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We used flow-switching type differential mobility particle sizer in a diameter range of
6—-1000 nm and vehicle counting detectors with a time resolution of 10 min for 15 days in
July 2010 in the Castle District Tunnel, Budapest. The total particle number concentrations
varied from 5.1 X 10° to 465 x 10° cm™ with a median of 143 x 10° cm™. The median was
greater by a factor of 12 than that for the urban ambient air. The mean (+ SD) contribution
of ultrafine particles to the total particle number was 85% + 1%, which is significantly
greater than for the urban ambient air. Diurnal variations in the number concentrations
in the tunnel on workdays exhibited different time pattern than the traffic, which was
explained by ventilation. Number size distributions of particles were resolved into Aitken
and accumulation modes with the overall median diameters of 33 and 86 nm, respectively.

The mean Aitken mode/accumulation mode concentration ratio was 3.6.

Introduction

Aerosol particles are present in large concentra-
tions in polluted urban environments. Ultrafine
aerosol particles (with a mobility diameter < 100
nm) are the dominant constituent in terms of par-
ticle number at these locations. Impact of ultrafine
particles on human health has been increas-
ingly recognised, and is regarded to be harmful.
Ultrafine particles represent specific health risks
relative to coarse or fine particles of the same or
similar chemical composition. They can enter
directly into the bloodstream from the lungs,
and can be deposited in various sensitive organs
in the body such as the heart or central nerv-
ous system (Oberdorster et al. 2005, Morawska
2010). Number concentrations in cities are often
divided into Aitken- and accumulation-mode

concentrations. In Budapest, number median
mobility diameters of the Aitken and accumula-
tion modes typically vary between 20 and 60
nm, and 90 and 120 nm, respectively (Salma et
al. 2011). Residence time for the Aitken mode in
the planetary boundary layer is relatively short,
e.g., in central Budapest it is < 1 h. Therefore, the
appearance and presence of ultrafine particles in
the air in increased concentrations can be directly
related to their major sources. Ultrafine aerosol
particles are either emitted directly from high-
temperature processes or they are formed in the
air as secondary particles. Their major production
types in urban environments include automotive
road traffic emissions (Morawska et al. 2008),
heating, household burning emissions and atmos-
pheric nucleation (Kulmala et al. 2004, 2005).
Combustion sources emit greater (i.e., Aitken
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mode) particles than those formed by nucleation
because particles from high-temperature sources
grow already inside or immediately after leaving
the source due to coagulation and condensation
of semi-volatile substances when the exhaust or
flue-gas are cooled and diluted (Ristovski et al.
1998, Shi and Harrison 1999, Charron and Har-
rison 2003). Primary ultrafine particles have high
relevance for urban air quality and human health.
Road traffic is their major source in many urban
microenvironments (Morawska et al. 1998), and
high exposures to particle numbers are realised
in these locations. Up to 50% of daily ultrafine
exposure of commuters in Los Angeles occurs
inside vehicles (Zhu et al. 2007). Properties and
effects of the vehicular emissions are often stud-
ied in road tunnels for several reasons (Kris-
tensson et al. 2004). Road tunnels represent a
segregated microenvironment with dominating
vehicular emissions, closed character, restricted
dispersion, lack of sunlight, and specific meteoro-
logical and boundary conditions. Various tunnel
studies dealt with gaseous emissions and aero-
sol mass concentrations. Particle numbers only
became a subject of the investigations in recent
years. Their results were summarised for both
fixed-site and on-vehicle based measurements by
Westerdahl et al. (2005) and Knibbs ez al. (2009).
Health significance of road tunnels was also stud-
ied, and undesirable respiratory and cardiovascu-
lar implications were reported (Svartengren et al.
2000, Larsson et al. 2007, Mills et al. 2007).
Production, growth and properties of ultrafine
atmospheric aerosol particles in central Budapest
were studied for one year (Salma et al. 2011)
with the primary focus on new particle formation
and subsequent growth. It was concluded that
in central Budapest vehicular emissions often
determine the particle number concentrations.
As a continuation of this research, we performed
a fixed-site measurement campaign in the major
road tunnel in Budapest, i.e., in the Castle Dis-
trict Tunnel to investigate specifically the par-
ticle emissions from road traffic. Number con-
centrations in the tunnel or other traffic micro-
environments were not studied earlier according
to our knowledge. The main objective of this air
quality research was to quantify the levels and
time variation in particle number concentrations
in the tunnel. Our goal was achieved by inves-
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tigating the diurnal and weekly time variation
of the concentrations and time-resolved number
size distributions with respect to traffic flow.

Methods
Measurements

The measurements were carried out in the Castle
District Tunnel (47°29.6°N, 19°2.5°E, altitude
of the eastern gate 106 m a.s.l.), which is situ-
ated in central Budapest. The tunnel has been in
operation since 1857, and it was reconstructed in
1973. It is a single, straight bore with a length of
350 m, a width of 9.3 m, and it varies from 7.9 to
10.7 m in height. Its location is perpendicular to
the Danube River, and the closer, eastern gate is
located approx. 130 m from the river bank. The
tunnel comprises altogether 2-lane road traffic,
and involves one pedestrian lane and one serv-
ice curb along the two sides. The tunnel has an
inclination of 1.8% towards the western gate,
which often leads to passive ventilation. The air
movement is enforced by ventilation without
filtering from about 08:00 to 18:00 local time on
workdays. Ambient air is drawn from the outer
sideway spaces near the gates and above the
bore by a mine ventilator through shafts, and it
is delivered as fresh air into the bore through a
portal at a distance of 169 m from the eastern
gate. The nominal ventilation rate is ca. 1900
m?® min~'. No jet fans are installed inside the bore
for further longitudinal ventilation. Typical wind
speeds in the side lanes near the western gate
within the tunnel when ventilation is switched
off and on were 1.0 and 2.3 m s, respectively.
No information is available on the radial con-
centration gradient but it is reasonable to assume
that it is small after the ventilation port since
the air is turbulently mixed there. Surfaces of
the bore are washed twice a year. Vehicles using
the tunnel are not subject to a toll. Total number
of vehicles passing the tunnel on an average
workday is approximately 20 x 10°. Maximum
permitted vehicle speed is 50 km h™'. The traffic
flow and speed of vehicles is considerably low-
ered by congestions that extend from the cross
points outside the gates into the tunnel during the
morning (approx. 07:00-09:30) and afternoon
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(approx. 14:30-18:00) rush hours on workdays.
Heavy-duty vehicles and lorries are not allowed
to enter the tunnel. Pedestrian crossing is not
recommended by municipal authorities. Number
of vehicles passing the tunnel in both direc-
tions was obtained every 10 min from online
loop-counting devices used for controlling traf-
fic lights near the western gate. Passenger cars
and buses comprised 87% and 0.46% of the
vehicle fleet registered in Budapest and the Pest
County, while diesel-powered vehicles shares
in the national passenger car fleet and bus fleet
were 18.2% and 97%, respectively (OKJ 2010).
The mean lifetimes of passenger cars and buses
registered in Budapest and the Pest County were
9.9 and 13.9 years, respectively. Unleaded petrol
has exclusively been used for road vehicles in
Hungary since 1999 (Salma et al. 2000, Salma
and Maenhaut 2006). Since July 2005, diesel
fuel for road vehicles in Hungary has contained
sulphur in a concentration of less than 10 ppm
which is in accordance with the EU specification
(Directive 2009/30/EC of the European Parlia-
ment and of The Council 2009). No equipment
is mounted for monitoring the air quality or
alarming purposes in the tunnel. During day-
light in 1999, the mean (+ SD) aerosol mass
concentrations in the tunnel for PM  , ~and
PM,  size fractions were 430 = 170 ug m~ and
149 + 56 g m, respectively (Salma ef al. 2001,
2005). The coarse mode was pronounced in mass
size distributions, even for elements of typically
anthropogenic origin. This was explained by set-
tling, association of coarse and fine particles, and
their repetitive joint resuspension.

We installed the measuring instrument in a
spare ventilation hall of the tunnel at a distance
of 226 m from the eastern gate. The sampling
inlet was set up at a height of 1.3 m above
ground with no upper size cut-off device applied.
No attempt was made to create isokinetic sam-
pling conditions due to the small particle diam-
eters of interest. The sampling line was made of
a Cu tubing with an internal diameter of 4 mm
and length of approx. 1.5 m. The measurements
were performed using a flow-switching type dif-
ferential mobility particle sizer (DMPS, Aalto et
al. 2001). The main parts of the DMPS include
a >"Am neutralizer, a Nafion semi-permeable
membrane drier, a 28-cm-long Hauke-type dif-
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ferential mobility analyser and a butanol-based
condensation particle counter (CPC, model 3775,
TSI, USA). The DMPS records particle number
concentrations in an electric mobility diameter
range of 6—1000 nm in 30 channels. The diame-
ters refer to dry state of particles since the DMPS
operates in the dried sample flow. Time resolu-
tion of the measurements was approximately 10
minutes. The maximum detectable number con-
centration of the CPC was 5 x 10° cm™, which
was not approached during the measurements.
The performance of the DMPS to measure the
total number of particles accurately was tested
with another CPC of the same type, and an
excellent agreement was achieved. The actual
instrument applied was described in detail by
Salma et al. (2011). The measurements were
carried out continuously from Monday, 12 July
2010 to Monday 26 July 2010, thus for 15 days.

Data treatment

The measured data were mathematically
inverted online after each measurement cycle
(Wolfenbarger & Seinfeld 1990). The inverted
concentrations were utilised to generate contour
plots showing jointly time variations in parti-
cle diameter and normalised particle number
concentrations for a unity logarithmic diameter.
The inverted data were also used for calculating
particle number concentrations in the diameter
ranges from 6 to 1000 nm (N, ) and from 6
to 100 nm (N, ) with a time resolution of ca.
10 min. The former size-fraction represents total
number of aerosol particles while the latter frac-
tion can be associated with ultrafine particles.
Number concentrations of particles with a diam-
eter above 1000 nm is expected to be negligible
in cities in relation to the concentrations of these
size fractions. We are aware that numbers of
coarse particle can be also non-negligible for
some specific aerosol types. Daily and overall
average concentrations were calculated for the
size fractions. Diurnal variation in the concentra-
tions, averaged by the time of day separately for
workdays and weekends were also obtained. All
number size distributions were fitted by lognor-
mal functions using the DoFit algorithm (Hus-
sein et al. 2005) to obtain modal concentrations,
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number median mobility diameters (NMMDs)
and geometric standard deviations (GSDs) for
the modes identified. Various concentration data
sets and traffic flow data were subjected to cor-
relation analysis.

Experimental results of the present study
were sometimes compared with the correspond-
ing ambient data for central Budapest. The
ambient data were obtained at the Lagymanyos
campus of the E6tvos University (47°28°29°N,
19°03°43”’E, 115 m a.s.l.) between 3 November
2008 and 2 November 2009 (Salma et al. 2011).
This site is located downwind from the tunnel
at a distance of about 3.1 km from its eastern
gate, and 80 m from the river bank. The prevail-
ing wind direction in Budapest is NW. It brings
clean air into the central part, dilutes the polluted
air there, and leaves almost unrestrictedly in
the S-SE direction. It is expected that both the
external air at the tunnel and ambient air at the
Lagymanyos campus are influenced or linked by
a wind channel which is formed above the river.

Results and discussion
Concentrations

Daily mean traffic flow in the tunnel was rather
constant during the workdays; on the weekends
it was smaller by 25%-30% (Fig. 1). Vari-
ations in the daily median concentrations on
weekdays did not follow changes in the traf-
fic flow. Total particle number concentrations

19 Jul
Date

26 Jul

varied from 126 x 10° cm™ (Thursday, 22 July
2010) to 167 x 10° cm™ (Saturday, 17 July 2010)
with a median of 143 x 10° cm=. The concentra-
tions were greater by factors of 33,5.7 and 11.9
than the corresponding minimum, maximum and
median values obtained for the ambient air in
central Budapest over one year. (It is worth
mentioning here that no obvious seasonal vari-
ation in the daily median number concentration
was identified in the ambient data set.) The daily
median concentration of ultrafine particles in the
tunnel varied from 108 x 10° cm™ (Thursday,
22 July 2010) to 143 x 10° cm™ (Saturday, 17
July 2010) with a median of 123 x 10° cm=. For
the workdays, the daily medians varied irregu-
larly from day to day. The average traffic flow
and composition of vehicle fleet (e.g., relative
frequency of buses), which influence the con-
centration levels, were more or less constant on
a daily scale. The concentration levels realised
within the tunnel were also affected by ambient
concentrations and micrometeorological circum-
stances near and within the tunnel via passive
and enforced ventilation. The latter quantities
changed irregularly, and they likely caused the
observed variability. High concentration levels
were reached on Saturdays. This was caused by
the joint effect of ventilation that was switched
off and smaller traffic flow on weekends. The
median daily concentrations were in the range
41 x 103-760 x 10° cm™ reported for other urban
tunnels, and were usually smaller than the typi-
cal average values (Knibbs ez al. 2009). The
lower concentration level can be also connected
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to the fact that the Castle District Tunnel is a
short tunnel. At the same time, we are aware
that there are important differences (e.g., in
the dimensions, operational circumstances, engi-
neering systems, vehicle densities, ventilation
systems, cleaning frequencies) among various
urban tunnels. Moreover, the measuring meth-
ods, techniques and approaches applied in tunnel
studies were as diverse as the tunnels them-
selves. Therefore, conclusions on the general
air quality of various tunnels can not be always
deduced by direct comparison of experimental
results.

It is more realistic, however, to consider
measured 10-min concentrations because the
travellers, cyclists or pedestrians spend a com-
parable time interval in tunnels, and actual con-
centrations over this period can be much greater
or much smaller than the daily medians. The
particle number concentrations cover a range of
two orders of magnitude (Table 1). The largest
measured total particle number concentration of
465 x 10° cm™ was reached at 18:50 on Tues-
day, 20 July 2010, and it was about 40-times
greater than the yearly median for the ambi-
ent urban air. Strong association between N
and N, mentioned above was confirmed by
Pearson’s correlation coefficient equalling 0.992
(p <0.0001). This points to their common major
emission source which is unambiguously road
traffic. Contribution of ultrafine particles to the
total number concentrations on a daily basis
ranged from 61% to 98% (mean + SD = 85%
+ 1%) (see Table 1). The minimum is slightly
greater than the corresponding minimum of 58%
for the ambient urban air, while the maximum
and mean = SD are significantly greater than
the corresponding ambient values of 92% and
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79% + 6%, respectively. Smaller ratios typically
occurred at the very beginning of the day (until
04:00) when the traffic flow was the lowest (see
below). This can be explained by the fact that
vehicles mainly emit particles in the ultrafine
size range, and that their contribution to the total
particle number concentration is greater in the
tunnel than in urban areas due to the restricted
ventilation and dispersion. The median particle
number concentration levels within the tunnel
and in the ambient air were utilised to estimate
roughly the relative exposure in the tunnel with
respect to the city centre. Pedestrians walking
through the tunnel for 5-7 min are generally
exposed to particle numbers that are equivalent
to an exposure obtained for ca. 1 h 15 min while
walking in the city centre. Exposure of those
who walk through the tunnel during the concen-
tration peak periods (worst-case scenario) cor-
responds to approx. 4-h walking in the city. The
real situation can be somewhat better because
there is a relationship between the concentration
levels within and outside the tunnel, in particular
for periods when the ventilation is activated.
The smallest traffic flow (at night) was con-
siderably smaller on workdays than on week-
ends, and the median number of vehicles that
passed the tunnel on workdays was 1.41 greater
than that for weekends (Table 2). The daily
changes in traffic flow were greater for work-
days than for weekends. Both the smallest and
the largest 10-min concentrations occurred on
workdays, at night and in the morning, respec-
tively. The workday/weekend ratio of the median
number concentrations for both total particles
and ultrafine particles were below the value of 1
(approx. 0.85). This means that the concentration
levels were smaller on workdays than on week-

Table 1. Range, median, mean and standard deviation of the measured total particle concentration, ultrafine parti-
cle concentration and traffic flow in the Castle District Tunnel. Contributions of ultrafine particles to the total number

of particles are also shown.

Traffic flow Total particles Ultrafine particles Concentration ratio
(h™) (x 10 cm®) (x 102 cm™®) (%)
Minimum 87 5.1 3.7 61
Median 960 143 123 85
Maximum 1560 465 392 98
Mean 839 159 134 85
SD 390 86 71 5
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Fig. 2. (a) Contour plot of normalised particle number concentrations showing two major traffic emissions over
working days corresponding to morning and afternoon rush hours in the Castle District Tunnel from 17 to 23 July
2010. (b) Variation of total particle number concentration with time: a typical pattern consisting of a minimum and

two modest maxima over working days is visible.

ends. It can be explained by the effect of ventila-
tion which is activated on workdays between
08:00 and 18:00, and by the different traffic flow
on workdays and on weekends.

No new particle formation and subsequent
particle growth was identified during one week
from Saturday, 17 July 2010 to Friday, 23 July
2010 (see Fig. 2). It was somewhat expected
because new particle formation in Budapest was
shown to be favoured by low pre-existing aero-
sol concentration levels, low condensation sink,
and high solar radiation (Salma et al. 2011).
These conditions do not occur in the tunnel at
all. It can be seen that considerable variation in
the number concentration occurred during the

Table 2. Ratio of the traffic flow, total particle number
concentrations and ultrafine particle number concentra-
tions on workdays to those on weekends for the Castle
District Tunnel.

Traffic Total Ultrafine

flow particles particles
Minimum 0.59 0.29 0.25
Median 1.41 0.84 0.86
Maximum 1.24 1.24 1.17

days, and that the variation seemed to follow a
periodic pattern with one deep minimum and
two modest maxima during working days. In
order to study this cyclic variation in more detail,
we produced average diurnal plots separately for
workdays and weekends.

Diurnal variations

The traffic increased monotonically and rap-
idly from 05:00 to 07:00 on workdays, and
reached its first maximum between 07:00 and
08:00 (Fig. 3). The traffic remained elevated
until the second maximum which appeared at
around 17:00, after which the number of vehicles
decreased monotonically until about 04:00 next
morning. The maximum of the traffic flow was
limited by congestions that spread from the out-
side cross points near the gates into the tunnel.
The mean traffic flow from 00:00 to 05:00 was
greater on weekends than on workdays. This can
be related to more overnight entertainment activ-
ities on weekends than on workdays. On week-
ends, the morning growth in traffic was slower,
and the first maximum was shifted towards noon.
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Fig. 3. Diurnal variation in
traffic flow in both direc-
tions through the Castle
District Tunnel, averaged
for the time of day sepa-
rately for workdays and
weekends. The curves
were obtained by 1-h
smoothing.

Fig. 4. Diurnal variation in
the total particle number
concentration, averaged
over the time of day sepa-
rately for workdays and
weekends in the Castle
District Tunnel. The
curves were obtained by
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It reached a considerably lower level than on
workdays. The second maximum was broader,
and it was shifted to about 18:00. Between the
two maxima, a deeper minimum appeared at
approximately 15:00. Diurnal variation in the
traffic flow was related to the daily activity pat-
tern of the inhabitants (Jeong et al. 2006, Park et
al. 2008), and suggested that the traffic through
the tunnel had significance on the urban scale.
The shapes of the curves of diurnal variations
in the mean total particle number concentra-
tions, averaged by the time of day separately
for the workdays and weekends are rather dif-
ferent (Fig. 4). The mean number concentration
between 00:00 and 05:00 were smaller on work-
days than on weekends. This is a consequence of

1-h smoothing.

the mentioned above differences in traffic flow
on workdays and on weekends. The mean con-
centration on workdays increases monotonically
and rapidly from 05:00 to 08:00 when it reaches
its first maximum of approximately 270 x 10?
cm3. After the maximum, the mean concentra-
tion drops within an hour to about 140 x 10* cm™
as a result of ventilation, which starts at 08:00.
This concentration level is maintained constant
until ventilation is on. To assess the particle
number concentrations in the fresh-ventilated
air, diurnal variation in the mean total particle
number concentrations in the ambient air in cen-
tral Budapest, averaged separately for workdays
and weekends (involving holidays) in summer
was derived (Fig. 5). It revealed that the median
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concentration of the total particle number in the
ambient air in central Budapest over the period of
09:00-18:00 was between 15 x 10° and 11 x 10°
cm™, Its actual value depended on the weather
conditions and types. It was expected that this
concentration would not decreased substantially
during ventilation since there was no filtration
device involved. The fresh air introduced from
outside dilutes the particle number concentration
within the tunnel by approximately half (Fig. 4).
When ventilation is switched off (at 18:00), in
1.5 hours the concentrations increased again and
reached a second maximum of a similar extent as
that in the morning. After 20:30, the concentra-
tions decreased again because of the decreasing
traffic flow which during that time was already
substantial. On weekends, the mean total number
concentrations varied similarly to the variation
in the traffic flow showing a slower increase
until a maximum at noon, and a second broader
maximum between 18:00 and 22:30. The maxi-
mum level of the mean concentration on week-
ends reached approximately 220 X 10° cm™. The
daily average concentrations on weekends were
eventually greater than those on workdays. Diur-
nal variations in ultrafine particles for workdays
and weekends exhibited similar behaviour and
tendencies as for the total particles.

It is also evident from the diurnal curve for
workdays that ventilation could have consider-
ably decrease the concentrations if had it been
activated approx. 2 h earlier and switched off
approx. 3 h later, or if it had been controlled by

some pollution (e.g.,NO_and/or CO) monitoring
instrument. Ventilation operated around midday
and late evening on weekends could lower the
daily exposures of travellers as well.

As expected, the correlation between the total
particle number concentration and traffic flow, or
between the ultrafine particle number concentra-
tion and traffic flow based on the 10-min data
sets were insignificant, because of the role of
ventilation. The correlation coefficient was 0.650
(p < 0.01) for the period from 20:00 to 07:30
for workdays, during which interval the number
concentrations were related to vehicle emissions.

Size distributions

Number size distributions of aerosol particles
usually exhibited a wide peak, which could be
resolved by fitting into Aitken and accumulation
modes. The statistical uncertainty of the fitted
modal concentrations was sometimes large when
the two modes were close to each other. This
caused large scatter in the modal concentrations,
and hindered some further evaluations. Overall
median NMMDs for the Aitken and accumula-
tion modes derived from the individual data were
33 and 86 nm, respectively. The values are com-
parable to the corresponding average diameters
of 26 and 93 nm for the ambient urban air in
Budapest, respectively (Salma et al. 2011). The
greater median diameter of the Aitken mode in
the tunnel can be related to several factors. The
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smallest particles are affected by coagulation
scavenging and wall losses more extensively than
the larger particles, and these effects can shift the
Aitken mode to greater median diameters. Semi-
volatile compounds that are present in greater
concentrations in the tunnel also condense on
the surface of the Aitken-mode particles, which
also contributes to the shift. The mean ratio of the
Aitken-mode concentration to the corresponding
accumulation-mode concentration calculated on
the basis of the 10-min data sets were 3.6, 3.8
and 2.1 for all days, workdays and weekends,
respectively. The ratios are substantially greater
than those for the ambient urban air (of 1.14),
which is explained by a much greater contribu-
tion of road traffic (Aitken-mode) emissions in
the tunnel. Furthermore, the Aitken mode was

— - — Accumulation mode
Sum of the modes

tions (GSD) for Aitken and
accumulation modes are
also shown.

substantially greater than the accumulation mode
during 06:00-08:30 and 19:00-22:00 on work-
days (Fig. 6a). This is explained by the largest
share of the fresh emissions during the morning
and afternoon peak periods when the ventilation
is switched off. The accumulation-mode concen-
tration was similar to or slightly greater than the
Aitken-mode concentration during 09:00-18:30
on workdays (Fig. 6b). This is due to the fact that
the ventilated air contains older emissions and
aged particles, which are larger than the freshly
emitted particles. This could be inferred from the
mean Aitken mode to accumulation mode con-
centration ratios which for the ambient air and the
air in the tunnel were 1.14 and 3.8, respectively.
As a result, ventilation primarily diluted the con-
centration of Aitken-mode particles (see Fig. 6).
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Conclusions

A total number and length of road tunnels is
expected to increase in many cities. Their impacts
on people’s health and environment should
therefore be considered. For a relatively short
road tunnel in Budapest, a median total particle
number concentration of 143 x 10° cm™ was
obtained, which is about 12 times greater than
the corresponding ambient level. The maximum
of the 10-min measured concentrations reached
465 x 10 cm™. The daily median concentra-
tions varied irregularly from day to day for the
workdays due to changing ambient concentration
levels and micrometeorological circumstances.
The daily average concentrations on the week-
ends were greater than on the workdays. This
is explained by the use of ventilation which is
switched off during weekends. Mean contribu-
tion of ultrafine particles to the total particle
number was 85%. The value is greater than
that for the ambient air, which is related to the
fact that vehicles mainly emit ultrafine particles.
Diurnal variation of the traffic flow through the
tunnel was rather periodic on workdays, and dif-
ferent than that on weekends. This was caused by
the different time-activity pattern of the inhabit-
ants on workdays and weekends. Diurnal varia-
tion of the number concentration was influenced
by traffic flow, ventilation, ambient concentration
levels and micrometeorological circumstances.
Ventilation had a substantial impact on the air
quality in the tunnel. It diluted the number con-
centration by a factor of approx. 2. It also sup-
pressed the relative contribution of the Aitken
mode with respect to the accumulation mode in
size distributions. The present study emphasizes
that tunnels are rather important microenviron-
ments where substantial exposures to particle
numbers occur. Pedestrians, cyclists, travellers
in open vehicles, in vehicles with open windows
or without filtration devices are subject to greater
exposures. Traffic congestions in tunnels amplify
the adverse effects. Traffic arrangements should
prevent or decrease excess exposures. The study
also demonstrates that the operation regime of
the ventilation should be modified in several
respects. Reducing vehicle emissions, however,
seems to be a more efficient approach. The dura-
tion of the field campaign was limited in time, but
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it already revealed several important properties
and actual features of aerosol particles in terms of
particle numbers, which have public-health rel-
evance, and it pointed out to the need for further
extended investigations.
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