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Extended field measurements of particle number (size
distribution of particle diameters, D, in the range between
18 nm and 10 µm), surface area concentrations, and
PM1 and PM10 mass concentrations were performed in
Switzerland to determine traffic emissions using a
comprehensive set of instruments. Measurements took
place at roads with representative traffic regimes: at the
kerbside of a motorway (120 km h-1), a highway (80-
100 km h-1), and in an urban area with stop-and-go traffic
(0-50 km h-1) regulated by light signals. Mean diurnal
variations showed that the highest pollutant concentrations
were during the morning rush hours, especially of the
number density in the nanoparticle size range (D < 50 nm).
From the differences between up- and downwind
concentrations (or differences between kerbside and
background concentrations for the urban site), “real-life”
emission factors were derived using NOx concentrations to
calculate dilution factors. Particle number and volume
emission factors of different size ranges (18-50 nm, 18-
100 nm, and 18-300 nm) were derived for the total vehicle
fleet and separated into a light-duty (LDV) and a heavy-
duty vehicle (HDV) contribution. The total particle number
emissions per vehicle were found to be about 11.7-13.5
× 1014 particles km-1 for constant speed (80-120 km h-1)
and 3.9 × 1014 particles km-1 for urban driving conditions.
LDVs showed higher emission factors at constant high speed
than under urban disturbed traffic flow. In contrast,
HDVs emitted more air pollutants during deceleration and
acceleration processes in stop-and-go traffic than with
constant speed of about 80 km h-1. On average, one HDV
emits a 10-30 times higher amount of particulate air
pollutants (in terms of both number and volume) than one
LDV.

1. Introduction
During the past few years, the mass concentration of the
atmospheric aerosol particles PM10 and PM2.5 (mass

concentration of particles with aerodynamic diameters Da e
10 µm and Da e 2.5 µm, respectively) became important
because epidemiology studies indicated that health effects
are related to increased values of PM10 and PM2.5 (1, 2).
Recently, laboratory and epidemiological studies have stimu-
lated the discussion of possible health effects of ultrafine
particles with D < 100 nm (3). These ultrafine particles
contribute little to the total mass but show very high number
concentrations, especially in urban areas (4-6). Surface
properties depending on the chemical composition play an
important role in the ultrafine particle toxicology. Particles
of this size range can almost unrestrictedly enter the lung
and result in a greater inflammatory potential, and even a
transfer into the circulatory system is in debate (7).

Tailpipe traffic emissions are an important source of
particles in the size range below 300 nm and usually exhibit
two different modes. On one hand, there is a mode
characterized primarily by soot particles (50-300 nm) emitted
from motor traffic (especially Diesel vehicles). On the other
hand, Whitby et al. (8) found an additional mode of particles
with D < 50 nm near motorways, which was confirmed by
more recent studies such as Weingartner et al. (9) and
Kittelson et al. (10). These particles are formed by condensa-
tion of the exhaust gas directly after emission and consist
mainly of volatile, hydrophobic material (11, 12). Their
concentration depends on various parameters such as
ambient temperature and relative humidity (13, 39). Because
this nucleation occurs without previous chemical reactions
in the atmosphere, these particles were termed primary (11).

Exhaust gas emissions of individual cars can be measured
on dynamometer test benches and are well documented (e.g.,
ACEA Report (14) and references therein) but they are valid
only for exactly defined conditions, which makes it difficult
to apply them to real-world emissions. In ambient air, dilution
is much higher than that simulated on test stands; hence,
the mechanism of particle formation may follow different
routes. The age and maintenance of the various vehicle types
are another sort of parameters difficult to simulate in chassis
dynamometer studies. The advantage of measuring at real-
world situations covers the aspect that the emissions of the
passing vehicle fleet are captured under the given environ-
mental conditions. Humans staying in the vicinity of highly
frequented roads in urban areas are directly exposed to these
traffic emissions (15).

This work was part of a research project, which had the
aim of verifying the PM10 emission factors of the road traffic,
supervised by the Swiss Federal Roads Authority (ASTRA)
and the Swiss Agency for the Environment, Forests and
Landscape (SAEFL). The overall objective of the project was
to identify PM10 and PM1 emission rates for light-duty
vehicles (LDV) and heavy-duty vehicles (HDV) for various
typical traffic situations in urban areas as well as on
motorways with different speed limits. While the determi-
nation of PM10 and PM1 emission factors is discussed in
Gehrig et al. (16), this paper focuses on diurnal variations of
different characteristic aerosol parameters at a kerbside and
background urban area and provides number and volume
emission factors of several size intervals of submicrometer
particles for different traffic regimes.

2. Experimental Section
2.1. Experimental Concept. The determination of real-world
traffic emissions is based on a simple approach: air pollutant
concentrations were measured on both sides of the roadway.
In the case of air flow perpendicular to the road, the upwind
monitoring station represents the background concentration
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(Cb) at the measuring site, whereas at the downwind sampling
site the sum of the background concentration and the traffic
contribution (Cb+t) is measured. The difference between
downwind and upwind concentration provides the pollutant
concentration of the immediate local traffic emissions (Ct)
according to eq 1

Such a setup of upwind and downwind measurements is
well suited for interurban road connections. An open area
on both sides of the investigated roadway section is required
to obtain irreproachable results, which are not contaminated
by possible microscale turbulence in the vicinity of the
sampling site. An important precondition for this concept is
prevalent airflow more or less perpendicular to the road in
order to acquire data that can be evaluated.

In street canyons perpendicular airflow is not possible,
and thus the upwind-downwind concept is not applicable
in cities. Hence, a slightly modified concept was used
measuring the local traffic impact as the difference between
kerbside and nearby urban background concentrations. The
advantage of this concept is that all of the measuring times
can be analyzed independent of the wind direction.

2.2. Sampling Locations. Measurements took place at
three different monitoring stations on the Swiss Plateau in
the area of Zürich. At the Birrhard site, a section of motorway
A1 connecting Bern and Zürich was investigated. The
motorway has two lanes in each direction, it shows no slope,
and the speed limit is 120 km h-1 with a traffic frequency of
62 000 vehicles per day. The flat surroundings are used as
agricultural land (mainly wheat and maize plantation during
the measuring periods). The approaching airflow was not
restricted by trees or buildings. The distance from the inlet
systems (in each case 2.4-3 m above ground level) to the
hard shoulder of the motorway was 20 m on its eastern side
and 25 m on its western side, respectively. According to the
outlay (16) of the motorway (15-195°), wind direction sectors
of 55-180° and 210-315° were defined to be suitable for a
clear upwind-downwind regime.

The Humlikon sampling site was located at road A4
connecting Winterthur and Schaffhausen, a highway with
two lanes, a slope of less than 0.5%, and a speed limit of 100
km h-1. The average traffic frequency was 25 000 vehicles
per day. This site was also situated in an intensively used
agriculture area without disturbing obstacles. The aerosol
inlet systems were 8 m from the highway on its eastern side
and 20 m on its western side. Based on the outlay of the
highway (155-335°), wind direction sectors of 30-135° and
180-320° were appropriate for an unambiguous upwind-
downwind situation.

The Zürich-Weststrasse urban monitoring station was
located in the city center of Zürich (Figure 1). Traffic on this
urban main road is regulated by traffic lights; therefore, the
traffic flow is disturbed during most of the day and traffic
jams occur often. The roadway has two lanes operated
unidirectional without any slope. It is a characteristic narrow
street canyon with 10-20-m high buildings about 5 m away
from the lanes. The permitted traffic speed is 50 km h-1,
which is only reached during evening and nighttime, because
the high traffic frequency (22 000 vehicles per day) in
combination with the traffic lights does not allow a speed
higher than 30 km h-1 during daytime. Queues regularly
develop at red lights, which resolve temporarily during the
following green phase. So this site is characterized by the
driving behavior of deceleration, idling, and acceleration. At
night from 22:00 to 6:00 the road is closed for transit, with
only residents having driving permission. Consequently,
traffic density is very low during the night, and the HDV
fraction equals 0. Aerosol sampling was performed 1.5 m

from the kerbstone. For this sampling location, a background
monitoring station was used as mentioned in section 2.1.
This site was situated in a distance of 900 m on the terrain
of the old barracks called Zeughaushof, a courtyard (120 ×
50 m2) covered mainly with trees, shrubs, lawn, and some
asphalted or cobbled ways. There are buildings and work-
shops of the former arsenal administration in the immediate
proximity of the sampling site. In the surrounding area,
primarily residential houses, small-scale enterprises, and
shops are located. The Zeughaushof site represents an urban
background station at the same geographical situation and
height level as the traffic-influenced Weststrasse site, both
in the wide valley of the Limmat and hence equally affected
by meteorological inversions. Traffic regimes and campaign
dates at the different sites are given in Table 1.

2.3. Instrumentation. All three field campaigns were
performed with the equipment of the mobile pollutant
measurement laboratory designed and built at the Paul
Scherrer Institute. The vehicle design, inlet system, and
instrumentation are described in detail by Bukowiecki et al.
(17). At the Birrhard and Humlikon sites, the mobile van was
positioned on the eastern side of the roadway, which was
mostly the downwind side according to the main wind
direction on the Swiss Plateau. The aerosol concentrations
on the upwind side were recorded in a measurement
container provided by the Empa. At Weststrasse, the smaller
equipment had to be placed kerbside because of narrow space
conditions.

The equipment used is listed in Table 2. At all of the
sampling sites (downwind-upwind, kerbside-background),
the mass concentration measurements of PM10 and PM1
were performed by betagauges (Eberline FH62 I-R, Thermo
ESM Andersen) and the total particle number concentration
measurements were performed by condensation particle
counters (CPC, 3022A, TSI Inc.). The submicron particle size
distribution was recorded by two scanning mobility particle
sizers (SMPS). SMPS 1 in the mobile van consisted of a TSI
model differential mobility analyzer (DMA 3071A) followed

Ct ) Cb+t - Cb (1)

FIGURE 1. Kerbside Weststrasse site in the city of Zu1rich,
Switzerland.

TABLE 1. Traffic Situation and Time Periods of the Field
Measurements at the Sampling Sites

sampling site road type speed limit slope measuring period

Birrhard motorway 120 km h-1 0% 06/21-07/07/01
08/08-08/21/01

Humlikon highway 100 km h-1 <0.5% 10/17-10/29/01
Weststrasse urban main

road
50 km h-1 0% 08/14-10/14/02

8342 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 21, 2005



by a CPC 3010A with an aerosol flow rate of 1 L min-1 and
a sheath airflow rate of 10 L min-1. This setup allowed the
measurement of size distributions in the particle diameter
(D) range from 7 to about 310 nm. SMPS 2 in the container
(DMA 3071A with CPC 3022A) was operated with 0.3 L min-1

aerosol and 3 L min-1 sheath airflow rate resulting in a
recordable size range from about 18 to 700 nm. Both SMPS
systems were operated in a 5-min interval with an up scan
time of 220 s, a down scan time of 20 s, and a waiting time
of 60 s between each spectrum. Two diffusion chargers (DC,
LQ 1-DC, Matter Engineering, Switzerland) were also in
operation measuring the particle active surface area con-
centration (Sa), the fraction of the geometrical surface that
is directly accessible for ions from outside (18). The black
carbon (BC) concentration was monitored by two aetha-
lometers (AE-10, Magee Scientific). Measurements of the
nitrogen oxides (NO and NOx) at both sampling sites were
carried out with NOx analyzers (Monitor Labs ML 8841)
applying the chemiluminescence method.

Furthermore, one outdoor air electrical low-pressure
impactor (ELPI, Dekati Ltd., Finland), a 12-stage cascade
impactor measuring the size distribution of particles from
0.03 to 10 µm by their inertial deposition with a high time
resolution of 10 s (18, 19), was operated at the kerbside site.

Important meteorological parameters such as tempera-
ture, wind direction, and speed as well as humidity were
recorded at the Birrhard and Humlikon sites. For the field
campaign in Zürich, meteorological data collected by the
Swiss National Air Pollution Network (NABEL) at the
background monitoring station, Zeughaushof, were used.
Automated traffic count data (differentiating between LDV
with vehicle lengths < 6 m and HDV with vehicle lengths >
6 m) by induction loops combined with vehicle speed
classification close to the monitoring station were provided
by ASTRA for the Birrhard and Humlikon sites. Traffic counts
at the Weststrasse sampling site were performed with an
optical counter (Viacount GSM).

The following sampling periods were chosen: 4 weeks in
summer 2001 in Birrhard, 2 weeks in autumn 2001 in
Humlikon, and 10 weeks from August to October 2002 in
Zürich.

2.4. Quality Assurance and Data Processing. Because
the SMPS, aethalometer, and DC instruments were used in
double implementation, they were checked in several quality
assurance measurements in the laboratory before and after
the field campaigns to quantify possible differences between

the signals. If required, the DCs and aethalometers were
calibrated by the manufacturer in the time periods between
the campaigns. Intercomparison measurements of the DCs
were made with ambient air and varying the surface area
concentration by generating an appropriate aerosol directly
before and after the application in the field. As a reference
instrument, the last calibrated device was taken; the applied
correction factors were found to be less than 15%.

The SMPS systems were compared in the laboratory with
ambient air and synthetically generated ammonium sulfate
particles (by nebulizing a solution of 0.1 g (NH4)2SO4 per liter
of clean water). The accuracy of the particle diameter signal
was controlled by monodisperse polystyrene latex particles
(with diameters D ) 40, 91, and 550 nm). All of the size
spectra were corrected for diffusion losses in the sampling
line according to the formulation for the transport efficiency
in a laminar tube flow (20, 21).

The collected data in the three field campaigns were
visually examined for outliers or other irregularities; the
corresponding time segments were disregarded. Longer
adverse weather periods were likewise eliminated for the
reason that during bad weather conditions, that is, with rain
or high relative humidity, instrument artifacts appeared. The
remaining data set was aggregated to 1-h averages, which
accounted for the further evaluation and determination of
the emission factors. The calculation of particle volume was
done assuming a spherical particle shape.

3. Results and Discussion
3.1. Typical Size Spectra. Figure 2 shows the average SMPS
size spectra of an urban kerbside and background site in
Zürich for two typical traffic conditions: on one hand for the
morning rush hour (from 7:00 to 8:00) with high traffic
densities and a mean total particle number concentration
measured with the CPC (Ntot, D > 7 nm) of 95 000 cm-3, and
on the other hand for nighttime (from 3:00 to 4:00) with an
Ntot of 19 500 cm-3. The data shown are daily average values
of the mentioned time segments over the whole measuring
period of two months.

The particle number size distribution shows the char-
acteristic bimodal structure during the morning rush hour.
At the kerbside, the maximum concentration was measured
in the nucleation mode at particle diameters D ) 22 nm,
whereas the second mode had its maximum at D ) ∼80 nm.
As already mentioned, these nanoparticles (D < 50 nm),
commonly known as nucleation mode particles, are formed

TABLE 2. Instrumentation

instrument parameter time resolution

east side/background sitea

betameter mass concentration PM10 0.5 h
betameter mass concentration PM1 0.5 h
scanning mobility particle sizer (SMPS) size distribution D ) 7-310 nm 5 min
condensation particle counter (CPC) number concentration D > 7 nm 1 s
diffusion charger (DC) active surface area 1 s
electrical low-pressure impactor (ELPI)b size distribution D ) 0.03-10 µm 10 s
aethalometer black carbon 1 min
NOx analyzer NO, NOx 1 min

west side/kerbside sitec

betameter mass concentration PM10 0.5 h
betameter mass concentration PM1 0.5 h
scanning mobility particle sizer (SMPS) size distribution D ) 18-760 nm 5 min
condensation particle counter (CPC) number concentration D > 7 nm 1 s
diffusion charger (DC) active surface area 1 s
aethalometer black carbon 1 min
NOx analyzer NO, NOx 1 min

a East side of the roadway (Birrhard, Humlikon), background site (Zeughaushof) in Zürich. b At the Birrhard and Humlikon sites on the east side,
in Zürich at the kerbside site. c West side of the roadway (Birrhard, Humlikon), kerbside site (Weststrasse) in Zürich.
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by homogeneous nucleation as a result of the rapid cooling
of the exhaust gas directly after emission. They contain mainly
recondensed lubricating oil, some metallic components, and
to a minor degree sulfuric acid from oxidized fuel sulfur (22-
24). Particles in the second mode (D ) 50-300 nm) consist
predominantly of soot aggregates from incomplete combus-
tion processes. At the background station, the highest
concentration values were measured at D ) ∼30 nm, and
the soot mode was fully hidden by the nanoparticles. The
background site generally showed only 30-44% of the
kerbside number concentration during this time period.

At nighttime, the measured particle number concentra-
tions were considerably lower than those during the rush
hour because of the low traffic density and the HDV fraction
of 0%. The concentration maximum of the kerbside is shifted
slightly to particle sizes of D ) 30 nm, and that of the
background is shifted to D ) 45 nm; very similar curve
structures in day/night variation were observed in Copen-
hagen (25). Both sites represent an aged aerosol of grown
particles due to coagulation and condensation because
immediate sources are missing in the background and occur
only episodically at the kerbside station. The urban back-
ground concentration accounts for 70-92% of the kerbside
value. The difference reaches its maximum again in the
nucleation mode, which can be attributed to LDV (about 5%

of which are equipped with diesel engines in Switzerland)
in this case.

If the recorded number size distributions are transformed
into volume size distributions assuming a spherical particle
shape, then a different picture is revealed. Ultrafine particles,
which constitute the main fraction in terms of number, have
only a small volume. The maximum volume concentrations
found at both sampling sites were in the size range of D )
300-400 nm.

Similar typical size spectra were observed at the other
sampling sites, Birrhard and Humlikon, where data were
collected using the experimental concept of simultaneous
upwind and downwind measurements (Figure 3). We found
high numbers of nucleation mode particles, whereas the
difference in the soot mode was less pronounced than in
Zürich. During the night (not shown), the differences between
downwind and upwind were low, comparable to those
measured in Zürich.

3.2. Average Diurnal Variations of Different Aerosol
Parameters. Some average diurnal variations of characteristic
aerosol parameters are discussed in this section. For this
purpose, the SMPS size spectra were integrated over certain
size intervals and named as follows: N0.05 denotes the
number concentration of particles in the size range D ) 18-
50 nm (18 nm was the lower cutoff of one SMPS instrument),

FIGURE 2. Typical size spectra of the number (left) and volume (right) concentration obtained with SMPS systems in Zu1rich (Weststrasse
and Zeughaushof) during the morning rush hour at 07:30 (a) and in the night at 03:30 (b).

FIGURE 3. Typical size spectra of the number concentration obtained with SMPS systems in Birrhard and Humlikon during the evening
rush hour at 17:30.
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N0.1 is the particle number concentration with D ) 18-100
nm, and N0.3 comprises particle number concentrations with
D ) 18-300 nm; the same applies to the volume concentra-
tion (denoted as Vx).

The kerbside curves of particle number and volume
concentration as well as surface area and black carbon display
a distinct diurnal variation, whereas the background ones
show rather constant values (Figure 4). Low values and small
differences between kerbside and background during the
night correspond well to the low traffic density in this time
period (transit prohibited from 22:00 to 6:00). At about 5:00
the local morning traffic starts, already producing a significant
increase of the concentrations compared to the previous
hours. After 6:00 when the road is also open for transit traffic,
a rapid increase, especially of the nucleation mode particles
(N0.05) and Ntot, can be seen. Concentrations stay nearly

stable at this high level until 9:00, and then they decrease
more or less continuously toward the afternoon. A secondary
peak is observed during the evening hours from 19:00 to
22:00. N0.3-N0.05 characterizes the number concentration
of soot mode particles, as close to streets this mode consists
mainly of soot emitted by diesel engines. At the kerbside
during daytime, the soot mode number concentration is lower
(65-91%) than the fraction in the size range of 18-50 nm,
whereas at the background site similar concentrations are
found for both size ranges. The diurnal variation, in particular,
the difference from day to night of N0.3-N0.05 and V0.3 is
less developed because in urban areas both parameters also
have other sources besides road traffic (industry, small trade,
and domestic fuel burning).

It is interesting to note that the concentrations do not
reflect the diurnal pattern of the traffic intensity (which is

FIGURE 4. Average diurnal variation of various aerosol parameters, NOx, and traffic frequency at the kerbside and background monitoring
stations in Zu1rich.
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highest in the late afternoon and evening around 16:00-
19:00). The reason can be found in the local meteorological
conditions. In the course of the night, a stable nocturnal
boundary layer forms, in which the morning emissions are
accumulated. At this time, therefore, the highest air pollutant
concentrations occur. Together with the higher irradiation
(after 9:00) the vertical dispersion is activated, and the
nocturnal boundary layer is broken up. Thus, dilution takes
place to a much greater extent so that pollutants disperse in
a larger air volume. The morning and the evening rush hour
contaminants experience different dilutions, resulting in
different concentrations. In the later evening, when the
nocturnal boundary layer regenerates, another transient
accumulation of pollutants takes place, as long as sufficient
emission sources still exist.

PM1 and PM10 show a rather diffuse pattern and only a
weak diurnal variation. Small, even negative PM1 differences
between the kerbside and background sites were observed
during the night and around 15:00. Reasons for that are the
existence of several nonroad PM1 sources and the relatively
high measuring uncertainties of the betagauge. PM10 exhibits
higher concentrations at the roadside throughout the whole
day. In contrast to the PM, NOx (mainly produced by traffic)
shows an explicit diurnal pattern with high kerbside/
background differences during the day and almost no
discrepancies in the night.

Figure 5 (left panel) depicts a contour plot of the diurnal
mean concentration differences collected with the SMPS
systems at the kerbside and background monitoring stations.
Because of the nocturnal closing of the Weststrasse, only
small differences were observed in the entire particle size
range during that time. After 5:00, the differences first increase
because of the local traffic and reach the maximum in the
ultrafine range shortly after the opening of the road at 6:00,
a clear indication of the traffic emissions in this size range.
Similar to N0.05, the concentration difference of the nucle-
ation mode decreases rapidly after about 10:00. Thereafter,
only marginal fluctuations occurred until 21:00, whereas the
difference in the soot mode declined continuously from 10:
00-21:00.

The absolute diurnal variation of the particle size range
D ) 0.03-10 µm at kerbside recorded by the ELPI is seen in
Figure 5 (right panel). As expected, the highest particle
number concentrations were found in the size range D <
100 nm with a pattern analogous to the SMPS results. Coarse
mode particles (D > 1 µm) show a mean diurnal variation
very similar to that of the ultrafine particles. They are
produced particularly by tire wear, brake and clutch abrasion,
mineral dust, and resuspension of these particles by passing

vehicles (26, 27). Alternatively, particles in the middle size
range between 300 and 700 nm do not show diurnal
variations. These results are consistent with findings by Imhof
et al. (28) and imply that road traffic does not emit many
particles in this size range (see also Figure 2).

For two characteristic aerosol parameters, the average
diurnal variations were further split into mean diurnal
variations of working days (Monday-Friday) and Sundays
(Figure 6). No significant difference between these time
intervals was found for Ntot and V0.3 at the background site
except for the morning hours (7:00-9:00). Higher concentra-
tions in the night from Saturdays to Sundays become evident
at the kerbside due to the increased traffic (and social) activity
within these hours, and the morning peak resulting from
leisure road traffic appears later than on working days. During
daytime on Sundays, the pollutant concentrations at roadside
were significantly lower than those on working days. Because
the traffic frequency is almost equal on Sundays and working
days, the observed discrepancies reflect the different com-
position of the vehicle fleet. In Switzerland, there is a driving
ban for trucks at nighttime and on Sundays; therefore, the
Sunday HDV traffic can be attributed predominantly to
coaches.

4. Determination of Emission Factors
4.1. Method. The aim of this research project was to
determine emission factors (EF) from the concentrations of
the immediate traffic emissions by eq 1. A direct calculation
of the EFs from the measured concentration differences was
not possible because the dilution rates of the measurement
configuration were not known. The dilution was computed
on the basis of the EFs of nitrogen oxides (NOx) assumed to
be well-known for numerous traffic situations and published
in the Handbook Emission Factors of Road Traffic (Table 3).
These NOx EFs are based on real-world emissions and test
stand measurements. The EFs for each traffic situation were
calculated for the collective categories LDV and HDV from
the EFs of the individual categories (i.e., motorcycles,
passenger cars, delivery vans, lorries) by weighting the
respective road performance. It is assumed that dilution of
NOx and particles runs homogeneously and that there are
no processes leading to a partial elimination of one species
from the atmosphere. This precondition was verified by Imhof
et al. (28). The hourly dilution rate, D (m2 h-1), was calculated
from the emission factors of NOx (EF NOx in mg km-1)
differentiated for LDV and HDV, the vehicle frequency of the
respective category (nLDV and nHDV in h-1), and the concen-
tration difference of NOx (∆NOx in µg m-3) according to

FIGURE 5. Average diurnal variation of the particle number concentration difference of the SMPS measurements between the kerbside
and background stations in Zu1rich (left) as well as the diurnal variation of the particle number concentration at the Weststrasse site (right)
from the ELPI measurements.
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The hourly EFs per vehicle (independent of the category)
for the pollutant of species i (EF Pi with units depending on
i, for example, particles km-1) were then determined ac-
cording to eq 3 if the following conditions were met: (1)
∆NOx > 20 µg m-3 (in order to get reliable dilution factors),
(2) wind speed > 0.5 m s-1 from the defined crosswind sectors
for the sites with downwind-upwind concept, and (3) regular
traffic conditions at the Birrhard and Humlikon sites with
traffic speed in the range of the typical speed given in Table
1.

where ∆Ci is the concentration difference of species i, and
ntotal is the total number of vehicles passing the sampling site
per hour (ntotal ) nLDV + nHDV). The contribution of each vehicle
category was determined with the multiple linear regression
model

This model was initially applied to all of the aerosol
parameters measured at the three sites. A careful analysis of
the residuals revealed some asymmetries, such as nonnor-
mality, nonlinearity, or heteroscedascity (nonconstant vari-
ance). Although this might suggest the need for a change in
the model, we decided to use the distribution of the residuals
to exclude some outliers from the analysis and assess whether
the linear model (4) might be reasonably valid. For every
location and aerosol parameter, the measurements whose
residuals in the model (4) were lower than the 3rd percentile
or higher than the 97th percentile were disregarded. The

distribution of the residuals improved significantly after
removing those outliers, indicating that the linear model was
appropriate in most cases. In addition, the serial correlation
in the measurements was not significant and the residuals
of the model did not obey any of the most commonly used
autoregressive moving-average models (ARMA). Even when
there were some deviations from stationarity, the calculated
confidence intervals for the aerosol emission factors are not
expected to be underestimated at these three locations.

4.2. Emission Factors Derived for the Three Investigated
Traffic Situations. Correlation plots (Figure 7) illustrate the
increase of the emission factors for two characteristic aerosol
parameters (Ntot and V0.3) as a function of the increasing
fraction of HDV at the Weststrasse site with R2 ≈ 0.75 in both
cases.

The aerosol emission factors derived for the different traffic
situations of the total vehicle fleet as well as differentiated
in LDV and HDV are reported in Table 4. It has to be taken
into account that in the given 95% confidence intervals the
uncertainties resulting from the NOx EFs are not included.
These confidence intervals are based on the variability
observed during the sampling periods for EF Pi(total) and
represent the uncertainty of the regression line for EF Pi(LDV)

and EF Pi(HDV). To promote comparability with other studies,
the EFs of PM1 and PM10 are also listed, but not further
discussed in this paper (see ref 16 for a detailed discussion).
Note that the values of the EFs for PM1 and PM10 are different
here because another model was used.

The highest particle number EFs per vehicle were found
at Birrhard, whereas a higher amount of V0.3 emitted by the
total vehicle fleet was observed at Weststrasse. The values of
V0.05 and V0.1 were in the same range for all three regimes.
Thus, motorway conditions (speed limit 120 km h-1) result
in predominant emissions of small particles (D < 50 nm),
whereas in stop-and-go traffic emissions in the soot mode
(with a larger volume) prevail. This conclusion is supported
by the comparatively low values of particle number emissions
at the latter site.

To perform a closure between the particle number and
mass measurements, we calculated an EF PM0.3 from the EF
V0.3 using an effective particle density Feff ) 0.34 g cm-3

suitable for typical diesel exhaust particles (29). This calcula-
tion yielded total vehicle EF PM0.3 of 9, 16, and 23 mg km-1

for Birrhard, Humlikon, and Weststrasse, respectively. Except
for Weststrasse (where EF PM0.3 ≈ EF PM1), the EF PM0.3
represents about 30-52% of the EF PM1, which is quite a
reasonable value considering the uncertainty of the effective
density value.

The particle number and volume EFs of LDV were found
to be of the same order of magnitude at all three sampling

FIGURE 6. Average diurnal variations of Ntot (left) and V0.3 (right) for working days (Mon-Fri) and Sundays at the kerbside and background
stations in Zu1rich.

TABLE 3. Estimated NOx Emission Factors for the Different
Monitoring Stations Based on the Handbook Emission
Factors for Road Transport (37, 38)

sampling site % HDV
speed (km h-1)a

LDV/HDV
EF NOx LDV

(g km-1)
EF NOx HDV

(g km-1)

Birrhard 9.6 120/85 0.59 8.7
Humlikon 12.5 85/75 0.37 8.2
Weststrasse 6.1 0-50/0-50 0.35 12.3

a Estimated mean vehicle speed on the basis of random test
measurements (slightly lower than speed limit at the Humlikon site
because of the high traffic density and no possibility for passing).

D )
EF NOx(LDV)‚nLDV + EF NOx(HDV)‚nHDV

∆NOx
(2)

EF Pi )
∆Ci D

ntotal
(3)

EF Pi ) nLDV‚EF Pi(LDV) + nHDV‚EF Pi(HDV) (4)
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sites, with the lowest values found in each case at Weststrasse.
HDV emissions of particle number and volume (especially
V0.3) were significantly higher at Weststrasse than at the
other sites. Table 4 also shows that LDVs with constant speeds
of about 120 km h-1 on the motorway emit higher particle
numbers than those during frequent deceleration and
acceleration in stop-and-go traffic. However, HDVs show
lower particle volume emissions driving at a constant speed
of about 85 km h-1 on the motorway than those at the traffic
situation with light signals. Acceleration of HDVs causes a
high emission of soot particles and therewith also a high
volume of particles with D < 300 nm. This fact is confirmed
by the visual observation of plumes of black smoke during
acceleration. On average, one HDV emits a 10-30 times
higher amount of particulate air pollutants (in terms of both
number and volume) than one LDV. These values are

consistent with the results of other project studies (30, 31,
9).

A direct comparison of particle number EFs determined
in this project with those of other studies is difficult because
of different measurement techniques and cutoff sizes,
whereas particle volume EFs are reported for the first time.
Comparable EFs known up to now are displayed in Table 5.
Ketzel et al. (32) report a total number EF of 2.8 × 1014 particles
km-1 (D ) 10-700 nm) for Jagtvej in Copenhagen compared
to 3.9 × 1014 particles km-1 (D > 7 nm) at Weststrasse, with
both sites being characterized by quite similar driving
conditions. For two busy roads in Brisbane, Australia,
Jamriska et al. (33) and Gramotnev et al. (34) derived 1.75
and 2.8 × 1014 particles km-1, where the authors ascribe the
observed difference to the unequal HDV fraction. Total
number EFs of 11 × 1014 particles km-1 for vehicle speeds

FIGURE 7. Correlation between HDV fraction and emission factor per vehicle at the Weststrasse sampling site, calculated for the total
particle number (D > 7 nm) and for the volume of particles in the size range 18 < D < 300 nm.

TABLE 4. Aerosol Emission Factors per Vehicle (Including 95% Confidence Interval) at the Three Sampling Sites

sampling site parameter Pi unit EF Pi(Total) EF Pi(LDV) EF Pi(HDV)

Birrhard N0.05 1014 particles km-1 1.31 ( 0.16 0.56 ( 0.18 8.2 ( 1.7
N0.1 1014 particles km-1 1.55 ( 0.16 0.81 ( 0.13 9.1 ( 1.2
N0.3 1014 particles km-1 1.59 ( 0.16 0.87 ( 0.11 9.6 ( 1.0
Ntot 1014 particles km-1 13.5 ( 0.9 6.9 ( 0.4 73 ( 3
Sa (DC) cm2 km-1 4100 ( 1300 1000 ( 900 40 000 ( 11 500
V0.05 cm3 km-1 0.0018 ( 0.0003 0.0011 ( 0.0002 0.010 ( 0.002
V0.1 cm3 km-1 0.0078 ( 0.0018 0.0044 ( 0.0016 0.062 ( 0.017
V0.3 cm3 km-1 0.027 ( 0.005 0.013 ( 0.004 0.239 ( 0.052
PM1 mg km-1 33 ( 14 29 ( 21 187 ( 169
PM10 mg km-1 70 ( 10 63 ( 15 158 ( 125
BC mg km-1 18 ( 2 9.2 ( 1.3 114 ( 11

Humlikon N0.05 1014 particles km-1 0.65 ( 0.12 0.49 ( 0.20 1.6 ( 1.2
N0.1 1014 particles km-1 0.84 ( 0.13 0.67 ( 0.17 1.7 ( 1.0
N0.3 1014 particles km-1 0.97 ( 0.13 0.73 ( 0.16 2.1 ( 0.9
Ntot 1014 particles km-1 11.7 ( 0.6 3.2 ( 0.3 69 ( 2
Sa (DC) cm2 km-1 2000 ( 1600
V0.05 cm3 km-1 0.0008 ( 0.0001 0.0007 ( 0.0002 0.001 ( 0.001
V0.1 cm3 km-1 0.0060 ( 0.0006 0.0038 ( 0.0008 0.017 ( 0.004
V0.3 cm3 km-1 0.048 ( 0.006 0.021 ( 0.005 0.186 ( 0.028
PM1 mg km-1 31 ( 10 4 ( 13 208 ( 80
PM10 mg km-1 60 ( 7 26 ( 11 275 ( 67
BC mg km-1

Weststrasse N0.05 1014 particles km-1 0.64 ( 0.04 0.26 ( 0.02 7.3 ( 0.3
N0.1 1014 particles km-1 0.90 ( 0.05 0.38 ( 0.02 10.5 ( 0.3
N0.3 1014 particles km-1 1.12 ( 0.07 0.46 ( 0.02 13.2 ( 0.3
Ntot 1014 particles km-1 3.86 ( 0.18 0.80 ( 0.09 55 ( 1
Sa (DC) cm2 km-1 1500 ( 200 300 ( 100 19 500 ( 1800
V0.05 cm3 km-1 0.0011 ( 0.0001 0.0005 ( 0.0002 0.012 ( 0.001
V0.1 cm3 km-1 0.0072 ( 0.0005 0.0032 ( 0.0001 0.090 ( 0.002
V0.3 cm3 km-1 0.068 ( 0.006 0.027 ( 0.002 0.934 ( 0.028
PM1 mg km-1 21 ( 3 0.2 ( 2.6 413 ( 33
PM10 mg km-1 96 ( 4 51 ( 4 652 ( 46
BC mg km-1 35 ( 3 10 ( 1 427 ( 15

8348 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 21, 2005



of 85 km h-1 were reported by Kristensson et al. (30) in a
Swedish tunnel study, also corresponding quite well to the
values derived for similar speeds at Humlikon. A separation
of the mixed fleet number EF into the vehicle categories LDV
and HDV was performed by Gidhagen et al. (35), who also
gave EFs of different size ranges (other cutoff sizes were
selected and therefore a comparison is not possible). All of
the reported values are in a good agreement with those
provided in Table 4. For vehicle speeds >80 km h-1,
Kristensson et al. (30) and Gidhagen et al. (35) also found
significantly higher particle number EFs than for those in
urban driving conditions (speed < 50 km h-1). The EF values
estimated for the Caldecott Tunnel (vehicle speed 70-90 km
h-1) in California (31) are lower than those in this study.
Possible reasons for this are different fuel sulfur contents
and the composition of the vehicle fleet.

To conclude, it can be stated that the number EFs derived
for the Swiss vehicle fleet at various traffic situations are
consistent with results observed recently in other countries
for similar driving conditions. Number densities of the
ultrafine particles are of great interest because they might be
more significant than PM mass concentrations in terms of
adverse health effects (7, 36). This paper gives an overview
of the traffic-related submicrometer particle size distribution
and provides number and volume emission factors of several
size ranges for various speed limits and driving conditions.
However, more investigations about the surface chemistry
of nanoparticles, and even of different fractions of them, are
required in order to relate particle data to health effects.
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