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Abstract The size of particles in urban air varies
over four orders of magnitude (from 0.001 um to 10
um in diameter). In many cities only particle mass
concentrations (PM10, i.e. particles <10 um diameter)
is measured. In this paper we analyze how differences
in emissions, background concentrations and meteo-
rology affect the temporal and spatial distribution of
PM10 and total particle number concentrations (PNC)
based on measurements and dispersion modeling
in Stockholm, Sweden. PNC at densely trafficked
kerbside locations are dominated by ultrafine particles
(<0.1 um diameter) due to vehicle exhaust emissions
as verified by high correlation with NOx. But PNC
contribute only marginally to PM10, due to the small
size of exhaust particles. Instead wear of the road
surface is an important factor for the highest PM10
concentrations observed. In Stockholm, road wear
increases drastically due to the use of studded tires and
traction sand on streets during winter; up to 90% of
the locally emitted PM 10 may be due to road abrasion.
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PM10 emissions and concentrations, but not PNC, at
kerbside are controlled by road moisture. Annual mean
urban background PM10 levels are relatively uniformly
distributed over the city, due to the importance of long
range transport. For PNC local sources often dominate
the concentrations resulting in large temporal and
spatial gradients in the concentrations. Despite these
differences in the origin of PM10 and PNC, the spatial
gradients of annual mean concentrations due to local
sources are of equal magnitude due to the common
source, namely traffic. Thus, people in different areas
experiencing a factor of 2 different annual PM 10 expo-
sure due to local sources will also experience a factor
of 2 different exposure in terms of PNC. This implies
that health impact studies based solely on spatial dif-
ferences in annual exposure to PM 10 may not separate
differences in health effects due to ultrafine and coarse
particles. On the other hand, health effect assessments
based on time series exposure analysis of PM10 and
PNC, should be able to observe differences in health
effects of ultrafine particles versus coarse particles.

Keywords Coarse particles - Health effect
assessment - Vehicle emissions - Resuspension -
Traffic exhaust - Ultrafine particles - Urban aerosol

1 Introduction

The size of particles in the atmosphere varies over four
orders of magnitude, from a few nanometers to tens
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of micrometers. Size, shape and chemical properties
(such as hygroscopicity) govern the lifetime of parti-
cles in the atmosphere and the site of deposition within
the respiratory tract. Health effects of ultrafine parti-
cles (UFP, diameter <100 nm) are likely very differ-
ent from those caused by coarse particles (>2.5 um).
While freshly emitted UFP, consisting of soot and or-
ganic compounds, may be less hygroscopic and pene-
trate deep into lung alveols, coarse particles, consisting
of soil mineral elements and salts, tend to deposit in the
upper part of the respiratory system. UFP is part of the
fine particle fraction (<2.5 pum), which is suspected
to be more important for mortality. Nevertheless, the
EU directive regulates the total mass of all particles
less than 10 pum irrespective of size, morphology and
chemistry and also irrespective of their health effects.
Measures aimed at reducing the negative health impact
of particles must necessary build on an understanding
of the controlling factors not only for PM 10 concentra-
tions but also for other particle size fractions.

High concentrations of UFP are found in vehicle
exhaust, contributing to high number concentrations
in street environments (Shi et al., 1999; Molnar et al.,
2002; Longley et al., 2003; Ketzel et al., 2003a, 2003b;
Gidhagen et al., 2004). At kerbside locations UFP, con-
tribute only marginally to the total mass concentration
measured as PM10. This is because the UFP gener-
ated in traffic exhaust are concentrated in the 10-30 nm
size intervals, too small to build up aerosol mass even
in high number concentrations. However, the compar-
atively low importance of the UFP particles for the
PM10 levels is also due to the large contribution of road
wear particles (Rogge et al., 1993; Chow et al., 1996;
Pakkanen et al., 2001; Querol et al., 2004). In Berlin
about 45% of the local traffic contributions to PM10
concentrations at kerb side are due to resuspended soil
material (Lenschow ez al., 2001). The remaining traffic
contribution is due to vehicle exhaust and tyre abra-
sion. This is similar to the conclusion by Harrison et al.
(1997) that about 50% of PM 10 during summer months
in Birmingham was due to the coarse particle fraction
(PM10-PM2.5), indicating the importance of road dust.
In addition they found a positive dependence of coarse
particles of wind speed due to resuspension (i.e. higher
concentrations as wind speed increases), in contrast to
what is expected for the exhaust particles, which will
be more diluted as wind speed increases. Kukkonen
et al. (2001) concluded that short term PM10 con-
centrations may not be modeled using NOx as indica-
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tor of traffic emissions, indicating that other processes
than vehicle exhaust such as road dust and background,
determine the PM10 levels in Helsinki. There are still
relatively few papers on the long term variability of
number concentrations in urban areas (Tuch et al.,
1997; Harrison et al., 1999; Pitz et al.,2001) and data on
UFP exposure and health effects are even more limited
(Englert, 2004). Tuch et al. (1997) found very poor cor-
relation between particle number concentrations (PNC)
and mass concentrations in the size range 0.01-2.5 um.
In their study, performed during 8 winter months in
Erfurt in eastern Germany, they found that PNC was
dominated by particles smaller than 0.1 pm, whereas
particle mass concentrations were dominated by par-
ticles in the range 0.1-0.5 pum. Poor correlation be-
tween fine particle mass concentration and PNC were
also found at urban locations in Austria (Gomiscek
etal.,2004). In three eastern German cities during 1993
to 1997, Pitz et al. (2001) analysed the particle size
distribution and total number concentration and found
that while the mass concentration had decreased dur-
ing this period, there was no significant change in the
total number concentrations. In addition they could ob-
serve a shift in the particle size distribution to smaller
particle sizes, possibly caused by changes in local emis-
sions. Based on data from an urban site in Birmingham,
Harrison et al. (1999) concluded that measurements of
PNC are far better indicator of traffic exhaust emissions
than PM 10 (mass), the latter being strongly influenced
by the background aerosol. Similarly, Van Dingenen
et al. (2004) compiled aerosol concentration data from
31 European sites and concluded that particle num-
ber concentrations increase more than proportionally to
PM mass going from rural sites to kerb side locations.
Even though there is a fairly good correlation between
PM2.5 (or PM10) and PNC at clean sites, poor cor-
relation is generally found at polluted sites (Keywood
et al., 1999; van Dingenen et al., 2004). PNC in urban
air are affected not only by primary emissions but also
by particle processes. Ketzel et al. (2003b) have ob-
served, during periods with low primary particle emis-
sions, particle formation events that are due to nucle-
ation in background air. They found that total particle
number concentrations in Copenhagen increased by up
to 5-10times within a few hours in connection with
clean air and high solar radiation. Also the generation
rate of vehicle exhaust particles, formed in the combus-
tion process or just after leaving the exhaust tube, may
vary due to environmental conditions and not solely as a
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function of traffic intensity. Charron and Harrison
(2003) observed for a street canyon data set that the
concentration of particles in the size range 11-30 nm
increased relatively to larger particles during periods
with lower temperatures as well as with higher wind
speeds, indicating the importance of ambient condi-
tions for particle dynamic processes such as nucleation,
coagulation, condensation in the immediate vicinity of
the vehicle exhaust tube.

In this paper we have used both model calculations
and measurements to assess the differences in tempo-
ral and spatial variability in Stockholm of PNC and
PM10 respectively. The different behavior of the two
particle measures is explained in terms of the sources
and meteorological factors controlling the emissions.
Understanding the causes of the variability of particle
concentrations is crucial for assessing the relative im-
portance of PNC and PM10 for health effects based
on epidemiological studies. Finally, the paper includes
a discussion on the implications of the temporal and
spatial variability of PM10 and PNC for the possibil-
ity to clarify which component of PM plays the most
important role in eliciting adverse effects on health in
time-series versus long-term epidemiological studies is
being discussed.

2 Methodology

Particle mass concentration measurements were per-
formed by the Environment and Health Protection Ad-
ministration of Stockholm using automatic TEOM in-
struments (Tapered Element Oscillating Microbalance,
model 1400, Rupprecht and Pataschnik) equipped with
PM10 and PM2.5 inlets. Measurement stations were lo-
cated in street canyons with busy streets (10000-35000
vehicles/day) in central Stockholm (Hornsgatan!,
Sveavigen? and Norrlandsgatan®) and one urban back-
ground station at roof level; ~20 meter above street
(Rosenlundsgatan®*) in the city. Meteorological param-

! Hornsgatan is 24 meter wide street canyon with 24 meter build-
ings and 35 000 vehicles/day.

2 Sveaviigen is a 33 meter wide street canyon with 24 meter
buildings and around 35 000 vehicles per day.

3 Norrlandsgatan is 15 meter wide with 24 meter high buildings
and around 10 000 vehicles per day.

4 Rosenlundsgatan is a roof top site in central Stockholm that can
be regarded as representative for the urban background since it

eters including wind speed, wind direction, tempera-
ture and relative humidity are also measured at roof
level. The wetness of the road surface was monitored
at Norrlandsgatan using a simple electrical resistance
wire and at Horngatan using a commercial Road sen-
sor (IRS-21, Signalbau Huber, Germany). Total number
of particles (>7 nm aerodynamic diameter) was mea-
sured using a CPC3022 (TSI Inc.), both at one of the
kerb side stations (Hornsgatan) and at the urban back-
ground station (Rosenlundsgatan). The annual mean
PM10 and particle number concentrations were calcu-
lated using a wind model and a Gaussian air quality
dispersion model, both part of the Airviro Air Qual-
ity Management System (SMHI, Norrkdping, Sweden;
http://airviro.smhi.se). Meteorological conditions were
based on a climatology that was created from 10 years
of meteorological measurements (15 minute averages)
in a 50 meters high mast located in the southern part of
Stockholm. The climatology consists of a list of hourly
events, each of them with a certain frequency of oc-
currence, which together will yield a distribution of
different weather conditions that is similar to the dis-
tribution of the full scenario period. We have used a
scenario that consist of 60 wind direction classes with
6 stability classes within each wind sector, making a
total of 360 hourly events. The wind field for the whole
model domain was calculated based on the concept first
described by Danard (1977). This concept assumes that
small scale winds can be seen as a local adaptation of
large scale winds (free winds) due to local fluxes of
heat and momentum from the sea or earth surface. Any
non-linear interaction between the scales is neglected.
It is also assumed that the adaptation process is very
fast and that horizontal processes can be described by
non-linear equations while the vertical processes can
be parameterised as linear functions. The large scale
winds as well as vertical fluxes of momentum and
temperature are estimated from profile measurements
in one or several meteorological masts (called prin-
cipal masts). For the model domain analysed in this
study (35 km?) only one principal mast is used. This
is located in the southern part of the city. Topography
and land use data for the Danard model are given by
500 meter resolution. Since the topography of Stock-
holm is relatively smooth, without dominating ridges or

is not directly affected by nearby local vehicle emission. This is
also verified by urban scale modelling of particle number con-
centrations by Gidhagen et al. (2005).
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Fig. 1 Monthly average total particle number (PNC) and
PM10 concentrations at Hornsgatan in central Stockholm (street
canyon). The concentrations represent the contribution from the
local traffic on this street since the measured urban background
concentrations of PM10 and PNC have been subtracted. The
monthly mean values were obtained from hourly measurements

valleys, the free wind can be assumed to be horizontally
uniform in the whole domain.

The dispersion calculations were performed on a
100 meter resolution (122500 receptor points). The
higher resolution in the dispersion calculations com-
pared to the wind model (500 m) is justified by the fact
that the emission data has much higher spatial reso-
lution (around 10 m) than the wind model. Individual
buildings and street canyons are not resolved but treated
using a roughness parameter (similar to the treatment
used by Gidhagen et al., 2005).

Emission factors for PM 10 were obtained from mea-
surements in a street canyon using NOx as tracer
(Omstedt et al., 2005). Information on traffic flows,
vehicle types etcetera was obtained from the emission
inventory of the Regional Air Quality Management As-
sociation of Stockholm and Uppsala (Johansson ez al.,
1999). The inventory includes some 20 000 road links
and an annual traffic volume of 12500 million vehi-
cle km’s (data from 2001). The emission factors for
particle number concentrations are those suggested by
Gidhagen et al. (2005). Chemical and physical trans-
formation processes of particles as well as dry and wet
deposition were neglected in the model calculations of
annual mean PM10 and number concentrations. See
also Gidhagen et al. (2005) regarding the influence of
dry deposition and coagulation on particle number con-
centrations over the urban scale of Stockholm.
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taken from January 2001 to May 2005. Vertical bars indicate
standard deviation of diurnal averages. Only months with data
covering more than 50% of the time have been included (for
PM10 the averages are based on between 111 and 149 days; for
PNC the averages are based on between 24 and 94 days)

3 Results and Discussion
3.1 Differences in temporal variations

Figure 1 shows monthly average PNC and PM10 con-
centrations at Hornsgatan (street canyon). The concen-
trations represent the contribution from the local traf-
fic on this street since the measured urban background
concentrations of PM10 and PNC have been subtracted.
For both PNC and PM 10 there is a strong seasonal vari-
ation. However, the PM10 levels peak during spring,
March to April, whereas the PNC is highest during the
winter season, November to February. The spring-time
peak in PM10 is caused by suspension of road wear
particles (Omstedt et al., 2005). The combined use of
studded tires and sanding of street during winter make
it likely that road wear is much more important for the
PM10 levels in Stockholm as compared to many other
cities in Europe. PNC is lower in summer for several
reasons; i) lower vehicle exhaust emissions occur due to
decreased traffic intensity, ii) higher temperatures dur-
ing summer decrease the potential formation of new
particles, and iii) there is generally more efficient di-
lution due to more intense turbulent mixing. During
some occasions in spring and summer one might ex-
pect new particle formation (nucleation) that does not
take place directly behind the tailpipes of the vehi-
cles, but in the urban background. Ketzel ez al. (2003b)
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Fig. 2 Total particle number (PNC) and PM10 concentrations in a street canyon and urban background in central Stockholm (data from

February 2002)

reported sudden increases in number concentrations at
an urban background station in Copenhagen, which,
as they were associated with clean air and preceded
by low surface area together with high solar radiation,
were interpreted as nucleation events. However, as in-
dicated by the model calculations of Gidhagen et al.
(2005) particle number emissions from vehicles seems
much more important during most part of the year in
Stockholm.

PMI10 concentrations show very different short
term variations (hour to hour and day to day variation)
as compared to PNC and NOx. Figure 2 shows hourly
mean concentrations of PNC and PMI10 during 2
weeks in a street canyon in Stockholm. For exhaust
components like PNC and NOx, the concentrations
at kerb-side locations depend on traffic emissions
and turbulent dilution generated by traffic and wind
(Ketzel er al., 2002; Ketzel et al., 2003a; Gidhagen
etal.,2004). For PM 10, concentrations are not affected
by vehicle exhaust but on factors that control road
dust generation, such as wear of the road surface and
suspension of particles from the road (Norman and
Johansson, 2006; Omstedt et al., 2006). In Stockholm
road wear is more important for PM10 concentrations
than in other countries where the use of studded tires is
not so common. Approximately 70% of all light duty
vehicles use studded tires in Stockholm during win-
tertime, November to March (Norman and Johansson,
2006).

Figure 3 shows the effect of road surface wetness on
the PM10 and PNC concentrations. The wetness of the
road surface was monitored at Norrlandsgatan. PNC
and PM10 data are from Hornsgatan (a street canyon
site, but the urban background concentrations have
been subtracted). Only hours with simultaneous data
on PM10, PNC and road wetness were included in the
monthly average. Unfortunately road surface wetness
was not monitored at the same street as PNC and PM 10
concentrations. However, in general the wetness of the
different streets in Stockholm is expected to closely
follow each other, even though the rate at which the
streets dry up may depend on the direction of the street
in relation to wind direction and incoming solar radia-
tion. As shown in Fig. 3 road surface wetness is very
important for PM10 with systematically higher levels
during dry conditions as compared to wet, while no
significant difference can be observed for PNC. Parti-
cle number concentrations are mainly due to vehicle
exhaust emissions that are not affected by road surface
wetness. As already discussed above, PM10 concen-
trations are dominated by the coarse particles coming
from the road surface; during wet conditions much less
particles are suspended to the air. Measurements have
shown that for roads in Sweden where studded tires
are used, the total road wear is higher on wet roads
(Jacobson, 1994). Of this only a small fraction is parti-
cles with diameters less than 10 pm, but it is likely that
also more PM10 is generated during wet conditions as
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Fig.3 Monthly median levels of PM10 and PNC (particle num-
ber concentrations) for wet and dry road surface conditions re-
spectively, at Hornsgatan in central Stockholm. Note that the
PM10, PNC and road wetness were measured in the street canyon
and the levels at roof level (urban background) have been sub-

compared to dry. But it is not until the road is dry that
the particles are being suspended to the air.

Figure 4 shows the variation of the hourly mean PNC
and PM 10 levels at Hornsgatan during wet and dry road
surface conditions. During this period road surface wet-
ness and PM10/PNC were measured at the same street.
During the shaded periods the street surface was dry
and during the unshaded periodsit was wet. Obviously

tracted. Only hours between 07-19 and with data on both PM 10,
number concentrations and road wetness were included in the
monthly average (this is the reason for some months having miss-
ing data). Vertical lines indicate 25 and 75 percentiles

there is a substantial difference in the temporal varia-
tions of PNC and PM10 during this period. The tem-
poral variations in PNC levels follow closely the traffic
intensity (not shown) and is essentially unaffected by
the road surface humidity, whereas PM10 levels are
very low during wet periods and high during dry pe-
riods. During wet periods PM10 levels at street level
is very close to that measured at the urban background
site.

150000

28-jan

29-jan
Fig. 4 Hourly mean concentrations of particle number and PM10 at Hornsgatan (street) in central Stockholm. During the shaded
periods the street surface was dry and during the unshaded periods it was wet according to measurements using a road sensor
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Fig.5 Scatter plots of daily mean PNC (total number concentration, left) and PM10 (right) versus NOx. Kerb side data from Hornsgatan

(Stockholm, October 2001-July 2005)

3.2 Importance of exhaust and non-exhaust
emissions for PM10 and PNC

Figure 5 shows scatter plots of PNC and PM10 ver-
sus NOx. Obviously, the correlation between NOx and
PNC is much higher than for NOx versus PM10. This
confirms that PM10 to a large degree is due to non-
exhaust particles, whereas PNC is maily due to vehicle
exhaust particles. The relative contribution of exhaust
versus non-exhaust particles at Hornsgatan in central
Stockholm may be estimated using NOx as a tracer
(Omstedt et al., 2005). Omstedt et al. (2005) arrived at
an annual average emission factor for PM10 of 244 mg
(vehicle km)~'. This may be divided into the contribu-
tions from particle emissions due to vehicle exhaust and
brake, tire and road surface wear. Based on the Swedish
traffic model (EVA) the vehicle exhaust emission fac-
tor for PM at Hornsgatan was about 25 mg/vehicle km
(for the vehicle fleet of 2002).

According to CEPMEIP (2002) tire wear contributes
with 3.5 mg PM10/vehicle km and 18.6 mg/vehicle
km, for light and heavy duty vehicles. Wear of brake
linings in Stockholm is around 17 and 84 mg/vehicle
km for light and heavy duty vehicles (Westerlund and
Johansson, 2002). Of this around 35% may become air-
borne according to Garg et al. (2000), which then for
the Stockholm case would translate to emission fac-
tors of 5.1 and 25 mg/vehicle km due to wear of brake
linings of light and heavy duty vehicles, respectively.
Considering that the fraction heavy-duty vehicles on
Hornsgatan is around 5% we obtain 4.3 and 6.2 mg/

vehicle km for tire and brake wear respectively. Then
the emission factor for road wear can be calculated as
the difference between the total and the sum of exhaust,
tires and brakes; 244-25-4.3-6.2 = 209 mg/vehicle km.
Thus, almost 90% of the total PM10 emission is due
to road wear. This consist mainly of coarse (>1 um)
stone mineral particles. Vehicle exhaust particles are
mainly smaller than 0.1 um and consist mainly of un-
burned fuel and motor oil, soot and some metals due to
wear motor and exhaust system. Thus, both the chemi-
cal composition and the size distribution of PM10 and
PNC are totally different.

3.3 Spatial variations in PM10 and PNC

In this section the annual mean spatial variation of
PM10 and PNC is compared. The ratio of the total
concentration measured at kerb side locations to that
measured at roof indicates the importance of local road
traffic emissions versus influence of other emissions
and background concentrations (Table 1). For PM10
kerb side concentrations are 2 to 3 times higher than
urban roof level. For NOx and PNC kerb side concen-
trations are 4.5 to 8.2 times the roof concentrations, in-
dicating a much higher influence of local traffic exhaust
emissions compared to road wear (PM10). For NOx the
ratio is substantially higher at Hornsgatan compared to
the other streets. This is mainly due to the road sloping
upward (2.3%) and that westward going vehicles ac-
celerate after stopping at traffic lights, some 70 meters
east of the measurements station. Eastward traffic on
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Table 1 Annual mean ratio
of kerb-side and urban
background concentrations

Mean ratio Kerb-side/Roof 4 Standard deviation

. Street average number of vehicles ~ PM10 NOx PNC
(roof at a height of ca
20;‘;;\??) for PM10, NOx Hornsgatan 35 000 veh/day 25415 82433 5.6+2.1
an Norrlandsgatan 10 000 veh/day 2.0+ 1.3 45+23
Sveavigen 30 000 veh/day 2.1+£15 4.6£25

the other hand decelerate going down-slope towards the
traffic lights, but the measurements presented here are
from the sampling point located on the same side as the
westward traffic. NOx and particle emissions depend
on local driving conditions (start/stop, speed) whereas
PM10 emissions depend on factors that show less spa-
tial variability such as road wetness and use of studded
tires.

The difference in the dilution of PNC and PM10
concentrations due to the high background concentra-
tions of PM10 as compared to PNC and NOXx is similar
to what has been observed in Copenhagen by Ketzel
et al. (2003b). Based on their data from two different
streets we calculate average ratios of kerb-side to urban
background of between 3.1 and 5.7 for PNC, 5.7 and
8.7 for NOx and 1.7 and 2.9 for PM10. This is similar
to the values found in Stockholm (Table 1).

[
{

,d

R R - -

o

=

|

=
Ny

Fig.6 Model calculated relative spatial variation of annual mean
concentrations of A) PM10 and B) PNC (total particle number
concentration) in Greater Stockholm area (35 km x 35 km). The
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Long-range transport is much more important for
the urban and kerb-side PM10 annual mean levels as
compared to PNC. Figure 6 shows the calculated rel-
ative variation of the annual mean urban background
concentrations of PNC and PM 10 in the Greater Stock-
holm area (35 km?, 100 meter spatial resolution). The
values have been normalized to the rural background
level, which is 3200 cm~> for PNC (Gidhagen et al.,
2005) and 10 pg/m?® for PM10 (Forsberg et al., 2005).
Only road traffic emissions are included in the cal-
culated values since this is the dominating source of
both PM 10 and particle number (Gidhagen et al., 2005;
Martensson et al., 2006). Maximum PNC levels in cen-
tral Stockholm are more than 5 times higher than back-
ground levels. For PM10 much smaller gradients are
observed, maximum levels in central Stockholm are
only 2 times higher than rural background levels.

colors indicate the increase above rural background (10 ug m~=3
for PM10 and 3500 cm—3 for PNC) due to local traffic emissions
in the area
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Fig.7 Annual mean population exposure of PNC and PM10 for
the Greater Stockholm area as modelled in Figure 6. Each value
in the figure is the concentration in 100 x 100 square meter times
the number of people (based on their home address, not working
place) in the same area (in total 122 500 points in the 35 x 35
km? model domain) divided by the maximum value of all data

3.4 Implications for exposure and
epidemiological studies

So far there is very limited epidemiological data to
distinguish health effects of particulate matter with re-
spect to their origin, chemistry and size (Forsberg et al.,
2005). Specific exposure-response functions for differ-
ent particle fractions are urgently needed for optimal
control of urban air pollution.

In long-term cohort studies the contrast in yearly
mean exposure of a population across a region is being
used to find relevant exposure-response relationships
(e.g. the American Cancer Society study of Pope et
al., 1995). Figure 7 shows a scatter plot of the annual
mean exposure concentrations of PNC versus PM10,
i. e. the same data as in Fig. 6 but multiplied by the
number of people in each grid cell and then normalized
by dividing by the maximum value. As shown in Fig.
7 the relative change in exposure to primary emitted
PNC and PM10 going from one spot to another in the
area is almost exactly the same. This is expected, as
local contributions to both PNC and PM10 originate
from the same source (which in Stockholm is mainly
road traffic). But the interesting consequence is that
in different parts of a metropolitan area (dominated
by transport-related air pollution) people experiencing,
e.g. afactor of 2 different PM 10 exposure concentration

from local traffic (as an annual mean value) will also
experience a factor of 2 different exposure in terms
of number of particles (PNC). Thus, epidemiological
studies based solely on spatial differences in annual
exposure will not be able to separate the health impacts
due to PNC and PM10.

From an air pollution point of view, epidemiolog-
ical studies based on time-series analysis have much
better chance to identify which constituents of PM are
responsible for adverse health effects. As shown above
(Fig. 4) the temporal variations of PM 10 and PNC con-
centrations are much less correlated than the spatial
variations. Consequently short term time series analy-
sis of e.g. daily PM10 and PNC concentrations, should
be more suitable for identifying potential differences
in health effects of PNC and PM10. Since long-range
transported (LRT) particles are evenly distributed over
a metropolitan area they would not give rise to any spa-
tial contrast in exposure of the population. However, in
time series analysis the health impact of LRT parti-
cles may also be distinguished from effects due locally
produced primary particles.

4 Conclusions

There are substantial differences in terms of the tem-
poral and spatial distribution of total particle number
(PNC) and mass (as PM10) concentrations in Stock-
holm. This is due to differences in source contributions
and influence of meteorological conditions. The an-
nual mean urban background PM 10 levels are relatively
uniformly distributed over the city. This is due to the
importance of long range transport, which contributes
with 60% to 70% to the annual mean value. For particle
number, concentrations are more than 5 times higher in
the city center compared to outside the city. Only 20%
to 30% of the PNC is caused by non-local sources.
Even close to roads, local vehicle exhaust emissions
contribute to less than 10% of PM10 which is mani-
fested in a poor correlation between PM10 and NOx.
For PNC there is a very high correlation with NOX in-
dicating the importance of vehicle exhaust emissions.
Road wear due to studded tyres and sanding of streets
is very important for the highest PM 10 concentrations
observed during spring. PNC show strong spatial gra-
dients and is highly correlated to NOx. The “effec-
tive” exhaust emissions of PNC depend on ambient
conditions such as temperature and particle surface area
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of the existing aerosol, whereas the PM10 road dust
emission is controlled by road wetness. Both PNC and
PM10 emissions depend on the speed of the vehicles
and on vehicle fleet composition.

These results may be important from an epidemio-
logical point of view. In health impact studies of short
term health effects based on time series analysis parti-
cle mass and number concentrations may not be well
correlated and different health effects of number versus
mass of particles may be observed. In long term stud-
ies analysing spatial variations in annual mean levels,
PM10 and particle number concentration are well cor-
related since they have a common source in traffic and
possible differences in health effects of the different
particle metrics may not be readily seen. Short term
studies of temporal variations will yield better possi-
bilities to identify potential differences in the health
response to PM10 and ultrafine particles.
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