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Abstract. Particle size distribution (size-range 3—900 nm) location compared to 22 nm at kerbside. AssumingN®

and PM10 was measured simultaneously at an urban backan inert tracer on urban scale allows to estimate that ToN
ground station in Copenhagen, a near-city background and at urban level is reduced by 15-30% compared to kerbside.
rural location during a period in September—November 2002 Particle removal processes, e.g. deposition and coagulation,
The study investigates the contribution from urban versus rewhich are most efficient for smallest particle size2Q nm)
gional sources of particle number and mass concentration. and condensational growth are likely mechanisms for the loss

The total particle number (ToN) and NQre well cor-  of particle number and the shift in particle size.
related at the urban and near-city level and show a distinct
diurnal variation, indicating the common traffic source. The
average ToN at the three stations differs by a factor of 3. The )
observed concentrations are 2500 #ém4500#cn3 and 1 Introduction
7700#cn3 at rural, near-city and urban level, respectively.

PM10 and total particle volume (ToV) are well correlated During recent years the concerns about health effects of par-
between the three different stations and show similar conficles have increased considerably. This is partly due to re-
centration levels, in average within 30% relative difference, Sults from epidemiological surveys showing that there is a
indicating a common source from long-range transport thatcorrelatmn between the mass concentration of particles, and
dominates the concentrations at all locations. mortality and hospitalisation. @hzli et al., 2000). Parti-

Measures to reduce the local urban emissions of NO cle mass concentrations (later referred to as PM, including
and ToN are likely to affect both the street level and urbanpl\/|2 5 and PM10) are therefore regulated e.g. in the US and

background concentrations, while for PM10 and ToV only E_U legislation. However, the ultra_fme part|c|es_ (UFP, |_e
iameters less than Ou.dm) are considered especially detri-

measurable effects at the street level are probable. Takin . . .
ental to human health, since these particles can be inhaled

into account the supposed stronger health effects of ultrafin
particles reduction measures should address particle numbé\nd deposited deep in the alveoli of human lungs (Seaton et
emissions. I., 1995). Moreover, epidemiological studies suggest a con-
The traffic source contributes strongest in the 10-200 nm nect|0n between both UFP and PM concentration and mortal-
ity (Wichmann and Peters, 2000). Effects of PM were clearer

particle size range. The maximum of the size distribution.
shifts from about 20-30 nm at kerbside to 50—60 nm at ru- in respiratory cases, whereas effects of UFP were clearer in
cardiovascular cases.

ral level. Particle formation events were observed in the 3— h figati ¢ ori | iall
20nm size range at rural location in the afternoon hours,f etlnveg t'ga_'qnto ppmaryﬂ?eroso dsources, elspeCIa_y
mainly under conditions with low concentrations of pre- 'Of SO0t andineirinieraction with Secondary aerosols receive

existing aerosol particles currently attention due to their impact on radiative forcing

The maximum in the size distribution of the “traffic con- and global clmate change .(Jacobson, 2001). ,
tribution” seems to be shifted to about 28 nm in the urban Jrban pollution plays an important role due to a high con-
centration of particle sources and a large population exposed

Correspondence tayl. Ketzel to elevated particle concentrations. To better characterise the
(mke@dmu.dk) urban particle sources and the fate of the particles in the
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Fig. 1. Map of the @resund region with location of the monitoring stations Lille Valby (LVBY, near-city background), H. C. @rsted Institute
(HCOE, urban background) and Vavihill (VVHL, rural background).

atmosphere there is a need to perform field measurementsass) the contribution from long-range transport dominates.

Since climatic conditions and sources as e.g. the compositiofherefore it is essential to perform simultaneous measure-

of the vehicle fleet can be different from country to country, ments since only small differences might appear on top of a

results can not be transferred from location to location. highly variable regional background. The difference between
Extensive measuring programs of urban and regionaurban and background concentration levels show the poten-

aerosol concentration have been carried out at several Idtial for reduction scenarios that would influence the urban

cations: e.g. Leipzig (Wehner and Wiedensohler, 2003),emissions, e.g. mandatory particle traps for certain part of the

Nordic background stations (Tunved et al., 2003), Zurichvehicle fleet or traffic reduction in the city centre. Analysing

area (Bukowiecki et al., 2003). In a previous Danish cam-the particle size distribution in the urban background and

paign the traffic source was studied by analysing simulta-comparing with the street contribution will give an indication

neous street level and urban background measurements mbout particle transformation processes that act on the parti-

Copenhagen (Ketzel et al., 2003). cles on their way from the street to the urban background
The purpose of this study is to investigate the contributionlevels.

from urban and suburban sources to the elevation of particle

number and particle mass concentrations in cities compared

to background levels. The contributions from long-range2 Experimental

transport and from local sources are estimated. We document

results of a measuring campaign that was performed at an u2.1  Sampling location and period

ban background station located close to the centre of Copen-

hagen and two background locations west and north-east ofhe location of the three main sampling sites in this study is

the city. For some of the measured compounds (e.g. particlgiven in Fig. 1. Two stations belong to the Danish Air Quality

Atmos. Chem. Phys., 4, 281-292, 2004 www.atmos-chem-phys.org/acp/4/281/
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Table 1. 1 Average of measured particle concentrations ang Btthree background and two street stations. The average includes only
records where data at all three background stations were available and only working days, except stated otherwise (N=481, based on hal
hourly values).

unit VVHL rural  LVBY near-city HCOEurban JGTV kerbside HCAB kerbside

ToN(>10nm) #lcnd 2520 4460 7670 24100 43400
ToV(<0.7um)  pm3/cmd 4.6 6.1 6.5 128 17.9
PM10-TEOM  pug/m® 9.0 9.5 10.3 17.2 29.5
NOx ppb 11.4 14.8 84.0 128.4

“results from measuring periods in 2001/2002
bbased on all available simultaneous measurements of PM10 at VVHL and LVBY

Monitoring Programme (Kemp and Palmgren, 2003), the2.2 Instrumentation and data processing
urban background location at the roof of the 20 m high

H. C. Orsted Institute (HCOE; 13342"E, 55422"N) At g sites, Differential Mobility Particle Sizers (DMPS)
and the background location Lille Valby (LVBY; $Z34'E,  consisting of Vienna-type Differential Mobility Analysers
55°41'14"N) ca. 30km west of Copenhagen. Lille Valby (DMA) (Winkimayr et al., 1991) and employing a re-
can be characterised as near-city background because of ﬂ%‘ﬁ'culating flow system (Jokinen and 2Mek, 1997) were
influence of the greater Copenhagen area in the east and thed to measure the particle number size distribution. The
town of Roskilde in the south. DMPS at the Danish sites used a single DMA of 28cm
length and particles were counted using a TSI® Model 3010
Another background station Vavihill (VVHL; £89 E, Condensation Particle Counter (CPC). The scanning time
56°01' N) is located in Sweden ca. 25 km east of Helsingborgfor each size spectrum was 3 min, using alternating up- and
and ca. 50 km north-east of Copenhagen and is operated byown-scans. At Vavihill (VVHL) a DMPS setup with a twin
the Lund University, Sweden. The Vavihill site lies in the DMA was employed, where an 11 cm DMA was used for
middle of a forest area (Ble@sen), is part of the EMEP net- the interval 3-22 nm diameter in connection with a TSI®
work (www.emep.int) and can be considered as rural backModel 3025 CPC and a 28cm DMA for the interval 22—
ground site. 900 nm diameter with a TSI® Model 3760 CPC. Correc-
tions for reduced counting efficiency at lower sizes, multiple

The measurements at VVHL and HCOE are conducted foicharging (Wiedensohler, 1988) and particle sampling losses
several years while the particle measurements at LVBY wergvere made at the three stations.
operated only during the period 27 September—6 November All DMA were build and calibrated (for the loss and
2002. Selecting data records for which particle size measurebroadening parameters of the transfer function) at the Lund
ments from all three locations are available, forms a sub-seUniversity. The Danish DMPS are intercompared on a regu-
of 2.5 weeks of data, which will be analysed in this work. lar basis, showing very good agreement between the instru-
The periods for the sub-set are: 27 September—1 Octobements, typically 5-15% difference in the total number con-
11-22 October; 25—29 October and 4—6 November. centrations. The performance of the DMPS systems at the
background sites is regularly checked by comparing the to-
For the purpose of comparing the urban regional particletal number concentration estimated by integrating the size
size distribution with the “fresh” source contribution parti- distribution and the number concentration given by the CPC
cle and NQ data were used from two kerbside stations in OPerating alone. These values should agree within a few per-
Copenhagen, Jagtvej (JGTV) and H. C. Andersens Boulecent. Average spectra for each half-hour were calculated and
vard (HCAB) belonging to the Danish Monitoring Program Used for the analysis in relation to the trace gas and meteoro-
and the Municipality of Copenhagen, respectively. The par_Iogical measurements. The total particle number (ToN) and
ticle size distribution data from these stations were obtained’0lume (ToV) was estimated for each half-hour based on the
during several periods through 2001/2002 and only data weréingle scans assuming spherical particles and considering the
used for which simultaneous urban background measure@verlapping size range of 10-700 nm for all DMPS.
ments (at HCOE) are available. The mean temperatures for At the Danish stations half-hourly measurements, @
this data set are with values ofA2-13C close to the yearly  available employing monitors by API Inc., CA (model M
average in Copenhagen of about’@0 The average daily 200A). At all stations PM10 (mass concentration of parti-
traffic at JGTV and HCAB is ca. 26 000 and 60 000 vehiclescles with aerodynamic diameter less tharnut0) was mea-
per day, respectively. The heavy vehicle share is 5-8%. sured using a Tapered Element Oscillating Microbalance

www.atmos-chem-phys.org/acp/4/281/ Atmos. Chem. Phys., 4, 281-292, 2004
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Fig. 2. Frequency distribution of wind direction and wind speed measured at HCOE for the year 2002 (left plot) and the observation period
in Sep—Nov 2002 with simultaneous measurements (right). The right plot also shows the division in wind direction sectors as used for Fig. 8
and the number of measured half hour records (only working days) in each sector.

(TEOM, R&P Inc.). The TEOM are operated at°&Din same meteorological parameters are available from a 10m
order to dry the aerosol. This increased temperature leadmast at LVBY, operated by Risg National Laboratory.

to losses of volatile compounds (e.g. ammonium nitrate) in |t has been shown that the WD and WS at HCOE is rep-
the TEOM and in general smaller PM10 values compared taesentative for the regional wind flow. The time series plots
PM10 results using a gravimetric or beta-attenuation methodin Sect. 3.1 document a good correlation of WD and WS be-
For the stations JGTV and HCOE this difference betweentween HCOE and LVBY. Similar agreement was found be-
PM10reom and PM1@eta was compared for daily averages tween meteorological measurements at HCOE and at Copen-
during several months indicating a similar difference at bothhagen airport (15 km south east of the city centre). At VVHL
stations with a mean value of about Ag/m° (Paimgren et  the height of the meteorological mast is smaller than the sur-
al., 2003; V\%\hlln_and Palmgren, 2003). The fact that the rounding forest and therefore the data show a clear influ-
PM10 losses is similar at kerbside (JGTV) and urban backence from the forest canopy. These date do not represent
ground (HCOE) let us conclude that mainly the long-rangethe regional wind flow and are not used in this analysis, for
contribution to PM10 contains the volatile substances whileinstance the average wind speed at VVHL is only 0.8 m/s

the local contribution (i.e. exhaust-soot and road dust recompared to 3.8 m/s and 3.6 m/s at HCOE and LVBY respec-
suspension) are less effected by volatilisation. tively.

British and Swedish studies suggest a factor of 1.3 to cor- The wind charts for the year 2002 and for the period of
rect for PM10 losses in the TEOM (APEG, 1999; Ferm simultaneous measurements are shown in Fig. 2. The year
and Hansson, 2003). Our investigations yield a ratio2002 has a much higher share of easterly wind directions
PM1QyetdPM10rgonm of 1.5 and 1.7 for kerbside (JGTV) and than the 10-year average, where usually winds from west and

urban (HCOE) locations respective. south west are by far dominating (DMI, 2003). Our measur-
As reference Table 1 shows the average values of the med0d period reflects this high share of easterly winds as well
sured compounds at all locations used in this study. (right plot in Fig. 2). Considering that only a subset of 2.5

weeks of data was available the similarities with the complete
year 2002 are satisfying in terms of the general east-west ori-
entation of the wind distribution and our measuring period
can be regarded as representative. Also shown in Fig. 2 is a
The HCOE roof site is equipped with a meteorological sta-division in wind direction sectors. We have chosen to group
tion at 10 m height above roof level measuring the following the data in order to document the wind direction dependence
parameters: wind direction (WD), wind speed (WS), relative of the particle size distribution. Divisions are made at,30
humidity (RH), temperature (T), and solar radiation. The 12C°, 210 and 300.

2.3 Meteorological measurements

Atmos. Chem. Phys., 4, 281-292, 2004 www.atmos-chem-phys.org/acp/4/281/
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Fig. 3. Time series over 3 weeks period (7.10.-27.10.2002) for measured pollutant concentration and meteorology. For PM10, ToN and
ToV values at the three stations VVHL (blue line), LVBY (green) and HCOE (black) are available. Wind speed, wind directionzaré NO

only available at HCOE and LVBY. The vertical lines mark midnight. The arrows under the particle number plot indicate particle formation
events observed at VVHL.

3 Results and discussion ing such episodes (especially 12.+13.10.) which indicates
the long-range origin of these concentrations. A diurnal pat-
3.1 Time series and diurnal pattern of total concentrationstern in ToV and PM10 is hard to identify in the time series
at HCOE and LVBY due to the dominating long-range con-
A time series of WD, WS, NQ ToN, ToV and PM10 for tribution. Low wind speeds tend to increase the difference
part of the measuring period is shown in Fig. 3. between the levels observed at HCOE and LVBY relative to
NOy and ToN appear to have a relative constant “regional”’VVHL (e.g. 15. and 20.10.). This shows the presence of
background level of 5-10 ppb and 2000-4000 #&rand in  local sources of PM10 and ToV found in the urban region.
most night hours the concentrations decrease to these low In general PM10 and ToV trace each other for the above
levels. Superimposed on this background a diurnal pattermescribed episodes. An exception is observed on 26.+27.10.
was observed at the urban (HCOE) and near-city (LVBY) where an episode of elevated PM10 levels is not accompa-
location reflecting the variations of the urban source. Highnied be elevated ToV levels, i.e. only coarse particles were
WS tend to lower the levels of NCand ToN due to higher present.
dilution (see e.g. 12.,13.,17. and 19.10. in Fig. 3), while low The scatter seen in the PM10-TEOM time series is sub-
WS lead to higher concentration (15., 20. and 21.10.). ToNstantially higher compared to e.g. ToV or NOFor TEOM
at the rural location (VVHL) does not show a typical diurnal data a 2-3 hour running average seems to be appropriate to
behaviour due to the absence of local traffic sources. Insteafilter the high frequency fluctuations.
particle formation events were observed at VVHL, typically  The diurnal variation of NQ and ToN is more visible
in the early afternoon (marked by arrows in Fig. 3). when all data are grouped into working days, Saturday and
ToV and PM10 follow an episodic pattern in which parti- Sundays and averaged separately for each hour of the day
cle concentrations are higher over periods of several days ands shown in Fig. 4. The highest concentrations for all
decrease again, often related with a change of weather situ@wompounds are generally observed at HCOE and the low-
tion and new air masses and a sudden change in WD and/ast at VVHL, although exceptions in this ranking can ap-
WS. Such episodes of high ToV and PM10 are e.g. observegear. For instance lead the particle formation events, ob-
on 12.+13.10., 15.+16.10. and 21.—23.10. (Fig. 3). The conserved at VVHL in the afternoon hours, to an increase of the
centration levels at the three stations behave very similar durparticle number concentration at VVHL, reaching similar or

www.atmos-chem-phys.org/acp/4/281/ Atmos. Chem. Phys., 4, 281-292, 2004
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40 7 wind 8 Table 2. Correlation coefficient§) for one compound measured
[\:,%) 807 Lo~ Speed B 6 at different stations (inter station correlation) based on half hourly

20 4=~ A0 T T TRy N N A values. Values oR larger than 0.6 are displayed in bold fad¥.

10 1 /\\V\'\w 2 stands for the number of samples for each combination.

12000 0
e ey aoo \/\,\N\ /\,—\\J\ Compound ~ Correlation between stations
(#/cm?) 1 w HCOE HCOE LVBY
R e N Vv ey LVBY VVHL  VVHL
L\J/('&

0

particle 107 )/\ ToV 0.82 0.85 0.78
volume  ©7 N 1461 3004 1162
3) 3y 6 \
2] —— e ToN 0.58 0.26 0.30
PMi0 20 - E— N 1461 3004 1162
(Hg/m3) 15 + I~
] S 7S AN
10 ANt 'V\&;‘\/‘\L S\ PM10 076 064 041
> Workingdays saturcay _Suncay. N 1690 2191 652
0 6 12 18 24 6 12 18 24 6 12 18 24
Time (hour) NOyx 0.61
N 3696

Fig. 4. Average diurnal variation of N ToN, ToV and PM10 at
working days, Saturdays and Sundays. Plotted are averages based
on ca. 800 half hourly samples with simultaneous measurements 3fable 3. Correlation coefficient) between different compounds
VVHL, LVBY and HCOE. NG, was not observed at VVHL. Due  oaqred at one station (inner station correlation) based on half
to missing observations the averages of PM10 at VVHL are nothourly values. Values oR larger than 0.6 are displayed in bold

fully synchronised with the observations at LVBY and HCOE and face. N stands for the number of samples for each combination.
in parts omitted.

Station Correlation between measured compounds
ToN ToN ToN ToV Tov PM10

sometimes higher levels than at LVBY. On weekends the av- Tov PM10 NO, PM10 NO, NOy

eraged values are based on a lower number of data points
and the diurnal pattern is less prominent since the correlation HCOE 044 051 083 079 042 0.59

with meteorology and the episodic behaviour dominatesover N~ 3697 3098 3347 3098 3347 3369
the variation of the urban source. The overall variations and
the concentration levels of PM10 and ToV are very similar
at all the stations, while more differences in the amplitude of
the variations are observed for ToN and NO VWHL 024 030 0.90

N 3490 2281 2281

LVvVBY 0.59 043 0.78 0.67 054 035
1873 1502 1787 1502 1787 1630

3.2 Correlations

In this section we discuss the correlation between half-hourly

time series of ToV, ToN, PM10 and NOmeasured at the high R values are estimated for N@nd ToN between the
three stations HCOE, LVBY and VVHL. The correlation stations HCOE-LVBY. This can be explained by the com-
coefficient ) for time series of the same compound mea- mon influence of the urban source at these two stations. ToN
sured at different stations is shown in Table 2. Since not allat VVHL is not well correlated with ToN at HCOE or LVBY,
instruments were always in operation, the number of samsince a) very little urban influence is observed at VVHL and
ple points, that are available for the correlation estimate, igd) the particle formation events at VVHL are not present in
variable with the parameter combination from 652 to 3696.the same extend at HCOE and LVBY.

This should be considered when comparing correlation co- The correlation coefficient between different compounds
efficients. Highest correlation coefficients are observed formeasured at the same station is given in Table 3. Highest val-
ToV between all three stations. This shows the dominatingues of R are observed for the parameter combinations ToN-
long-range transport origin of ToV. High values of R also ap- NOx and ToV-PM10 at all stations (except that N®as not
pear for PM10 between stations HCOE-LVBY and HCOE- observed at VVHL). The high correlation between ToN and
VVHL, indicating again the long-range character of PM10. NOy is caused by the fact that both compounds originate to
The correlation for PM10 is not as high between the stationdarge extend from the traffic emissions. The parameters ToV
LVBY-VVHL. This is probably caused by the relative small and PM10 are both closely related to long-range transport
number of available data points (only 652). Comparativelyand are therefore well correlated.

Atmos. Chem. Phys., 4, 281-292, 2004 www.atmos-chem-phys.org/acp/4/281/
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--- HCOE_2001 Fig. 6. Size distribution at the three locations under day time (8:00—
— ] _['\?gylz_@%%%z 18:00) and night (22:00-5:00) conditions.
E 10000 3 —VVHL_2002
=
g: 1000 = diameters, from about 50—60 nm at the rural site to 20—30 nm
S 1 at kerbside. The concentration gradient towards urban and
% 100 = street location points towards a significant urban (traffic)
] source for this particle size range.
10 Co e e The concentrations of particles larger than 200 nm, which
1 10 100 1000 represent the main part of the total particle volume (ToV)

Diameter [nm] are very similar at all the measuring sites, less than 30%
difference between HCOE and VVHL (Table 1). For this
Fig. 5. Average size distribution at four locations during two periods Size range the urban source contribution is apparently much
in 2001 and 2002, only working days included. Both linear (top) smaller compared to the regional background.
and logarithmic (bottom) plots regarding the number concentration The \/\WVHL size distribution can be separated into ca. 3
are given. In Sep—Nov 2002 ca. 2.5 weeks of simultaneous dat?'nodes, nucleation mode (10 nm), Aitken mode (40-50 nm)
were collected at 3 stations VVHL (rural), LVBY (near-city), and and accumulation mode (200-300 nm) and is even better vis-
HCOE (urban). For comparison results of ca. 12 weeks of parallel. . R - .
measurements from Jagtvej (JGTV, kerbside) and HCOE, in May—'bh? in the VVHL dlstrlbytlons shown in Fig. 6 and Fig. 8.
Nov 2001 (Ketzel et al. 2003) are included. This S—modal structure is usually obse.rved. for aged aerosol
and typical at rural and natural levels @keh et al., 2000;

Tunved et al., 2003). The remaining stations show a more
smooth size distribution without a clear separation between
e.g. Aitken and accumulation mode. This smooth distribu-

The following sections will focus on the discussion of the tion is a consequence of the contribution of several urban

measured average particle size distribution and its depensources (i.e. traffic and other combustion) emitting over a
dence on time of the day. wide range of particle sizes below 200-300nm. The prin-

cipal shape of our observed size distributions is consistent
3.3.1 Average with observations in other urban areas (Putaud et al., 2002;
Wehner and Wiedensohler, 2003; Bukowiecki et al., 2003).

Figure 5 shows the average particle size distribution for

working days. Besides the observations at all three loca3.3.2 Day- night variation

tions HCOE, LVBY and VVHL also data from a previous

measuring campaign in 2001 (Ketzel et al., 2003) at HCOEFigure 6 depicts the variation of the size distribution between
and a kerbside location (JGTV) are shown for comparison.daytime (8-18) and night (22-5) at the three sites HCOE,
For particle diameters smaller than 200 nm a pronouncedVBY and VVHL. The influence of the traffic source during
difference in the concentrations is observed between kerbdaytime is visible at HCOE and LVBY in the 10-200 nm and
side, urban, near-city and rural level. Between each level thed0-40 nm diameter range, respectively. LVBY and VVHL
concentrations decrease with about a factor of two. Thesahow lower concentrations at daytime in the 80-300 nm size
small particles dominate the total particle number concentrarange (for VVHL even down to 20nm). This is probably
tion (ToN) and average values of ToN are given in Table 1due to better mixing during day time hours, i.e. higher WS
for the different locations. The maximum in the size distri- and higher mixing layer. The influence of the higher urban
bution shifts with increasing concentration towards smalleremissions during daytime can obviously not compensate for

3.3 Size distribution
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50 —— small particles can take place during a longer transport time
:“p%) ;g ] / ey o;‘ the air mass. For the remlari]nirk]]g WrI]D the concentr?jtion lev-
] -~ els at HCOE are in general higher than at LVBY, indicating
fg —/\*’\/ \/--/\’\/ the urban source contribution.

. 160(?0; In addition the measured data were grouped in four WD
ﬁﬁ?}'gfﬂmg; [ /\f P sectors (Fig. 8). The sector limits are shown in Fig. 2 and
(#/cm?) sooo—:‘\f_/\_/ /\/\/ - Fig. 7.

40003 e e = WD from west (Fig. 8a) is associated with lower than av-

. 7 erage concentrations at LVBY (upwind from Copenhagen)
partle 127 AA and higher concentrations at VVHL (here located downwind
(um¥em?) iz_\ /_f/\f 4 of Copenhagen area and other sources in the @resund region,

P —\:/V“/\ Y e.g. Maln®d, Helsingborg and Landskrona). As a result the
20 concentration levels at LVBY and VVHL are approaching
(F:J“g;ncm)a) 15 s /\—/\\\ each other.
10 T—\ ///—/):-'\ /\//\/\/ Tt Easterly winds (Fig. 8b) bring very clean air to VVHL and
zi B r R N S also at HCOE the concentration levels are lower than aver-
0 30 60 90 120 150 180 210 240 270 300 330 360 age. This trend to lower concentrations is not observed at
wind direction LVBY, which is now located in the plume of the Copenhagen

_ o area. In this case the concentrations of particles bigger than
Fig. 7. Wind direction dependence of NOToN, ToV and PM10. 80-100 nm are very similar at LVBY and HCOE.
Plotted are averages in AGVD intervals based on ca. 590 half WD from south (Fig. 8c) is associated with continental and

hourly samples with simultaneous measurements at VVHL, LVBY theref lluted ai C trati hiah
and HCOE (only working days). WD with very low number of data ereiore more poliuted air masses. Loncentrations higher

are omitted. Due to missing observations the averages of PM10 a'an average are observed al all stations for particles bigger

VVHL are not fully synchronised with the observations at LvBY than 10-15nm. Nucleation range concentrationggnm)
and HCOE. at VVHL are suppressed by the higher concentration of big-

ger particles.

WD from north (Fig. 8d) brings reduced particle concen-
the better mixing at the near-city and rural level. At VVHL trations for all stations for particles bigger than 50-100 nm
higher concentrations at daytime were found in the nucle-compared to the total average. This “relatively clean” air
ation mode (diameters less than 20 nm), caused by particléavours particle formation (photochemical driven nucleation
formation events that are observed at VVHL, especially butevents) resulting in particle concentrations in the 10-20 nm
not exclusively in connection with high global radiation and size range that are higher than average at all stations, but most

low concentration of pre-existing particles. pronounced at VVHL.
_ o In summary it can be concluded that the location of the
3.4 Wind direction dependence stations relative to the source regions (upwind or downwind)

can well explain the observed variations in particle size dis-
WD is a crucial parameter for the regional pollution as it in- tripution with WD.

dicates the origin of the air mass and the relative position of

the measuring sites to the main sources (e.g. up- or dowi3.5 Street versus urban contribution

wind from Copenhagen). Therefore the concentrations of

NOy ToN, ToV and PM10 were plotted against WD (Fig. 7). In this section we compare the size distribution of the “street
The meteorological conditions (e.g. WS and mixing height) traffic source”, estimated by the difference kerbside - urban
and the long-range contribution are variable with WD and level, with the “average urban source”, estimated by the dif-
will influence the overall concentration levels at all stations ference urban level (HCOE) minus near-city level (LVBY).

in a similar way. The interesting information in Fig. 7 comes The here addressed question is: Does the relative shape of the
from the concentration levels at the different stations relativeparticle size distribution, e.g. the position of the maximum,
to each other. For easterly winds {3220) high concen- and the particle concentration, e.g. relative to an inert tracer,
trations at LVBY relative to HCOE were observed due to change between street level and urban background? The traf-
contributions form sources from the Copenhagen area. Esfic source contribution was measured at two streets in Copen-
pecially the concentrations of NOToV and PM10 at LVBY  hagen (JGTV and HCAB) over several periods in 2001/2002.
reach or exceed the levels at HCOE. For ToN the ratio LVBY In the analysis only that subset of data were used for which
to HCOE shows highest values around9020¢ and atrend  also measurements at HCOE were performed and therefore
towards lower ratios for WD 38-9C°. For the latter north-  allows subtracting the urban background from the kerbside
easterly WD the distance to the source regions (e.g. Hillergdlata. Figure 9 depicts the obtained size distribution differ-
and Helsingar in Fig. 1) becomes larger and the removal oences JGTV-HCOE and HCAB-HCOE that characterise the
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Fig. 8. Size distribution at the three locations for different wind direction sectors. From top left to bottom right: West, East, South and North.
For better comparison all plots include the total averages from Fig. 5 as dashed curves.

“fresh” traffic source under average conditions. Figure 9 1.4
further contains the difference HCOE-LVBY (urban minus 121
near-city) for the WD sector west (23300). The size dis-
tributions in Fig. 9 are normalised with their total number
concentration in order to be able to plot them in one diagram 3 0-8 1
and compare the shape of the curves. The WD west was cho-3 0.6 -
sen, since LVBY represents for this sector the concentration § 0.4 |
of the air mass up-wind of Copenhagen and the difference $
HCOE-LVBY is a valid approximation for the size distribu-

tion emitted from the “average” urban source. The urban
source shows a particle size distribution slightly shifted to
bigger particle diameters. The maximum in the size distri- Diameter [nm]

bution is shifted to about 28 nm in comparison to the traffic

distribution with a maximum at 22 nm. Removal processesFig. 9. Comparison of the average size distributions of the
that are most efficient for smallest particles20 nm) as e.g. street-traffic source (JGTV ar_wd H(_:AB) a_nd the total urban source
deposition and coagulation might be the responsible mecha(HCOE). From the average size distributions we subtracted the si-

. . : : multaneous measured background, i.e. street minus urban back-
nism for this. Condensational growth could also contrlbutegmuncl (HCOE) and urban background minus rural background

to the shift of particle size. (LVBY). Only WD west was selected for the urban source estimate.

. . The differences were normalised with the total number concentra-
The total particle number (ToN) and N@oncentrations o,

are well correlated as shown in Sect. 3.2 due to their com-

mon sources. This good correlation allows for investigation

of the change of ToN relative to NQlatter can be regarded are based on the above described average data set from JGTV
as inert on urban scale. The data points ToN versug NO and HCAB, while the urban and near-city data originate from
plotted in Fig. 10 were averaged separately for each hour ofthe campaign in fall 2002. For the kerbside and urban sta-
a working day at two kerbside, one urban and one near-citytions the diurnal variations of NOand ToN show a very
location including a linear regression line. The kerbside plotsgood correlation (R>0.92) indicating the common sources.

——JGTV-HCOE_2001-2all
——HCAB-HCOE_2001-2all

1+ — —HCOE-LVBY;WD=W

ToN [-]

; traffic
7 source
0.2 + 'urban' source
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Fig. 10. Scatter diagram of ToN versus NQor four different § 20 B Relasnor
locations: kerbside (HCAB, JGTV), urban (HCOE) and near-city 5 ]
(LVBY). Data are averaged separately for each hour of the day,only © 0
working days included. Linear regression lines are shown for each ToN ToV PM10 NOx
station. Regression formulas are given including one standard devi-
ation. Fig. 11. Comparison of average concentrations of total particle

number (ToN), total particle volume (ToV), PM10 and Nét rural,
near-city, urban and kerbside stations relative to urban background
The slope of the regression lines reveals how many particlegevels. The concentration bars are stacked so that only the additional
(in #cm3) per NQ, (in ppb) are present at the different sta- contributions are marked with the pattern shown in the legend. The
tions. The range for the slope at kerbside is ca. 380—450 inelevation of the urban background (HCOE) above the near-city level
cluding values from two stations and one standard deviatioris marked (bold frame) and represents the potential for urban emis-
as error estimate. At urban level (HCOE) the slope covers sions reduction measures to decrease urban concentrations. Note
range of ca. 260-380 including three different sample perioddat the scale of the vertical axis changes at 100. Sincg Was
.. . . not measured at VVHL data from another rural station (Keldsnor)
(only one of which is shown in Fig. 10 for better clarity of the were used
graph). Thus the slope ToN vs. N@t urban level is about '
15-30% smaller compared to the kerbside level. This means

that particles get removed by e.g. deposition and coagulation The intercept of the regression lines in Fig. 10 represents
on their way from the kerbside to the urban level. This is 3n estimate of a “clean” regional background of ToN that
based on the assumption that N€an be regarded as inert s not influenced by local contribution, i.e. we assume,NO
at urban scale and that the two kerbside measurements aggncentrations to be zero in this “clean” background. The in-
representative for the average urban source that is aﬁectingarcept for most of the regression lines lies in the range 2000—
the HCOE station. At the near-city station (LVBY) the corre- 3000 # cnt3, which is in agreement to the average value at
lation between ToN and N(daily variation is substantially  the ryral station VVHL of 2500 # cms. Only the intercept
lower (R?=0.75) since the daily variations are smaller com- of the HCAB regression line is with 1700 # crhbelow this
pared to the average levels (see Fig. 4). Moreover unusuallyange, put the much higher standard deviation of this value
high NGy values (relative to HCOE) were observed at LVBY compared to the other regression results indicates a higher
during this measuring campaign. The ratio LVBY/HCOE uncertainty for this estimate.
for NOx was 0.77 for compared to 0.56 for the whole year
2002 (both for working days). The higher N®@alues will 3.6 Urban versus regional contribution
decrease the slope and the lower correlation makes the esti-
mate of the slope ToN vs. NOmore uncertain. The slope |n this final part of the discussion we want to illustrate the
of the regression line at LVBY is with 170-220 (Fig. 10) contribution from the urban sources relative to the regional
significantly smaller compared to HCOE and kerbside. Thishackground levels. The question is: How much decrease in
indicates a further removal of particles (relative toJ@Qur-  the urban concentration levels can be expected by a certain
ing the transport from urban to near-city location, but could reduction in urban emissions e.g. in form of traffic regula-
partly be caused by the before mentioned elevated®@Is  tions or more stringent vehicle emission limits?
at LVBY. The quantification of the two effects is very uncer-  Figyre 11 shows the average working day concentration
tain due to the limited time series of available measurement§eyels at the different locations (see Table 1) relative to the
and will not attempted here. levels at HCOE (=100%). The near-city levels of PM10 and
ToV contribute to ca. 93% to the urban concentrations and
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only 7% of the urban PM10 and ToV concentrations origi- or downwind depending on WD. This shows the consistency
nate from local urban sources. The long-range transport i®f the measurements and opens the possibility to study the
apparently the dominating source. particle transformation processes inside the plume of an ur-
For ToN as well as NQa much bigger difference between ban area. The maximum in the size distribution of the “aver-
rural and urban levels could be observed. Near-city concenage urban source” seems to be shifted to about 28 nm com-
trations are about 58% of the urban levels for ToN and 77%pared to 22 nm from the 'fresh kerbside traffic source’. Using
for NOx. Hence, the local emissions contribute with 42% the good correlation of ToN with NPand assuming N
and 23% to the urban concentrations of ToN andyNf@- to be inert on urban scale reveals that the particle number
spectively. at urban level is reduced by 15-30% compared to kerbside.
The potential for reducing urban concentrations by emis-Particle removal processes, e.g. deposition and coagulation,
sion control is obviously much higher for ToN and NO which are most efficient for smallest particle size20 nm)
compared to PM10 and ToV. Taking into account the sup-and condensational growth are likely mechanisms for the loss
posed stronger health effects of ultrafine particles (that domof particle number and the shift in particle size.
inate ToN) reduction measures should address particle num- The potential for decreasing urban concentrations by re-
ber emissions. duction of local emission was discussed by comparing the
In addition the kerbside concentration levels are also plot-urban and regional contributions to the pollution levels. Re-
ted in Fig. 11 relative to urban (HCOE) concentrations. Hereduction measures concerning N@nd ToN are likely to ef-
a similar behaviour is observed regarding higher relative confect both the street level and urban background concentra-
centrations of ToN and NEQ(300%—-850% relative to HCOE) tions, while for PM10 and ToV only measurable effects at
pointing at a higher reduction potential compared with ToV the street level are probable. Taking into account the suppos-
and PM10 (150%-300% relative to HCOE). edly stronger health effects of ultrafine particles reduction
measures should address particle number emissions.
The results of the here reported measuring campaign will
4 Conclusions, implications and outlook build a basis for modelling studies on the particle transforma-
tion processes in the urban and regional scale. More valuable
A campaign of simultaneous measurements of particle siz@esyits could be obtained by a longer similar campaign, that
distribution and PM10 at three locations representing urbang|iow to study the seasonal variations and the particlg.NO

near-city and rural level is reported. relation at the near-city station, where unusually highyNO
PM10 and total particle volume (ToV) are well correlated yajues were observed during this campaign.

between the three different stations showing similar con-
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