations is shown in Fig. 2 for two days in Jan-
with a one-wavelength (880 nm) aethalometer (Magee Sciengary 2005. The discontinuities in uncorrected data are due
tific Aethalometer, model AE-14) with a 10-min time resolu- 4 the filter spot changes. At the end of each filter spot, the
tion. The flow rate was 16.7 lpm. Two different aethalome- yncorrected concentrations are much smaller than concen-
ters operated during Campaign 2. From September 2000 tgations at the beginning of the next filter. This effect is due
mid-January 2001, a model AE-20 with a 20-min time reso-q the |oading effect of the filter. The correction algorithm
lution was used and from mid-January to May 2001 measuremakes the data more continuous and the decrease due to the

ments were carried out with a 10-min.res.ol_ution with a mul- |n4ding effect disappears. It is evident that the correction
tiwavelength model AE-30 (Magee Scientific Aethalometer). made is usually significant and can be as high ag in—3.

In both cases, the same wavelength 880 nm was used for BC

measurements and the flow rates were 5.6 I[pm and 5.41pne 4 Meteorological pre-processing model

respectively. In 2004-2005, measurements were made with

a one-wavelength (880 nm) aethalometer (Magee Scientifi@he meteorological data used in this study was calculated
Aethalometer, model AE-16) with a 5-min time resolution with the meteorological pre-processing model (MPP-FMI)
and a flow rate of 5.2 Ipm. The mass absorption cross sectiofKarppinen et al., 1997, 2001), which is based on the en-
of BC used to convert the aethalometer raw signals to BCergy budget method originally developed by van Ulden
mass concentrations was 16.6g1? for each campaign. and Holtslag (1985). The method evaluates turbulent heat
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Table 1. The selected data periods, the number of measurement days and the percentage of data included on each period.

Time period No. ofdays Campaignl Campaign2 Campaign 3
1996-1997 2000-2001 2004-2005

(%) (%) (%)
1.12-17.12 (P1) 17 88 100 76
26.12-8.1 (P2) 14 86 71 79
6.3-3.4 (P3) 29 79 97 100
13.4-4.5 (P4) 22 100 55 100
5 : , , model, which follows equation
Uncorrected
Corrected BCprechO + b]_Xl + b2X2 + - + ann, (2)

wherebg is the intercept and. . .b, are the regression coef-
ficients (Hair et al., 2006). Variables to the regression model
H\b‘ are chosen by minimizing the difference between the mea-

§
—

w
T

M\A«A sured BC concentrations and BC concentrations obtained
from the model. The normalization of the dependent and in-

W dependent variables before the multiple regression model en-
ables one to get also the so-called beta coefficients, which tell
[ ] the importance of the corresponding variable to the depen-

dent variable in relation to the other independent variables in

N
T

BC concentration (ug m'3)
=

0 ‘ ‘ ‘ the model. We used bootstrapping to obtain error estimates
00:00 12:00 00:00 12:00 00:00 for the model parameters and performance indices. In boot-
Local time strapping, the used data is divided into 100 subsamples each
Fig. 2. The black carbon (BC) mass concentrationg f-3) be- ?ncluding arbitrary 5/6 of the original datg. The MLR model
fore (grey line) and after (black line) the loading effect correction '§ .ConStrUCted for (—T"a.Ch subset and the final regression coef-
in 17-18 January 2005. ficients, beta coefficients, squar&land root mean square
error are calculated as arithmetic means and standard devia-
tions of each submodel. The bootstrapping gives better esti-

and momentum fluxes in the boundary layer from synopticmate for model parameters (regression and beta coefficients),
weather observations. The MPP-FMI estimates the hourlyeliminates the error caused by outliers and offers more gen-
time series for the so-called pre—processed meteorologiealized model as an output. . _

cal variables, which are more representative for the whole MLR.queI has an assumption that the variables are nor-
Helsinki area than variables from a single point measure nally distributed. However, in our case most of the variables
ments made, e.g. at the airport. The pre-processed metedad a lognormal distribution and in order to avoid violating
rological variables include also important, not directly mea- the assumptions of normal distribution, logarithmic transfor-
sured variables such as Monin-Obukhov length and mixingMations were done for BC concentration, traffic rate, wind
height, which are important for determining the dispersionSPeed, mixing height and relative humidity. If one wishes to

conditions. compare beta values of different sampling periods, the dis-
tributions have to be similar. This is ensured using Levene’s

had hourly time resolution.

A multiple regression analysis is used to get information
which variables influence to_the BC_ C(_)ncentrations mc_)st, and3 Results and discussion
how much of the concentration variation can be explained by
traffic and how much by the meteorological parameters. 31  The annual behaviour of BC concentrations

In multiple regression analysis, a relationship between de-
pendent variable and several independent variables is studvonthly boxplots of BC concentrations for each campaign
ied. In our case, BC concentration is the dependent variablare shown in Fig. 3. Boxplot was drawn if over half of data
and the traffic rate and meteorological parameters are the inexisted from the corresponding month. The BC concentra-
dependent variablesX(...X,). The idea is to construct a tion peaked in fall and late winter (February) with maxima

Atmos. Chem. Phys., 8, 1017627, 2008 www.atmos-chem-phys.net/8/1017/2008/
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4r ] Table 2. The median BC concentrationsg m~3) and quartile de-
a) Campaign 1 viations (half of the difference between lower and upper quartiles)

o 27 1 measured during each period and campaign.

|

1S

= o Period Campaignl Campaign2  Campaign 3
=t 47 (1996-1997) (2000-2001) (2004-2005)

£ | P)Campaign 2 PL  143(062) 095(0.35) 1.12(0.71)

5 2 I P2 1.14(0.54)  0.97(0.36)  0.68 (0.46)

3 P3 1.11(0.61)  0.92(0.40)  1.04 (0.56)

§ —— : E— P4 0.86 (0.54) 0.90 (0.51) 1.05 (0.50)

9 41 c) Campaign 3 | Al 1.11(0.60) 0.93(0.40)  1.00 (0.56)

N

1 00be00000099 b4

Mar May Jul Sep Nov Jan Mar May Jul Sep

correction raised BC concentrations in this study. Devi-
ations between these two studies rise from the partly dif-
ferent time period and from the median value used in this

Fig. 3. Monthly boxplots_of BC concentrations for each measure- study. Between July 2000 and July 2001 an annual av-
ment campaign (Campaign 1 from November 1996 to June 1997, 3 . .
rage value of 1.2gm~° was measured by Viidanoja et

Campaign 2 from September 2000 to May 2001 and Campaign #$ : . "
from March 2004 to September 2005). Gray lines give the monthly@l- (2002), being again somewhat higher than our result dur-
median value and the black boxes define the lower and upper quafNd Campaign 2. The observed decrease Agin3in ten
tiles. The straight lines show the interquartile range of each monthyears in Helsinki is much smaller than the yearly decrease
of 0.88ugm 3 observed in Tokyo, Japan (Minoura et al.,
2006). In Tokyo, traffic rates are much higher and thus
around 1.5.9 m=3. The autumn peaks are ||ke|y related to the effect of lower traffic emissions is more evident in BC
meteorology, more precisely to mixing layer heights (Pohjolameasurements. In Helsinki, the concentration L.gm—3
et al., 2000). Late winter is typically the coldest time of year in 19961997 was already very small compared to Tokyo’s
(Drebs, 2002), which may lead to increased BC emissionsl1.gm~2in 1996. In general, BC concentrations are lower
and strong inversions. The lowest BC concentrations werdn Helsinki than in many European cities, where BC concen-
measured in summer when the median values ranged bél:ations have been measured. Salma et al. (2004) measured a
tween 0.8 and 1.8g m~3 (Fig. 3c). The only exception was Mean BC concentration of 2.8y m~3 in Budapest in spring
in June 1996 when concentration was A¢gm—2 (Fig. 3a). 2002. In London, winter and spring concentrations were
The seasonal pattern was especially pronounced during Canfneasured to be 3.2 and @ m3, respectively, in 1995—

paign 2 in 2000—2001. 1996 (Kendall et al., 2001). Much higher BC concentrations
were measured in Birmingham by Castro et al. (1999) in win-
3.2 Median BC concentrations ter 1994 (3.4cgm~3) and in Vienna by Hitzenberger and

Tohno (2001) in winter 1998-1999 (6.5 m~3).

The BC time series (hourly medians) for the selected periods The BC concentrations had a weekly cycle with higher
were plotted in Fig. 4. High concentration episodes can easconcentrations on weekdays and lower on weekends (Fig. 5).
ily be seen and it is evident that those episodes deviate fronT his is apparently related to the lower traffic rates on week-
year to year depending, e.g. on meteorological conditionsends. On weekdays, the daily median BC concentrations
The median BC concentrations for the selected periods expgranged between 1.3-L&m~2 during Campaign 1, be-
rienced a slight decrease from 1.11 to 1.@Pm—3 between  tween 0.9-1.gm~2 during Campaign 2 and between 1.1
Campaigns 1 and 3 (Table 2). The concentrations were lowd.31g m~3 during Campaign 3. Thus, the weekday con-
est during Campaign 2 with a median value of Q.@8m 3. centrations were lowest during Campaign 2, and decreased
The separate examination of each period showed no cledfrom Campaign 1 to 3 following the overall medians (Ta-
systematic pattern between the campaigns, but the highesfe 2). On weekends, the concentrations ranged between
concentrations were most often measured during Campaign @.6—1.1.g m=3 with slightly lower values on Sundays. Be-
(periods 1, 2 and 3). tween 1996 and 2005, the weekend concentrations systemat-
The measured values correspond well with other measureifally decreased.
BC concentrations in Helsinki. Pakkanen et al. (2000) used The diurnal variation of BC concentrations was exam-
partly the same data as in Campaign 1 and got an averined separately for weekdays and weekends (Fig. 6). The
age value of 1.3ggm~3. This value is somewhat higher effect of traffic was evident on weekdays when the maxi-
than our 1.1ugm—23, even though the used loading effect mum concentration was measured during morning rush hours

www.atmos-chem-phys.net/8/1017/2008/ Atmos. Chem. Phys., 8, 10272008
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Fig. 4. BC time series during chosen periods. Black solid line stands for Campaign 1, light-gray solid line for Campaign 2 and dark-gray
dash-dotted line for Campaign 3. Values are hourly medians calculated from the raw data.
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Fig. 5. Median black carbon concentrations on different weekdays
during Campaigns 1 (stars), 2 (circles) and 3 (crosses).
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00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
Local time

betwgen 05:00 and 09:00 a.m. (Fig. 72). T?e peaks related tEig. 6. Diurnal variations in BC concentrations (black lines) on
morning rush hours were the same 2gm™ during Cam-  (4) weekdays andb) weekends for each measurement campaign.
paigns 1 and 3, and lower (14 m~3) during Campaign 2. Stars are the BC concentrations during Campaign 1, circles are the
The afternoon maximum, related to afternoon rush hoursgc concentrations during Campaign 2 and crosses represent the BC
was most evident during Campaign 1 reaching a value ofconcentrations during Campaign 3. Values were calculated as me-
2ugm-3. The afternoon peaks were systematically lower dians from the hourly data and error estimates (gray marks) are the
than the morning peaks due to the stronger turbulent mixJower and upper quartiles.

ing and increased mixing layer heights. In daytime, when

also the traffic rates are high, the BC concentrations were

evidently elevated during Campaign 1, suggesting greateLerngon, Friday and Saturday are the most typical days for
effect of traffic. The daytime concentrations were lowest yeqpe to go outin Helsinki, and the raised nocturnal concen-
during Campaign 2 following the pattern of total concen- yations are caused by the numerous taxis and buses, which
trations. 'SI"he n_octurnal conce_zntratlons were similar, around, ¢ typically diesel powered (see also Fig. 7b). In addition to
0.5ugm™*, during the campaigns. the intense diesel-powered traffic, low mixing heights raise
On weekends, the diurnal pattern differed considerablythe nocturnal concentrations. The diurnal variation of BC
from that on weekdays (Fig. 6b). Minimum values were mea-was similar to the diurnal behaviour of accumulation mode
sured in the early morning and maximum values at night andparticle concentrations measured in Helsinki (Laakso et al.,

Atmos. Chem. Phys., 8, 1017627, 2008 www.atmos-chem-phys.net/8/1017/2008/



L. Jarvi et al.: Black carbon variations in Helsinki 1023

2003; Hussein et al., 2004). This was the case especially dur: 3
ing weekends, when diurnal variations were rather small and
maximum was measured at night. 2t

@) We‘ekdays‘

3.3 Traffic trends

[y
T

The major source of BC is the local traffic, which in our case
refers mainly to the vehicles on the roadafHeentie) next to
the measurement site. To estimate the effect of traffic on the
measured concentrations, it is important to know the traffic
intensities on meentie. Online traffic monitoring was only
made at lavayla, so the traffic rates ondtineentie needed to
be derived from these. The traffic rates have been countec  °°[5=%=s
in campaigns on BEmeentie, and the comparison of these ‘ ‘ ‘ ‘
campaign traffic rates with the traffic rates oawyla, en- 00 03 06 09 12 15 18 21 00
abled us to calculate transformation coefficients between the Local time

two roads. The coefficients were determinated by fitting a_.

iaht li he d d h | . TFlg. 7. Diurnal variations in traffic rates (black lines) ¢a) week-
straight me, to the at_a meas.ure att e,se two o_c_:a'_['o_r_]s' (aays andb) weekends for each measurement campaign. Stars are
get the traffic rates on &meentie, the traffic rates oraltyla

the traffic rates during Campaign 1, circles are the traffic rates dur-
needed to be multiplied by values 0.578°¢€0.998), 0.553 ing Campaign 2 and crosses are the traffic rates during Campaign 3.
(R?=0.995) and 0.564K2=0.997) for Campaigns 1, 2 and Values were calculated as medians from the hourly data and error
3, respectively. This shows that the traffic rates on thesesstimates (gray marks) are the lower and upper quartiles.

two roads are correlating well, but are about 50% less on

Hameentie than ondtayla.

Overall, the daily traffic rates have increased from 29 700vehicles are diesel or gasoline powered, and differences in
to 30000 vehicles day on Hameentie between Cam- vehicle emissions. The effect of cleaner exhaust emissions
paigns 1 and 3. This increase occurred mainly on week+from diesel powered vehicles on the BC concentration was
days, while on weekends, the traffic rates were similarexamined by comparing the nocturnal vehicle number-scaled
(19750 vehicles day') during Campaigns 1 and 3. The traf- BC concentrations on weekends, when vehicles are mainly
fic rates were lowest (29 600 vehicles ddy during Cam-  expected to be diesel-powered taxis and buses. The taxi pool
paign 2, agreeing with the lowest BC concentrations. How-is always fairly new in Helsinki and the effect of improved
ever, changes in traffic rates were marginal and this correlatechnology is easier to detect during intensive taxi traffic.
tion should be considered cautiously. Typically, the average age of the car pool is high in Fin-

On weekdays (Fig. 7a), the traffic rates followed a typ- land. Passenger cars mean age was 10.4 years in Finland in
ical rush hour related pattern with maxima in the morning 2003, while in UK and France corresponding ages were 6.8
(05:00-10:00 a.m.) and afternoon (03:00-06:00 p.m.). Theand 8.0 years hitp://www.autoalantieto.fi/vanhauusi.asp
traffic pattern on weekends (Fig. 7b) showed highest trafficrespectively. The hourly BC concentrations were scaled
rates in daytime during all campaigns with slightly higher with hourly traffic rates between 02:00 and 04:00 a.m.
traffic intensities during Campaign 1. The weekend night-We found that the vehicle number-scaled BC mass con-
time traffic rates seemed to have decreased from 1996 tgentrations were 0.0028.0005 (s.e), 0.00220.0005 and
2005. The differences in the diurnal variation of traffic rates 0.002G:0.0002xg m—2 for Campaigns 1, 2 and 3, respec-
between the campaigns were small compared to the diurndively. Thus, roughly the effect of diesel vehicle emissions
behaviour of BC concentrations (Fig. 6) implying that the on the BC concentrations seems to have decreased, follow-
number of vehicles is not the only factor affecting the con-ing the engine development and better exhaust after treat-
centrations. On weekends, the diurnal behaviour of BC conment. These estimates have a large uncertainty and should
centrations was not as evidently related to the diurnal variabe considered with caution, since nocturnal traffic includes
tions of traffic rates as on weekdays. also some gasoline cars and BC concentrations include con-

As already was mentioned, the traffic rates itself did nottribution of other local sources and long-range transport.
explain all the variation in the BC concentrations. The mea-
sured BC concentrations are also affected by other local an8.4 Multiple regression analysis
distant sources. The effect of meteorology on the measured
concentrations is studied in Sect. 3.3. Some of the differ-Besides traffic, meteorology has a strong effect on BC con-
ences between the behaviour of BC concentrations and theentrations. The local meteorology affects the dispersion of
behaviour of traffic can be explained by the uncertainties inpollutants and long-range transport has been identified to be
traffic counts, which do not take into consideration whetherone of the main factors affecting BC concentrations, with an
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Table 3. Results from the multiple regression analysis for all data, weekdays and weekends separately, and for Campaigns 1, 2 and 3
(p<0.05). Optimized models were obtained with three variables: trdff)c\Wind speed) and mixing heightf,,;,). The model parameters
squaredR, root mean square error (rmse), intercept)( and regression coefficienbsand beta coefficient of independent variables are

also listed.

R? rmsekstd int b B std (8)

All 54 0.22+0.00 0.9%0.01 Tr 0.50 0.63 0.01
U -073 -048 0.01

H, -017 -0.17 0.01

Weekdays 59 0.2#40.00 0.830.01 Tr 0.50 0.69 0.01
U -070 -046 0.01

H, -012 -0.12 0.01

Weekends 48 0.280.00 0.9&0.02 Tr 0.36 0.39 0.01
U -081 -060 0.01

H, -022 -0.28 0.01

Campaign 1 58 0.2#0.00 1.06£0.02 Tr 0.54 0.69 0.01
U -071 -047 0.01

H, -021 -0.22 0.01

Campaign 2 53 0.180.00 0.680.02 Tr 0.42 0.65 0.01
U -056 -037 0.01

H, -013 -0.14 0.01

Campaign 3 60 0.280.00 1.0&0.03 Tr 0.55 0.62 0.01
U -090 -057 0.01

H, -021 -022 0.01

2 ‘ rately, weekdays and weekends separately, and for each cam-
' (a 6 (b) 10 () - I . .
S 15 paign. The optimized models were in most cases obtained
é A s ° with three independent variables. Traffic and wind speed
2 1 E = 0 were always present in the models and the third variable var-
S 05 22 5 ied between mixing height, pressure, temperature and rela-
E tive humidity. The median values of these model variables
0 P1 P2 P3 P4 0 Pl P2 P3 P4 -10 P1 P2 P3 P4 during the selected periods are shown in Fig. 8. Changing
I Campaign 1 the third variable did not have a great effect on the model
[ campaign 2 and in the final models the same three variables were used
(I campaign 3 100 1000 to get the different cases more comparable. Traffic and wind
1020[; ((d) (e () speed were automatically included to the multiple regression
_ 80 _ models and the third one was chosen to be the mixing height.
= 1000 S E .
£ 0 E./ i 500 These three variables gave most often the best results.
%0 The multiple regression analysis for all datR2£54%)
960 confirmed traffic having the most important effect on BC

PLP2 P3 P4 ' PLP2 P3 PA *'p1 P2 P3 P4 concentrations with a beta coefficient of 0.63 (Table 3). Of
the meteorological variables, wind speed had the highest in-
fluence on the BC concentrations with a beta coefficient of
—0.48. The negative sign means inverse relationship be-
tween the wind speed and BC concentrations: the lower the
wind speed, the higher the concentration due to the mixing of
pollutants. Beta coefficient for mixing height was also neg-
ative (—0.17). High mixing height allows the air pollution
average value of 0,4g m~2 (Pakkanen et al., 2000). Amul- iy into a larger air volume and lower concentrations at the
tiple regression analysis was made to identify the relation-grface are measured. Division into weekdays and weekends
ships between BC concentrations, traffic and meteorologicakpgwed traffic having the greatest effect on BC concentra-
variables. tions on weekdays but not on weekends, when the wind speed
Multiple regression models were constructed for differ- had the strongest influence (Table 3). The latter, was al-
ent situations, including whole data, winter and spring sepateady suggested by the diurnal patterns of BC concentration

Fig. 8. Median(a) traffic rate (1000 vehiclestt), (b) wind speed
U (ms™1), (c) temperaturg” (°C) (d) pressure (hPa),(e) relative
humidity RH (%) and mixing height,,, (m) for all four periods
during Campaigns 1, 2 and 3.
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and traffic rate, which seemed to have lower connection ord Conclusions

weekends (Figs. 6 and 7). The multiple regression model

was poorer on weekend than on weekdays. Adding morelhe purpose of this study was to investigate the temporal
variables did not improve the model on weekends, suggestvariation in BC concentrations in Helsinki between 1996
ing that there was some missing variable or variables, whictand 2005. Measurements were made in three campaigns
were not included to the available variables such as the longin Vallila, which is located two kilometres of the centre of
range transport. For example, we did not have the informa-Helsinki. One of the main roads leading to the city cen-
tion about the changes in the emission sources around Eure is located 10 m away from the measurements site. The
rope during the studied period. Thus, the changes caused Hirst campaign took place from November 1996 to June 1997,
the distant sources remained unknown. On the other handhe second from September 2000 to May 2001 and the third
also the number of weekend samples was much lower thafrom March 2004 to October 2005. Detailed analysis, with
the number of weekday samples, which increases the unceweekly and diurnal cycles and multiple regression analysis,
tainty. was made for a selected periods when data from each cam-

A multiple regression analysis was also made separatelypaign existed. All together four periods and a total number of
for winter and spring periods (Not shown). The opti- 82 days from each campaign was chosen. Two periods were
mized model was better for winteRf=62%) than for spring  in winter and two in spring, respectively.

(R?=52%) and differences were small between the seasons. The BC concentrations showed annual pattern with max-
The effect of traffic was slightly larger during winter than imain late winter and fall. In late winter, enhanced emissions
spring (beta coefficients of 0.66 and 0.62, respectively),and low mixing raise the concentrations, while in fall the el-
while the influence of wind speed was the same. The mix-evations can be explained by meteorological conditions. The
ing height was more important factor during spring than in comparison of the different campaign showed a slight de-
winter. crease in BC concentrations from 1.11 to 1.@m 2 be-

To compare whether the contribution of traffic on the mea-tween 1996 and 2005. The decrease occurred especially on
sured BC concentrations had changed during the ten yearslaytime during the weekdays, when traffic intensities were
multiple regression models were made separately for eachighest. Systematically, lower concentrations were measured
campaign (Table 3). The Levene’s test showed that with 95%during Campaign 2 following the slightly lower traffic rates.
confidence the variances of traffic were the same between th€&he only exception was the weekend concentrations when
campaigns, meaning comparable beta coefficients betweetihe concentrations decreased between the campaigns.
the campaigns. The squar®&sb were between 53 and 60%  The optimized multiple regression models to predict the
during the campaigns. In all cases, traffic had the highest inBC concentrations were obtained with three variables: traf-
fluence on the BC concentrations before the wind speed. Théic, wind speed and mixing height. On weekdays, traffic had
effect of wind speed and mixing height did not have any sys-clearly the highest influence before the wind speed, and on
tematic trend between the campaigns and for both, the lowesiieekends, the effect was the other way around. On week-
effects were observed during Campaign 2. The effect of traf-ends, the traffic rates were much lower causing the meteoro-
fic, on the other hand, had a decreasing trend between thiggical factors becoming more important. Of the three vari-
beta coefficients from 0.69 to 0.62 indicating a decreased inables, the mixing height was always the least explanatory
fluence of traffic on the BC concentrations. The number ofone. The separate examination of each campaign showed
vehicles had increased in Helsinki and thus, the decreasing decreased influence of traffic on the BC concentrations.
effect needs to be related to the cleaner exhaust emissionThe beta coefficients decreased from 0.69 to 0.62. Since
This supports the rough estimate for the diesel vehicle emisthe traffic rates have increased between Campaign 1 and 3,
sions obtained in Sect. 3.3. the decreasing effect is very likely caused by cleaner exhaust

The decrease in BC concentrations between Campaigns dmissions due to engine and fuel development, and exhaust
and 3 could be explained by the decreased exhaust emissioagter treatment. At our sampling site, the vehicle number-
from the (diesel) vehicles. The decrease in concentrationscaled BC concentrations have decreased from 0.0028 to
occurred especially during rush hours, when the traffic rate©.0020.g m—2 between Campaigns 1 and 3. This indicates
were highest and the decreased exhaust emissions most vig-decreased effect of vehicle exhausts on the BC concentra-
ible. The traffic rate was the most important variable affect-tions. It is worth of mentioning, that these values are very
ing the BC concentrations during Campaign 2, so the BCrough and may be different for different sites. The decreased
concentration minimum was at least partly explained by theBC exhaust emissions most probably caused the decrease in
lower traffic rates, even though the deviations between thehe BC concentrations during 1996—2005, while the lowest
campaigns were small. concentrations during Campaign 2 were at least partly ex-

plained by the lower traffic rates.

Acknowledgementd-or financial support we would like to thank
Research Foundation of the University of Helsinki, Maj and Tor

www.atmos-chem-phys.net/8/1017/2008/ Atmos. Chem. Phys., 8, 10272008



1026 L. &rvi et al.: Black carbon variations in Helsinki

Nessling Foundation, National Technology Agency (TEKES, GrantKerminen, V.-M., MakeR, T., Ojanen, C., Hillamo, R., Vilhunen,

# 40462/03) and the Ministry of Environment. T. Koistinen and  J., Rantanen, L., Havers, N., von Bohlen, A., and Klockow, D.:
H. Sepgla from City Planning Department and M. Dal Maso and ~ Characterization of the particulate phase in the exhaust from a
L. Sogacheva from University of Helsinki are acknowledged for  diesel car, Environ. Sci. Technol., 31, 1883-1889, 1997.

their help in this study. Khan, A. J., Li, J.,, and Husain, L..: Atmospheric trans-
port of elemental carbon, J. Geophys. Res., 111, D04303,
Edited by: K. Lehtinen doi:10.1029/2005JD006505, 2006.

Kupiainen, K. and Klimont, Z.: Primary emissions of fine car-
bonaceous particles in Europe, Atmos. Environ., 41, 2156-2170,
2007.
References Laakso, L., Hussein, T., Aarnio, P., Komppula, M., Hiltunen, V.,
Viisanen, Y., and Kulmala, M.: Diurnal and annual characteris-

Arnott, W. P., Hamasha, K., Moosditier, H., Sheridan, P. J., and tics of particle mass and number concentrations in urban, rural
Ogren, J. A.: Towards aerosol light absorption measurements and Arctic environments in Finland, Atmos. Environ., 37, 2629—
with a 7-wavelength Aethalometer: Evaluation with a photoa- 2641, 2003.
coustic instrument and 3 wavelength nephelometer, Aerosol SciLilleberg, I. and Hellman, T.: Traffic development in Helsinki 2005,
Technol., 39, 17-29, 2005. Helsinki City Planning Department, p. 5, 2006 (in Finnish).

Castro, L. M., Pio, C. A, Harrison, R. M., and Smith, D. J. T.. Minoura, H., Takahashi, K., Chow, J. C., and Watson, J. G.: Multi-
Carbonaceous aerosol in urban and rural European atmospheres: year trend in fine and coarse particle mass, carbon, and ions in
estimation of secondary organic carbon concentrations, Atmos. downtown Tokyo, Japan, Atmos. Environ., 40, 2478-2487, 2006.
Environ., 33, 2771-2781, 1999. Novakov, T., Ramanathan, V., Hansen, J. E., Kirchstetter, T. W.,

Drebs, A., Nordlund, A., Karlsson, P., Helminen, J., and Rissanen, Sato, M., Sinton, J. E., and Sathaye, J. A.: Large historical
P.: Climatological statistics of Finland 1971-2000 (in Finnish),  changes of fossil-fuel black carbon aerosols, J. Geophys. Res.
Finnish Meteorological Institute, Helsinki, 24 pp., 2002. Lett., 30, 1324, d0i:10.1029/2002GL016345, 2003.

Hair, J. F., Black, W. C., Babin, B. J., Anderson, R. E., and Tatham,Novakov, T. and Hansen, J. E.: Black carbon emissions in the
R. L.: Multivariate data analysis (Sixth edition), Pearson Educa-  United Kingdom during the past four decades: an empirical anal-
tion, New Jersey, Chapter 4, 2006. ysis, Atmos. Environ., 38, 4155-4163, 2004.

Hansen, A. D. A., Rosen, H., and Novakov, T.: The aethalometer:Pakkanen, T., Kerminen, V.-M., Ojanen, C., Hillamo, R., Aarnio,
an instrument for real-time measurement of optical absorptionby P., and Koskentalo, T.: Atmospheric black carbon in Helsinki,
aerosol particles, Sci. Tot. Environ., 36, 191-196, 1984. Atmos. Environ., 34, 1497-1506, 2000.

Hitzenberger, R. and Tohno, S.: Comparison of black carbon (BC)Pohjola, M., Kousa, A., Aarnio, P., Koskentalo, T., Kukkonen, J.,
aerosols in two urban areas — concentrations and size distribu- Harkonen, J., and Karppinen, A.: Meteorological interpretation

tions, Atmos. Environ., 35, 2153-2167, 2001. of measured urban PM2.5 and PM10 concentrations in Helsinki
Hussein, T., Puustinen, A., Aalto, P.,aWek, J., Hameri, K., and metropolitan area, Air pollution VIII, Wessex Institute Press,

Kulmala, M.: Urban aerosol number size distributions, Atmos.  Southampton, UK, 689698, 2000.

Chem. Phys., 4, 391-411, 2004, Pope, C. A., Burnett, R., Thun, M., Calle, E., Krewski, D., Ito, K.,

http://www.atmos-chem-phys.net/4/391/2004/ and Thurston, G.: Lung cancer, cardiopulmonary mortality, and

Jacobson, M. Z.: Strong radiative heating due to the mixing state long term exposure to fine particulate air pollution, J. American
of black carbon in atmospheric aerosols, Nature, 409, 695-697, Medical Association, 287, 1132-1140, 2002.
2001. Ruellan, S. and Cachier, H.: Characterisation of fresh particulate
Jiang, M., Marr, L., Dunlea, E., Herndon, S., Jayne, J., Kolb, C., vehicular exhausts near a Paris high flow road, Atmos. Environ.,
Knighton, W., Rogers, T., Zavala, M., Molina, L., and Molina, 35, 453-468, 2001.
M.: Vehicle fleet emissions of black carbon, polycyclic aromatic Salma, I., Chi, X., and Maenhaut, W.: Elemental and organic car-
hydrocarbons, and other pollutants measured by a mobile labora- bon in urban canyon and background environments in Budapest,
tory in Mexico City, Atmos. Chem. Phys., 5, 3377-3387, 2005, Hungary, Atmos. Environ., 38, 27-36, 2004.
http://www.atmos-chem-phys.net/5/3377/2005/ Stoeger, T., Reinhard, C., Takenaka, S., Schroeppel, A., Karg, E.,
Karppinen, A., Joffre, S. M., and Vaajama, P.: Boundary-layer pa- Ritter, B., Heyder, J., and Schulz, H.: Instillation of six different
rameterization for Finnish regulatory dispersion models, Int. J.  ultrafine carbon particles indicates a surface area threshold dose
Environ. Pollut., 8, 557-564, 1997. for acute lung inflammation in mice, Environ. Health Perspect.,
Karppinen, A., Joffre, S. M., and Kukkonen J.: The refinement of 114, 328-333, 2006.
a meteorological preprocessor for the urban environment, Int. JSzidat, S., Jenk, T. M., Synal, H.-A., Kalberer, M., Wacker, L., Ha-
Environ. Pollut., 14, 1-9, 2001. jdas, I., Kasper-Giebl, A., and Baltensperger, U.: Contributions
Keeler, G., Morishita, M., and Young, L.-H.: Characterization of  of fossil fuel, biomass-burning, and biogenic emissions to car-
complex mixtures in urban atmospheres for inhalation exposure bonaceous aerosols in Zurich as traced 4, J. Geophys. Res.,
studies, Experimental and Toxicologic Pathology, 57, 19-29, 111, D07206, doi:10.1029/2005JD006590, 2006.
2005. van Ulden, A. and Holtslag, A.: Estimation of boundary layer pa-
Kendall, M., Hamilton, R. S., Watt, J., and Williams, I. D.: Char- rameters for diffusion applications, J. Appl. Meteor., 24, 1196—
acterisation of selected speciated organic compounds associated 1207, 1985.
with particulate matter in London, Atmos. Environ., 35, 2483- Viidanoja, J., Sillanga, M., Laakia, J., Kerminen, V.-M., Hillamo,
2495, 2001.

Atmos. Chem. Phys., 8, 1017627, 2008 www.atmos-chem-phys.net/8/1017/2008/


http://www.atmos-chem-phys.net/4/391/2004/
http://www.atmos-chem-phys.net/5/3377/2005/

L. Jarvi et al.: Black carbon variations in Helsinki 1027

R., Aarnio, P., and Koskentalo, T.: Organic and black carbon inWeingartner, E., Saathoff, H., Schnaiter, M., Streit, N., Bitnar, B.,

PMa, 5 and PM: 1 year of data from an urban site in Helsinki, and Baltensperger, U.: Absorption of light by soot particles: de-
Finland, Atmos. Environ., 36, 3183—-3193, 2002. termination of the absorption coefficient by means of aethalome-
Virkkula, A., MakeR, T., Yli-Tuomi, T., Hirsikko A., Koponen, I. ters, J. Aerosol Sci., 34, 1445-1463, 2003.

K., Hameri, K., and Hillamo, R.: A simple procedure for correct-
ing loading effects of aethalometer data, J. Air Waste Manage.
Assoc., 57, 1214-1222, 2007.

Watson, J. G., Chow, J., Lowenthal, D., Pritchett, L., and Fra-
zier, C.: Differences in the carbon composition of source profiles
for diesel- and gasoline-powered vehicles, Atmos. Environ., 28,
2493-2505, 1994.

www.atmos-chem-phys.net/8/1017/2008/ Atmos. Chem. Phys., 8, 10272008



