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Abstract. Carbon-containing particles have deleterious ef-(4—10 %). The results suggest that vehicle exhaust emissions
fects on both Earth’s climate and human health. In Europeare the main responsible for the high A4 concentrations

the main sources of light-absorbing carbon (LAC) emissionsfound at the urban locations whereas long-range transport
are the transport (67 %) and residential (25 %) sectors. Infor{LRT) episodes of combustion-derived particles can gener-
mation on the spatiotemporal variability of LAC particles in ate a strong increase of levels at background sites.

urban areas is relevant for air quality management and to bet- To decrease pollution levels at kerbside and urban back-
ter diagnose the population exposure to these particles. Thiground locations in Stockholm, we recommend abatement
study reports on results of an intensive field campaign constrategies that target reductions of vehicle exhaust emissions,
ducted at four sites (two kerbside stations, one urban backwhich are the main contributors to Mc and NG concen-
ground site and a rural station) in Stockholm, Sweden, duringrations.

the spring 2006. Light-absorbing carbon massAM con-
centrations were measured with custom-built Particle Soot
Ab_s_orpt|0n Photometers (I?SAP). The spatiotemporal vari- | o duction
ability of M ac concentrations was explored by examin-

ing correlation coefficientsK), coefficients of divergence  pimary carbonaceous particles are mostly emitted by com-
(COD), and diurnal patterns at all sites. Simultaneous meag,,stion processes (transport, residential sector, industry, and
surements of N@ PMio, PMz5, and meteorological vari- o er generation) and represent a large fraction of the sub-
ables_ were also carrl_ed _out at the same locations to help chafsiron aerosol. Regarding the optical properties of the car-
acterize the LAC emission sources. bonaceous material, it is usually described as two major con-

Hourly mean ¢ standard deviation) Mic concentrations  stituents: light-absorbing carbon (LAC), with strong absorp-
ranged from 0.3€:0.50 at the rural site to 5.3B.60ug M tion of visible light, and organic carbon (OC), with weak ab-
at the street canyon site. Concentrations of LAC betweersorption in the visible electromagnetic spectrum. Despite the
urban sites were poorly correlated even for daily aver-detrimental effect of carbon-containing particles on human
ages £<0.70), combined with highly heterogeneously dis- health (Lighty et al., 2000; Franco Suglia et al., 2007) and the
tributed concentrations (COED.30) even at spatial scales of potential of the LAC fraction to modify the radiative budget
few kilometers. This high variability is connected to the dis- regionally (Ramanathan et al., 2007) and to have other ad-
tribution of emission sources and processes contributing tqerse effects on climate (e.g. Ramanathan et al., 2001; Ack-
the LAC fraction at these sites. At urban siteg.Ad tracked  erman et al., 2000; Menon et al., 2002), their emission and
NOx levels and traffic density well and mean M/PM25  ambient concentrations are still not addressed by local regu-
ratios were larger (26—38 %) than at the background site$ations worldwide.

The main emission sources of LAC in Europe are
road transport (49 %), residential combustion of solid fuels

Correspondence td?. Krecl (25 %), and off-road transport (18 %) according to estima-
BY

(p.krecl@leeds.ac.uk) tions by Kupiainen and Klimont (2007) for the year 2000.
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In Sweden, the main sources contributing to LAC emissions
are road transport (37 %), residential combustion of biofuels
(25 %), and off-road transport (23 %) as extracted from the
Bond et al. (2004) global inventory based on 1996 fuel-use
data. Streets et al. (2004) projected a reduction of LAC emis-
sions in Europe in 2030 and 2050 (36—64 % depending on the
IPCC scenario), mainly due to the introduction of advanced
vehicle technology. A 40% decrease of LAC emissions is
predicted in Sweden for the year 2020 compared to 2007, as:
sociated to more stringent particulate emission standards fol
diesel engines and other vehicles (R. Abrahamsson, persone
communication, 2011). However, advances in reducing at-
mospheric emissions by the development of cleaner vehicle
technologies could be balanced or even exceeded by increas
ing traffic density in many cities.

Compared to rural zones, urban areas are characterized b55~°1°3fouE
higher population density, larger number of pollutant emis- 200°E
sion sources, higher atmospheric pollutants concentrations,
and a higher LAC content in the fine particle (2} fraction Fig. 1. Location of Stockholm city, Aspvreten and Norr Malma
(Putaud et al., 2004). Simultaneous and continuous time!Ura! background sites.
resolved LAC measurements are required in different parts
of the city to (1) characterize the carbon-containing parti- : . . . .
cle sources which can be used to streamline successful ahroznls w ork |nves't|gates the spanotemporal' variation of

. . . y light-absorbing carbon concentrations in Stockholm

guality control strategies to safeguard public health, (2) un-City in springtime.  First, the performance of the custom-
derstand the particles fate and transport in the urban atm ) ’

. - .05uilt instruments is evaluated in ambient air by comparin
sphere, (3) study the spatiotemporal variability of LAC parti- . : by paring
. . their measurements with those from commercial instruments.
cles to better diagnose the population exposure to these p

. ) L "hen, descriptive statistics are presented for different moni-
ticles, and (4) determine to what extent the limit values fortorin sites and the spatial and temporal variation of the LAC
PM, s and PMg regulate the LAC concentrations, since LAC 9 P P

would be a good candidate substance to be regulated if both 233 (Mac) concentrations s also examined. To help char-

. o . cterize the LAC emission sources, we also report the re-
climate and health effects of emissions are to be considered. .. . ;
: . o ationships between LAC and other atmospheric pollutants
Stockholm is the largest metropolitan region in Scan-

dinavia (1.25 million inhabitants in the urban area) and (PM25. PMuo, and NQ), the diurnal cycles of these pollu-

. : . . tants, and the wind dependence of the concentrations. Fi-
has an extensive air quality monitoring program created by

the Stockholm Environment and Health Administration and nally, the urban and_ rural contributions to the atmospheric
. pollutants load are discussed.
operated by SLB analys. For several atmospheric pollu-
tants (carbon monoxide, sulphur dioxide, benzene, lead, and
benzo[a]pyrene) Stockholm concentrations are below the nag  Description of measurement sites
tional environmental quality standards (which are the same
as the EU directives) even on the busiest streets in the inAn intensive field study was conducted simultaneously at
ner city (Johansson et al., 2009). However, nitrogen diox-three monitoring sites in central Stockholm (Hornsgatan,
ide (NO) and PM mass concentrations still exceed the air Torkel Knutssonsgatan (referred to as “Torkel”), and Essin-
quality standards (annual mean limit value of 40 pnin geleden) and at a rural station (Aspvreten) in spring 2006
Stockholm city in connection to high traffic emissions (Jo- (Figs. 1 and 2). Hornsgatan is a four-lane 24 m wide street
hansson et al., 2009). High Rlylconcentrations are found in  canyon with 24 m high buildings. Instruments were housed
the inner city in springtime mostly due to particle resuspen-in a trailer parked on the street with a traffic volume of
sion, as a result of the use of studded tires when roads are free28 000 vehicles per day. On average, the composition of
from snow (Norman and Johansson, 2006). While the spatiathe vehicle fleet is: passenger cars 77 %, light-duty vehicles
variability of particle mass concentrations (Johansson et al.12 %, buses 2 %, and heavy-duty vehicles 1%. Half of the
2007a) and particle number concentrations (Gidhagen et alyehicle fleet runs on gasoline, 30 % uses diesel (21 % of the
20044a; 2004b; 2005) over Stockholm has already been agpassenger cars, most of the taxis and heavy-duty vehicles),
sessed in previous studies, considerably less is known abo@nd 14 % are ethanol vehicles (80 % of the buses and 15 % of
the distribution of LAC particles within the city (Johansson the passenger cars) (Burman and Johansson, 2010). Torkel is
et al., 2007b) and the relationship between the LAC particlelocated on a rooftop platform (25 m height) and thereby rep-
fraction and other atmospheric pollutants. resents urban background concentrations for the Stockholm
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Fig. 2. Location of the monitoring stations in Stockholm: Essingeleden (1), Hornsgatan (2), and Torkel (3). Blue indicates water surfaces,
green forest/park areas, orange built-up areas, black lines important roads, and grey represent public buildings (e.g., hospitals, museums
schools).

region, since it is not directly affected by nearby atmosphericsectiono, relates the absorption coefficient of the aerdsgl
emissions. Measurements were also carried out near Essie the M ac concentration. The calculation ef, requires
geleden, on the island of Lilla Essingen, by the kerb of thethe determination of Mac by an independent method (e.g.,
eight-lane E4 highway with a traffic flow 6#128 000 vehi-  thermo-optical measurements).

cles per day. The distance between Hornsgatan and Torkel The Aethalometers series 8100 (Magee Scientific, USA)
sites is 450 m, Hornsgatan-Essingeleden distance is 2.7 kmvvere operated with P sample inlets (installed at 3'.5m
and Torkel and Essingeleden sites are 3.1km apart. Asébove ground level) and a sample flow rate of 2T
pvreten s a rural background station operated by ITM and isThe instruments reported 1-min values, calculated from 5-
part of two European-scale aerosol monitoring networks: th in moving averages, and 15-min a\’/erage values were
European Monitoring and _Evaluatlon ngramme (EMEP)Iogged into the acquiring system. Aethalometer concentra-
and the European Supersites for Atmospheric Aerosol Refions were computed using the, value provided by the
search (EUSAAR). The station is located 80 km SOUthweStmanufacturer (16.6Ag-1). In this study, mean offset val-
of Stockholm and 2 km inland from the Baltic Sea, and SUr- 1es of 050 ug mg,' and O.él ug me weré subtracted from

rounded by deciduous and coniferous forest and grassland ethalometer Mac concentrations measured at Hornsgatan
Measurements conducted at Norr Malma rural backgroun

. ; nd Torkel, r tively. Th ffset val were foun
station, located in a rural area70 km northeast of Stock- d Torkel, respectively ese offset values were found

. when operating the Aethalometer in the field with particle-
holm and 1km south of Lake Erken (Fig. 1), were used tc’free air drawn through the filter for several days. Similar
complete or complement Aspvreten data.

Aethalometer offset values were observed by the instrument
supplier when running baseline measurements (Krecl et al.,

. . 2007).
3 Instrumentation and sampling program
The custom-built PSAPs were constructed at ITM, Stock-
3.1 Carbonaceous aerosol holm University (herein after referred to as PSAP-ITM) and

a detailed description can be found in Krecl et al. (2007;
Measurements of light-absorbing carbon were performed2010). For this campaign, sample inlets were installed at
using custom-built Particle Soot Absorption Photometers~2m above ground level and no pre-cut size devices were
(PSAP) at the four sites (central Stockholm and Aspvretenlused. The PSAP particle sampling was conducted through
and two commercial Aethalometers installed at Hornsgataril/4” stainless steel tubing with the flow rate controlled by
and Torkel. The measurement principle of these instruments needle valve 40.06 Imin! at central Stockholm sites,
is the same and relies on the light absorbing properties of thend 0.2 Imirr! at the rural site). Data were logged every
carbonaceous aerosols. The method is based on the integré® s and a 4-min moving average was computed for all volt-
ing plate technique (Lin et al., 1973) that measures the attenages prior to calculating the absorption coefficients. Sev-
uation of light transmitted through particles that are contin- eral corrections were applied to PSAP measurements, as de-
uously collected on a filter. The LAC mass absorption crossscribed in Krecl et al. (2007; 2010), to obtain the absorption
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coefficient of the airborne particles: filter property correc- 3.2 Other measurements
tion, filter loading correction, scattering correction and ad-
ditional absorption correction. To correct for aerosol light PMjp and PM s mass measurements were performed at all
scattering aerosol deposited onto the PSAP filter, two apsites using automatic Tapered Element Oscillating Microbal-
proaches were used depending on the data availability at eacince (TEOM 1400a, Rupprecht & Patashnick Inc., USA) in-
site: (1) aerosol scattering coefficient measurements perstruments with heated inlets (8G) to avoid condensing wa-
formed at Hornsgatan in the period 23 May—6 July 2006 us-ter. To account for losses of volatile material on the par-
ing an integrating nephelometer (520 nm wavelength, modeticles, all TEOM data were corrected following Areskoug
M9003, Ecotech, Australia), (2) aerosol light-scattering co-(2007). In short, built-in TEOM corrections were removed,
efficients estimated from Pp4 mass measurements multi- mass concentrations were expressed at ambient pressure and
plied by the aerosol mass scattering coefficient (Krecl et al. temperature and, finally, concentrations were multiplied by
2007). For the urban sites, the mass scattering coefficient.19 and an offset of 1.15 was added. Because of the short
was obtained when linearly correlating daily meani2Mnd PMz 5 time series at Aspvreten (started on 22 June 2006),
aerosol light scattering measurements at Hornsgatan in thBlorr Malma PM s measurements were used as a replace-
period 23 May-30 August 2006 (slope of 40.37 (95%  ment of Aspvreten data only for calculations of average val-
confidence interval), correlation coefficieRt=0.92, num-  ues (means of 8.30 and 8.00 pug#nfor the simultaneous
ber of samples: 99). Essingeleden PMMmeasurements measurements) since the linear correlation for the time se-
were used in these calculations when Hornsgatan data wemes was rather low Rhourly = 0.43, Rdaily = 0.71) for the
missing. Finally, a mass scattering coefficient of 42ymt period of simultaneous measurements. yNfoncentrations
was used to correct all Stockholm PSAP calculations whichwere measured at the three monitoring sites in central Stock-
agrees well with reported values for polluted continental airholm and at Norr Malma station using commercial chemilu-
(3.5+1.2nf g%, IPCC, 2001). In the case of Aspvreten, minescence analyzers (model 31 MLCD, Environment SA,
a mass scattering coefficient of 2.8gr! was taken from  France). Total traffic counts were recorded at Hornsgatan and
the literature for rural background conditions (IPCC, 2001; Essingeleden using automatic counters based on magnetic
Pereira et al., 2008) and R concentrations were estimated impedance. Meteorological measurements were conducted
as 80 % of PMg levels (Areskoug et al., 2004) when B at Torkel and Aspvreten including air temperature (Hygro-
data were missing. clip probe, Rotronic AG, Switzerland), precipitation (tipping

Finally, to convert the aerosol light absorption coefficient bucket rain gauge, model HB 3166-06, Casella Measure-
into M ac we assumed that all light absorption was from ment, UK), and wind speed (WS) and direction (WD) (ul-
light-absorbing carbon and that all LAC had the same masgrasonic anemometer, model R3, Gill Instruments Ltd., UK).
absorption cross section at each site over the sampling pesensors were installed at 2m above roof at Torkel and 2m
riod. In situ oa values were determined by linearly cor- above ground at Aspvreten, except for the anemometer in-
relating aerosol light-absorption coefficients (after applying stalled at 10 m height.
all corrections) with elemental carbon (EC) mass concen-
trations. For EC/OC analysis, quartz fiber filters were col-
lected at Torkel and Aspvreten using a 10 um cut-off size4 Results and discussion
sequential sampler (model SEQ 47/50, Leckel GmbH, Ger-
many) installed at 1.6 m above rooftop level operated at &4.1 Comparison of aerosol light-absorption
standard flow rate of 38.3Int. Filters were pre-baked in measurements
a furnace at 800C for 150 min and placed in clean glass
Petri dishes and kept refrigerated before and after the filKrecl et al. (2007), when comparing Aethalometer
ter sampling. The EC/OC analysis was carried out usingand PSAP-ITM measurements in an area impacted by
a Thermal/Optical Carbon Aerosol Analyzer (Sunset Lab-woodsmoke, showed that the custom-built PSAP was a re-
oratory Inc., Forest Grove, USA) operating on the NIOSH liable alternative for the commercial Aethalometer. Be-
method 5040 (Birch and Cary, 1996). Mass specific absorpcause of the different physicochemical characteristics of
tion cross sections of 7.65y~1 (R = 0.80, number of sam- combustion particles from vehicle exhaust and residential
ples: 9) and 10rhg~! (R =0.90, number of samples: 10) woodsmoke (Kocbach et al., 2005), we evaluate here the
were obtained at Torkel and Aspvreten, respectively. Theperformance of the custom-built PSAP at a kerbside site
oavalue for Torkel is in agreement with freshly generated (Hornsgatan) and at an urban background monitoring sta-
light-absorbing carbon values (&4%.2 n? g~1) summarized tion (Torkel). The PSAP-ITM instruments used in this study
by Bond and Bergstrom (2005) at a wavelength of 550 nmwere previously intercompared in the laboratory when sam-
and was used for all Stockholm sites. The Aspvreten valuepling air from outdoors and showed a very high correlation
is typical of aged LAC aerosol at background sites (Cozic etfor 15-min averagesk = 0.99) (Krecl et al., 2010). Figure 3
al., 2008). displays the linear regression between hourly PSAP-bEM

and Aethalometer Myc for measurements carried out at
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Fig. 3. Linear correlation between hourly mean PSAP-ITM aerosol absorption coefficients and Aethalomgteinthe period 20 April—
5 July 2006.(a) Hornsgatan(b) Torkel. The regression equation, correlation coefficm@nd number of samples n are also displayed.

Hornsgatan (left panel) and at Torkel (right panel) in the pe- 1000
riod 20 April-5 July 2006. The two methods were found to 800 Homsgatan  (a) Essingeleden  (b)

be highly correlated §>0.85) for both sites, but a large y-

intercept 7.2 Mm~1) was observed when correlating the
10 20 30

600
400

quency [-]

Aethalometer and PSAP-ITM measurements at Hornsgatan £ 200
even after subtracting an offset value as described previously

If instead the PSAP-ITM Mac concentrations are linearly % 10 20 30
correlated with the Aethalometer mass concentrations, the %%
slope of the regression line is #8.03 (95 % confidence in- 800 Tore! ©
terval) for both sites (not shown). The slope being larger & 600
than 1 might partly result from (a) the use of an Aethalome- & 400
ter ogvalue that is not site and season specific for this study = 200
(Sharma et al., 2002), and (b) biases of the thermo-optical 0
measurements of EC (Bond and Bergstrom, 2005) used tc
determine the custom-built PSAR. To determine the good-

ness of the linear fit between hourly PSAP and Aethalometer ) _
M_ac concentrations, the root mean square error RMSE wag19: 4. Frequency-of-occurrence histograms of hourlyAd time
calculated for both sites. The RMSE values were 1.78 and€es at the four sites in the period 20 April-5 July 2006.
0.35ugnT? for Hornsgatan and Torkel, respectively. The

higher RMSE valug at Hornsgatan indicates a Iarger F“ffer'l.S ms ! and the dominant winds were from south (22 %),
ztn;:_grﬁzltween the instrument measurements at this site th%’?}utheast (20 %), and east (15 %).

Sl —
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Descriptive statistics and frequency-of-occurrence his-
tograms of hourly mean Mc concentrations measured with
4.2 General overview the PSAP-ITM for simultaneous measurements in the period

20 April-5 July 2006 are displayed in Table 1 and Fig. 4, re-
During the selected sampling period (20 April-5 July 2006), speptively. Missing data corresponded to time periods when
daily mean temperatures ranged betweerf@.@nd 23.6C  the instruments were not operating or were known to be oper-
at Torkel, and between 3°C and 19.6C at Aspvreten. ating improperly (e.qg., filter transmittance below the recom-
The mean wind speed was 3.5 ntsat Torkel (rooftop) and mended thrgshold, voltage signal higher thar) the maximum
the prevailing wind directions were south (22 %), southwestdata logger input voltage, maintenance for filter change or
(18 %), and west (15 %) whereas Aspvreten mean WS wadOw rate measurement).
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Table 1. Descriptive statistics of hourly Mhc concentrations at the four sites for the period 20 April-5 July 2006.

Miac [ugm3] Hornsgatan Essingeleden Torkel Aspvreten
Arithmetic mean 5.39 3.23 1.13 0.36
Median 4.47 2.63 0.72 0.14

5th percentile 1.44 0.74 0.21 0.01

95th percentile 12.46 7.51 3.99 1.58
Arithmetic SD 3.60 2.27 1.15 0.50
Number of samples 1744 1791 1841 1412

Table 2. Spatiotemporal variability of Mac time series measured at the four sites in the period 20 April-5 July 2R0&nd COD for
hourly and daily (in square brackets) measuremearts0.75 are displayed in bold.

Coefficient  Stations Essingeleden  Torkel Aspvreten
Hornsgatan 0.62[0.70] 0.48[0.59] 0.23[0.40]

R[] Essingeleden 0.50[0.65] 0.27[0.41]
Torkel 0.78[0.88]
Hornsgatan 0.37[0.31] 0.69[0.71] 0.88[0.90]

COD [] Essingeleden 0.56 [0.56] 0.84 [0.86]
Torkel 0.66 [0.67]

Mean M.ac concentrations ranged from 0.36 to rangingfrom 1.28 (Essingeleden)to 2.29 (Aspvreten). These
5.39ugnt3, and standard deviation (SD) varied be- measurements are more closely represented by lognormal
tween 0.50 and 3.60 ugm. As expected, higher values distributions (not shown).
of Miac concentrations were found at the street canyon A |arge hour-to-hour and day-to-day variability of I\t
site whereas lower levels always corresponded to the ruratoncentrations was observed at the kerbside sites whereas
station. The 95th percentile at Hornsgatan was 12 timegoncentrations at the rural background station showed very
higher than the 95th percentile at Aspvreten even for dailylow levels. Figure 5 illustrates the spatiotemporal variability
averages (not shown), and the lowest values at Hornsgatafor one example week from 14 May through 20 May 2006
(5th percentile) were higher than the average at Aspvretefyhen no long-range transport (LRT) from polluted areas
(1.44 g n73 versus 0.36 ug m?). The other two urban sites  was detected in Stockholm (as observed in HYSPLIT4 back-
presented intermediate concentrations, with Essingeledefard trajectory analysis and corroborated by the low levels
(close to the highway) showing on average 2.8 times highegt the rural site Aspvreten). More tellingly, the maximum
concentrations than the urban rooftop site. Street levehourly concentration at Hornsgatan reached 15.84 yah
concentrations of Mac in Stockholm (Hornsgatan and 11:00LT whereas a minimum value of 2.15 pgfwas ob-
Essingeleden) were higher than concentrations measureskerved at 21:00 LT on Friday 19 May. At Aspvreten, Ad
in a residential area impacted by woodsmoke in Northernconcentraﬂons ranged between 0.20 and O32];E§fmr the
Sweden during wintertime (Krecl et al., 2007, 2010). same day. During that week, the daily mean temperature
Compared to other European kerbside sampling sites, meagt Torkel ranged between 7€ and 10.4C with precipi-
Miac concentrations at Hornsgatan and Essingeleden wergation records on 17 May (0.6 mm), 18 May (3.8 mm), and
within the 3.11-10.68 ug I annual average range reported 20 May (5.6 mm). The weather at Aspvreten was colder than
by Putaud et al. (2004). Average values at Aspvreten wereyt Torkel with air temperatures between 5Cland 9.0C
similar to other European rural background sites (Putaud eand precipitation records on 17 May (1.0 mm), 18 May (2.6
al., 2004), with concentrations lower than 1ugi The  mm), and 20 May (3.2mm). At both stations, precipitation
Torkel median Mac concentration is comparable to the did not seem to produce significant washout of airborne par-
median value observed at a Tokyo rooftop site (1.18 {&m ticles when comparing concentrations in rainy days vs. non-
~20 m height) in the period 2003-2005 (Kondo et al., 2006).rainy days. This might be explained by the low precipitation
Mean M ac concentrations at two New York city sites were rate and amount.

1.01 and 1.38 ugm for wintertime (Venkatachari et al., During the present field campaign, a long-range transport
2006), being comparable to Torkel levels but lower than ot nojiytants emitted by agricultural wildfires in Russia and

Hornsgatan and Essingeleden mean values. Figure 4 showge gajtic region had a strong impact on aerosol concentra-
the skewed nature of Mc datasets, with positive skewness tions in Sweden in the period 24 April-9 May 2006, mainly

Atmos. Chem. Phys., 11, 115581567 2011 www.atmos-chem-phys.net/11/11553/2011/
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Fig. 5. Time series of hourly mean Mc concentrations at the four sites for the period 14-20 May 2006. Date labels are at 00:00 LT. Days
of the week are also displayed.

for background sites (Targino et al.,, 2011). On averagefriod 20 April-5 July 2006 are shown in Table 2 (bottom
M_ac concentrations were 4 times higher at Torkel and 7part). Values lower than 0.20 are indicative of relative spa-
times higher at Aspvreten during this LRT episode comparedial uniformity, whereas values approaching one indicate
to the rest of the study period. that the concentrations are heterogeneously distributed. At
hourly averages, COD values ranged from 0.37 (Hornsgatan-
4.3 Spatiotemporal variability of M ac concentrations Essingeleden) to 0.88 (Hornsgatan-Aspvreten), revealing a
high spatial heterogeneity in the measured concentrations.
Ambient particle concentrations vary spatially and tempo-The spatial uniformity did not improve when daily averages
rally to different degrees at the intraurban scale and twowere considered. This suggest thatdd concentrations are
statistical tools are commonly used to determine whether aess homogeneous, even at short spatial scales of the order
pollutant concentration is homogeneously distributed in timeof a few kilometers, than usually assumed in health and ex-
and space. Correlation coefficients accurately track the temposure studies. Thus, analysis of health effects on the popu-
poral similarity of paired measurements conducted at twojation due to short term (hours—days) Ab exposure based
sites, while coefficients of divergence (COD) are often usedon single point measurements would likely tend to underes-
to analyze the spatial uniformity of the observations (Wilson timate the significance of the exposure-response coefficients
etal., 2005). due to misclassified exposure in an urban area like Stock-
The Pearson correlation coefficients betwegmdltime holm.
series were calculated for hourly and daily (starting at mid-
night) mean concentrations during the period of simultane-4.4 Linear correlation between pollutants
ous measurements and the results are displayed in Table 2  concentrations
(upper part). All correlation coefficients were significant at
the 99 % level (not shown). Daily correlations were higher Table 3 displays the average concentrations of NEM;,
than hourly correlations for all site pairs. However, daily and PNy s measurements conducted simultaneously at all
M_ac time series were still poorly correlated except for As- sites. Note that NQwas not measured at Aspvreten. It
pvreten and Torkel measurements (houRy=0.78; daily  can be seen that N@oncentrations decreased sharph2(
R =0.88). The high correlation between Aspvreten andtimes) when moving from the street canyon site (Hornsgatan)
Torkel could be explained by the long-range transport ori-to the rural station (Norr Malma) showing the dominant role
gin of the M_ac observed at the two sites since these sitesof local anthropogenic emissions on N@vels. A simi-
were not affected by local emission sources. lar reduction {24 times) was found when comparing NO
The coefficients of divergence were calculated accord-concentrations at kerbside and rural sites in the Copenhagen
ing to Wongphatarakul et al. (1998) and results from col- area and Southern Sweden in fall 2002 (Ketzel et al., 2004).
located hourly and daily Mac concentrations in the pe- In this study, PMg concentrations also decreased from the
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Table 3. Arithmetic mean NQ, PM; g, PMy 5 concentrations at the different sites for the period 20 April-5 July 2006.

Concentration [ugm3] Hornsgatan Essingeleden Torkel Aspvreten Norr Malma

NOy 109.6 74.4 159 - 5.3
PMyo 46.1 47.4 220 152 15.0
PM, 5 12.8 12.2 108 858 10.4

2 Reduced data availability in the selected period: 36 % at Hornsgatan, and 10 % at Aspvreten.

kerbS|d_e _statlons to_ the ryre_ll sites and meanzig’_NAa_veIs Table 4. Linear correlation coefficients between hourly concen-
were similar at all sites within one standard deviation (N0t ations of different species measured at each site in the period
shown). Ketzel et al. (2004) also reported lowerflévels 20 April-5 July 2006, but excluding the aerosol LRT event on
at background sites (9.0-10.3 ug# than at kerbside sta- 24 April—9 May 2006. n indicates the number of paired data for

tions (17.2—29.5 pg fre). each combinationR>0.75 are displayed in bold.
Average concentrations ratios at each site were calculated
as the ratio between mean concentrations of each pollutant. R [-] Miac Miac Mpac NOx  NOyx  PMgsg
Due to missing PMs data at Hornsgatan and Aspvreten dur- NOx PMjp PMzs PMzs PMjg PMyg
ing the study period, the following procedure was applied:  Homsgatan 0.78 044 064 050 051 0.67
(a) calculations of Mac/PMzs and PNps/PMyg ratios at n 1368 1382 625 664 1438 673
Hornsgatan were restricted to periods of simultaneous valid Essingeleder0.90 0.45 057 042 048 0.38
data, (b) the rural mean P} value used in the calcula- n 1443 1412 1330 1350 1433 1348
tions corresponded to Norr Malma. The mean D ac Torkel (1)-37869 (ﬁgl oigcs)s 01'220 OiéZzG 01'236
. P . n
ratios ranged between 20.3 and 23.0 at the kerbside locations, Aspvreten  — 045 035 - - 0.73

which is consistent with ratios observed close to major roads 1037 171 176
(distance of 5-10m) in Japanese urban areas (Naser et al.;
2009). The mean Whc/PMys ratio is larger at the kerb-

side stations (38 % at Hornsgatan, and 26 % at Essingelede

'?i)me series at the background sites increased (0.75 at Torkel
i 0 T 40 AS- ’
than at the background sites (10 % at orkel, and 4% at As nd 0.85 tAspvr ten, n t sh Wn) when includina the LRT

pureten) as abserved by Putaud et al. (2004) when StUdyIn%pisode, suggesting a common aerosol origin. An important

the chemical characteristics of the particulate matter acrosg o |ation increaseR(= 0.89) was observed at Torkel when

Europe. The strongly decreasing P&PMso ratio from ru- analyzing M ac and PM s measurements, in contrast to the

ral (0.69) to kerbside sites (0.26), indicates a higher emissior\1Neak correlation R = 0.41) at Aspvreten (probably caused

of coarse particles in the urban area (e.g. road dust emissionBy the relative small number of valid measurements).
Norman and Johansson, 2006).
Linear correlations between hourly concentrations of at-4.5 Diurnal patterns
mospheric pollutants (Mhc, PMig, PM2s, and NQ) mea-
sured at each station were calculated in the period 20 April-The diurnal variation of mean Mc, PMig, PM25, and
5 July 2006: (1) excluding data during the LRT event NOx concentrations for the 4 sites is shown in Fig. 6, to-
(24 April-9 May 2006), (2) including all days. Table 4 dis- gether with the daily pattern of traffic density at Hornsgatan
plays the inner city correlation coefficients only when local and Essingeleden. Measurements were classified as week-
sources dominated the pollutants emissions (period 1). Thelays (Monday—Friday) and weekends (Saturday—Sunday)
number of valid samples ranged from 171 to 1451 becausend mean hourly values were calculated for the period
not all instruments were always operating correctly, and this20 April-5 July 2006. PM 5 data from Norr Malma replaced
variation has to be considered when comparing R valuesAspvreten measurements for this calculation due to the low
High R values R>0.75) were only observed for the variable data availability (only 10 %). Because of missing Pivbb-
combination M ac-NOx at all urban stations, suggesting that servations at Hornsgatan (36 % data coverage) £PMeek-
both compounds originated mainly from vehicle traffic emis- end daily patterns at these sites were not fully synchronized
sions. For period 2, the correlation betweepa and NG with the other observations. Time displayed in Fig. 6 corre-
concentrations decreased to 0.47 at Torkel (not shown) andponds to local time (LT).
remained constant for the kerbside sites. This finding in- It can be observed that pollutant concentrations were gen-
dicates a strong contribution of the LRT episode tpai! erally higher on weekdays than at weekends between early
concentrations at Torkel whereas N@as emitted by local morning and evening at the urban sites. To test the signif-
pollution sources. The correlation betweendd and PMg icance of the weekday concentrations being higher than the
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WEEKDAY WEEKEND
15

(a) (b) ——@—— Homsgatan

Traffic rate [1000 hr']

0 6 12 18 23 0 6 12 18 23
Time of day (start) Time of day (start)

Fig. 6. Average diurnal variation of Mac, PM1o, PMo 5, NOy, and traffic rate on weekdays and weekends for the four stations in the period
20 April-5 July 2006. Aspvreten Py concentrations were replaced by Norr Malma data.
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weekend levels, a non-parametric Mann-Whitney U test wasconcentrations were slightly higher than at Essingeleden on
performed on the median difference concentration for eactBaturday—Sunday.
hour of the day at 95 % confidence level. Measurements at During early morning hours (00:00-05:00), Hornsgatan
Aspvreten showed no significant difference between weekM ac and NQ concentrations were found statistically sig-
end and weekdays for all variables analyzed, indicating nanificantly higher at weekends than on weekdays (Mann-
evidence of local anthropogenic activities. Weekday concen\Whitney U test, 95 % confidence level). This rise beyond the
trations were statistically significantly higher than weekendevening rush hour at Hornsgatan might be due to the higher
levels for: (1) M.ac concentrations at all urban stations dur- early morning traffic at weekends than on weekends, mainly
ing daytime (07:00-20:00), (2) PM concentrations in the composed of diesel taxis (Burman and Johansson, 2010) and
morning and early afternoon (08:00-15:00) at Hornsgatarpossibly associated to leisure-time activities in Stockholm
and Torkel, and during daytime (07:00-20:00) at Essingele-downtown area.
den, (3) NQ levels at the three urban sites during daytime
(06:00-20:00), (4) PMs concentrations only at Hornsgatan 4.6 Wind dependence
in the period 07:00-20:00 (this result should be considered
with caution as previously mentioned). Wind direction is a key variable to determine the relative po-
On weekdays, the pollutants concentration rise observegition of the measuring sites to the main pollutants emission
at the kerbside stations in the early morning (05:00-06:00)sources. To study the pollutants concentration dependence
was consistent with an increase in vehicle traffic, and maxi-on the wind direction, the concentration roses of the pol-
mum values were reached-a09:00. Peak values were fol- lutants time series were calculated for each site. Figure 7
lowed by a gradual decrease in. M and NQ concentra-  displays the Mac, PMig, and NG concentration roses at
tions at both sites through the afternoon, partially explainedthe four sites for the whole period of simultaneous measure-
by the well-documented growth of the mixing layer depth ments (Fig. 7a—c), and excluding measurements during the
and strong turbulent mixing during the afternoon. A simi- LRT event (Fig. 7d—f). Due to the poor data coverage of
lar pattern for NQ was observed at Hornsgatan by Olivares PM2 s measurements at Hornsgatan and Aspvreteng M
et al. (2007) when analyzing diurnal variations on weekdaysconcentration roses were calculated only for Essingeleden
and at weekends in the period June 2002-September 2004and Torkel (not shown). The average of hourly concentra-
Hornsgatan Mac diurnal cycle was similar to the pattern tions was calculated for each WD sector (22.Bicluding
observed at Vallila kerbside station in Helsinki during three only data records with valid measurements from all sites.
campaigns conducted between 1996 and 2086vi(&t al., Pollutants concentrations at the kerbside stations are
2008). However, Hornsgatan median concentrations werdigher than backgrounds levels for all wind directiong.aM
much higher than Valilla levels (4.47 versus 1.11ugfin  and NG concentrations roses showed the same pattern for
as well as morning peak values on weekdays (9.69 versuthe kerbside stations during both periods (i.e. including and
2.40 ug nd). excluding the LRT event). This suggests that local emission
Weekday and weekend daily patterns of traffic rate weresources (i.e. traffic exhaust) were the main contributors to
distinct for Hornsgatan and Essingeleden as depicted iM ac and NQ measurements at Hornsgatan and Essingele-
Fig. 6i—j. On average, the traffic volume at Essingeledenden. However, Torkel and Aspvreten concentration roses for
was 4.5 times higher than at Hornsgatan. On weekdays, twd1, oc showed a distinct behavior. When the LRT episode
peaks represented the morning (06:00-09:00) and afternoowas included, Mac concentrations were higher at both sites
(14:00-18:00) traffic rush hours at both sites with moderatefor E and SE winds (Fig. 7a), matching the predominant
traffic volume between these periods. In the early morn-WD at Torkel and Aspvreten during the agricultural wild-
ing (00:00-05:00) at weekends, the traffic rate was higheffires episode in Russia. The reader is referred to Targino et
at weekends than on weekdays, particularly at Hornsgataml. (2011) for details on the impact of this wildfires episode
station. on the Swedish air quality, including air mass back trajectory
Even though the vehicle traffic was more intensive atanalysis. Mac levels were lower at the background sites
Essingeleden than at Hornsgatan, pollutants concentrationshen the LRT episode was excluded and the WD dependence
were usually higher at Hornsgatan. This is most likely was negligible (Fig. 7d). PM concentrations showed a pos-
mainly connected to poor ventilation conditions at Horns- itive WD dependence at all sites for SE and E winds when
gatan because of the street canyon geometry. HighapPM the LRT event was present in the analysis (Fig. 7b). Horns-
concentrations were observed at Essingeleden than at Horngatan concentration roses for, Mt and NQ, presented the
gatan during the afternoon on weekdays, which might be exhighest values associated with the NE and E sectors match-
plained by higher road dust emissions due to the higher veing the street canyon orientation of 7&om the north to-
hicle speed at Essingeleden than at Hornsgatan. At weekwards the east. Gidhagen et al. (2004b) showed that mod-
ends, a reduced number of vehicles circulated and the coreled NG levels at the Hornsgatan site were improved when
tribution of road resuspended particles to thejgKlaction traffic emissions from the surrounding streets, especially in
was smaller than on weekdays. Thus, HornsgatanoPM the sector 480-14C, were included in the simulations. This

Atmos. Chem. Phys., 11, 115581567 2011 www.atmos-chem-phys.net/11/11553/2011/



P. Krecl et al.: Spatiotemporal distribution of light-absorbing carbon in Stockholm 11563

Mll.{-\C

Fig. 7. Rose plots of pollutant concentrations (M:, PM1g, and NQ) based on hourly measurements at the four sites and expressed as
pg m3. Top panela—c) whole period 20 April-5 July 2006. Bottom par(e-f): measurements in the period 24‘April-9 May 2006 were
excluded (LRT event). Color code: Hornsgatan (black), Essingeleden (red), Torkel (green), and Aspvreten (blue).

suggests that Mhc and NQ emitted by traffic in the neigh- showed a positive WS dependency due to local dust genera-
borhood (NE-E of Hornsgatan site) might have been transtion by road abrasion.

ported along the street canyon contributing to the high load
observed at Hornsgatan. 4.7 Urban versus rural contributions

Hourly concentrations were classified according to the

corresponding WS in intervals of 1rmsto investigate the entrations at Hornsgatan, Essingeleden, and Torkel. Onl
WS dependence of the pollutant concentrations at the urbafi 9 ' 9 ' o y
measurements conducted on weekdays and outside the LRT

sites excluding the LRT episode. Then the median and in- vent period were averaged separately for each hour of the
terquartile range were computed for each species and Wgay and then linearly correlated. For the kerbside stations,

interval. Concentrations of P)j, M ac, coarse particles . L

. A the weekday diurnal variations of Mc and NG, showed a
PMio—PM N W | Fig. 8. . . . Lo
(PM1o-PMy 5) and NG versus WS are displayed in Fig. 8 high linear correlationR>0.95), indicating that these com-

Due to the low data coverage of R concentrations at ounds had common emission sources. Hornsgatan and Es-
Hornsgatan, the WS dependence of the coarse fraction wal ; o ' 9
singeleden sites presented similar slopes of 24.9 and 27.3,

not included for this site. Mac was diluted in a similar way . . .
as NG, (mainly emitted by vehicle exhausts) whereas a pos_respectlvely. At Torkel, the linear correlation betweepa¥

itive wind speed dependence of Rdand coarse particles and NQ‘ d|_urnal variation was lowerR = 0'37) than at the
was found for WS=6ms-L. The increase in Ph concen- kerbside sites. The correlation at Torkel increased®te

trations for the highest WS was due to the increase of the0.99 when measurements were restricted to the time period

coarse particle fraction with WS. In Stockholm, dust resus—og:oo_l&OO LT and the slope was 28%&6 (not shown).

T . . The x-intercept of the regression lines in Fig. 9 represents
ension is mostly produced by road abrasion when vehicles . ) .
P yp y n estimate of a “clean” regional background qfdd that is

still use studded tires and paved roads are dry (Norman ang" © . .
Johansson, 2006). not influenced by local emissions (assuming thatyNON-

Th Its indicate that il itted b centrations are zero in this “clean” background). The x-
ese results indicate thati: was mainly emitted by intercepts ranged from 0.1 to 0.4 pg A which is consistent

V?h'c.le traffic at the kerbside sta.tlons whereas the LRT CONith mean Mac concentrations at the rural site Aspvreten.
tribution to the LAC concentrations was masked at thes

. ) ! ) ®Thus, a large influence of traffic emissions onAd and
sites. NQ was mostly emitted by traffic sources in the urban NO, concentrations was observed on weekdays at Horns-
area and no agricultural wildfires influence was observed Orbatan and Essingeleden, and at Torkel but restricted to the

NO?‘ levels at the three_ sites. Both Ryand PMys concen- period 08:00-18:00 LT when the traffic volume is higher at
trations were strongly impacted by the LRT event at all sites., ornsgatan

In urban areas, concentrations of RMand coarse particles

Figure 9 displays the scattergram of N@rsus Mac con-
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Fig. 8. Weed speed dependence of fjMa), M ac (b), PM1g—PMs 5 (c), and NQ (d) for the urban stations in the period 20 April-5
July 2006 (excluding the LRT event). Median and interquartile range concentrations are plotted.

Finally, we illustrate the contribution of the urban sources5 Summary and conclusions
relative to the regional background levels and discuss the
potential to decrease urban concentrations by reducing loAtmospheric LAC concentrations were simultaneously sam-
cal emission of atmospheric pollutants following Ketzel et pled using custom-built PSAPs in spring 2006 in Stock-
al. (2004). Figure 10 displays the mean weekday concentraholm at four locations, representing urban, urban background
tions at the different locations relative to the concentrationsand rural pollution levels. These custom-built photometers
at the urban background site (Torkel, equal to 100 %). Ru-were found to be a reliable alternative for the commercial
ral NOx and PM 5 data correspond to Norr Malma station. Aethalometer, as indicated by the high linear correlation
The concentrations bars are stacked so that only additionglr>0.85) observed when comparing hourly time series.
contributions are displayed. A much larger difference be- ag expected, higher Mc concentrations were registered
tween rural and urban levels is observed fardd and NG at the urban sites than at the background locations. A large
compared to Pb and PN s concentrations. For Mc and  nour-to-hour and day-to-day variability of Mc concentra-
NOx 70-75% of the concentrations were generated in th&jons was observed at the kerbside locations and the variabil-
urban area whereas only 35% of ipdvand 5% of PMs ity was clearly negligible at the rural site, but for an intru-
corresponded to local urban sources. Regarding the kerlsjon of a polluted air mass transporting agricultural wild-
side stations, Mac and NG levels were 310-660% rel-  fire combustion products emitted in Russia and the Baltic
atively higher than urban background levels whereasd®M yegion. Concentrations of LAC between urban sites were
and PM s concentrations were 130-230 % higher relative to poorly correlated even for daily average®<0.70), com-
Torkel. Hence, the potential for reducing pollutants urbanpined with highly heterogeneously distributed concentrations

concentrations in Stockholm by controlling local emissions (cop - 0.30) even at short spatial scales of the order of few
is much higher for Mac and NG compared to PMls and kilometers.

PMio. Other commonly monitored atmospheric pollutants
(namely PMp, PM2s, and NQ) were analyzed to help
characterize LAC emission sources. In this study, two
sources of LAC were identified in the Stockholm area:
vehicle exhaust emissions and long-range transport of
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250 , , , , combustion-derived particles. This can be explained by
; ; ; ; inspection of five main indicators: (1) The high correlation

(R>0.75) between hourly Mac and NG simultaneous

measurements at the urban sites, when no LRT episodes

were observed. NQis a tracer for vehicle emissions and a

high correlation between Mc and NG, suggested a com-

; ; ; ; mon origin; (2) The statistically significantly higher

150 S e Se 7 and NG concentrations at weekends than on weekends in

: : - : the early morning at Hornsgatan matching with higher traffic

; ; ; ; density of diesel vehicles; (3) The even higher correlation

100 R PO AR R 1 (R>0.95) between weekday average diurnal concentrations
‘ ‘ ‘ ‘ of M ac and NQ at the kerbside stations consistent with

: \ : : traffic density daily cycles at both locations; (4) The same

50f - - B R ] pattern of M.ac and NG concentration roses at the kerbside

1 : ; ; stations even when the LRT episode was considered in the
y=35.1x(+9.5) -22.2( +11.2); R=0.85 - data analysis. When the LRT event was included in the

: : : : background station calculations, | Nt concentrations are
0 2 4 6 8 10 highest for E and SE sectors, matching the predominant
3 wind direction during the agricultural wildfires episode. This
M o ngm™] o8 ) ,
LAC suggests that local emission sources (i.e. traffic exhaust)
_ _ _ were the main contributors to Mc and NQ measurements
Fig. 9. Scatterplot of Mac versus NQ weekday diurnal varia- gt kerbside locations and the LRT contribution to the LAC
tion concentrations for three sites (black dot: Hornsgatan, squarejaction was masked at these sites: and (5) The average
Essingeleden, cross: Torkel) in the period 20 April-5 July 2006, NOy/M_ac ratios in the range 20-23, characteristic of areas
excluding the LRT event. The regression equation with the 95 %. . . S
, ; . . impacted by high traffic exhaust emissions.
confidence intervals for the slope and y-intercept, and correlation To what extent the limit val for P dp
coefficientR are also displayed. 0 what extent the |m|_ values for P34 an MQ reg- .
ulate the LAC concentrations depends on the relative contri-
bution of different emission sources to a specific particulate
matter fraction, since LAC is a fraction of these two. We ob-

‘ y=24.7x(ﬁ.3) -21.5( £14.1); R=0.98
2001 SR R

y=28.1x(1.6) -12.1( +6.3); R=o.9¢|aj

NO, [ug m®]

700 _ i served a larger Mac/PMy 5 ratio at the kerbside stations than
I Rural (Aspvreten) . .
1 Urban backg, (Torkel) at the background sites and correlations were only strong for
600F - I Kerbside (Essing) | the rooftop site when the LRT event was considered. Thus,
I Kerbside (Hornsg.)

the use of PMs as a proxy to estimate emission trends and
projections of LAC concentrations should be used with cau-

5000 oy M tion.
This study highlights the benefit of highly resolved spa-
400} - - B R R R RRRRRE tiotemporal measurements to accurately characterize the

complexity of the particulate field across an urban area, and
especially the carbon content fraction, to improve the intrau-
rban assessment of human exposure to air pollution.

The potential for decreasing pollutants urban concentra-
200 - o BN R tions in Stockholm by reducing local emissions was analyzed
by comparing the urban and urban background contributions
to the air pollution levels. Abatement strategies should tar-
get reductions of vehicle exhaust emissions, after the much
higher potential for Mac and NQ to reduce pollution lev-
els in urban areas (kerbside and urban background locations)

Miac NOx PM,, PM, compared to the potential of P4 and PMo.
To what extent the limit values for PM and PMg reg-
Fig. 10. Comparison of weekday Mc, NOx, PMig and PN 5 ulate the LAC concentrations depends on the relative contri-
concentrations at a rural, urban background, and kerbside stationsution of different emission sources to a specific particulate
relative to urban background concentrations. Rurak&@d PN 5 matter fraction, since LAC is a fraction of these two. We ob-
data correspond to Norr Malma station. served a larger Whc/PMa 5 ratio at the kerbside stations than
at the background sites and correlations were only strong for
the rooftop site when the LRT event was considered. Thus,

3000 ..

1007 B REEN

Concentration relative to urban backg. (=100%)
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the use of PMs as a proxy to estimate emission trends and cal composition of free tropospheric aerosol for Péhd coarse
projections of LAC concentrations should be used with cau- mode at the high alpine site Jungfraujoch, Atmos. Chem. Phys.,
tion. 8, 407-423¢d0i:10.5194/acp-8-407-2008008.
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