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Abstract

To assess exposure to air pollution from traffic of children attending schools near motorways, traffic related air

pollution (PM2:5;NO2 and benzene) was measured in and outside 24 schools located within 400 m of motorways in the
Netherlands. Reflectance of PM2:5 filters was measured as a proxy for elemental carbon (EC). The relationship between
this proxy and measurements of EC was studied in a sub-sample and a high correlation was established. In both indoor

and outdoor air, concentrations of PM2:5 and ‘‘soot’’ significantly increased with increasing truck traffic density and
significantly decreased with increasing distance. Indoor NO2 concentrations significantly increased with increasing car
traffic. The percentage of time that the school was downwind of the motorway during the measurements was

significantly associated with ‘‘soot’’ and NO2, but not with PM2:5 and benzene. Estimated yearly averaged
concentrations, calculated after standardising for differences in the background concentrations during the
measurements, showed an about 2.5 fold range in ‘‘soot’’, benzene (indoors and outdoors) and NO2 (indoors)
concentrations. For PM2:5 (indoors and outdoors) and NO2 outdoors the range was smaller (1.4–1.7). Standardised

concentrations were highly correlated with the results of two other approaches that were used to order the exposures at
the schools. This study has shown that concentrations of air pollutants in and outside schools near motorways are
significantly associated with distance, traffic density and composition, and percentage of time downwind. These

variables can therefore be used to assess exposure to traffic related air pollution of subjects living near motorways.
Furthermore, the yearly averaged concentrations of PM2:5, ‘‘soot’’, NO2 and benzene can be used as a more direct
measure of long-term exposure in epidemiological studies of the children attending the 24 schools. # 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Motorised traffic is a major source of air pollutants
such as nitrogen dioxide ðNO2Þ and suspended particu-
late matter (SPM). Several recent studies suggest an
association between living near busy roads and respira-

tory health (Weiland et al., 1994; Nitta et al., 1993;
Ciccone et al., 1998). Most of these studies have used

(self-reported) traffic density on the street of residence
and=or distance of the home address to busy roads as

measures of exposure. Few studies have incorporated
actual measurements of traffic related air pollutants.
Kr.amer et al. (2000) measured personal and outdoor
NO2 concentrations of children living near major roads

in two urban and one suburban area. Outdoor
concentrations were correlated with a traffic index based
on the traffic density at the home address ðR ¼ 0:70Þ.
Outdoor NO2 concentrations at the front of the
children’s homes were associated with atopy and allergic
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symptoms. No such associations were found for
personal NO2. Ciccone et al. (1998) included some

validation of the exposure indicator used by simulta-
neously measuring outdoor NO2 concentrations in 85
locations in one of the 10 study areas. NO2 concentra-

tions were on average about 10 mg m�3 (23%) higher in
streets where lorries were reported often to pass than in
streets where lorries were reported not or seldom to
pass. Nitta et al. (1993) included measurements of NOx

at 3 or 4 different distances from the road in 7 locations.
The average concentration at the roadside ð0 mÞ was 14–
46% higher than the concentration at 150 m. Mean

SPM concentrations, measured at one of the locations,
declined from 77 mg m�3 at 0 m to 64 mg m�3 at 150 m.
Nakai et al. (1995) measured personal, indoor and

outdoor concentrations of NO2 of subjects selected from
participants of a health effects study which was
conducted some years earlier. Measurements were

conducted 10 times during several seasons. Mean
outdoor concentrations were always higher in the zone
closest to the road and lowest in the reference zone. The
overall average NO2 concentration was 81 mg m�3 in

zone A ð520 mÞ, 67 mg m�3 in zone B (20–150 m) and
39 mg m�3 in the reference zone. Mean personal and
indoor NO2 concentrations were generally higher in

zone A during non-heating seasons. During the heating
season this was only the case for residents who did not
have an unvented heater.

In 1995, respiratory health of children living and
attending schools within 1000 m from 6 major motor
ways in the Netherlands was studied (Brunekreef et al.,
1997; van Vliet et al., 1997). In addition to traffic counts

for cars and trucks and distance of the homes to the
motorway as exposure variables, air pollution in the
children’s schools was measured. Black smoke concen-

trations were significantly correlated with truck traffic
density and percentage of time downwind. Classroom
NO2 concentrations were significantly correlated with

car and total traffic density, percentage of time down-
wind and distance of the school to the motorway
(Roorda-Knape et al., 1998). Truck traffic density and

classroom black smoke concentrations were significantly
associated with chronic respiratory symptoms and lung
function. In 1997=1998 we conducted a similar, more
extensive, study, involving children from 24 schools

situated within 400 m of 22 different motorway
stretches. PM2:5, ‘‘soot’’, NO2 and benzene were
measured in and outside all 24 schools. This paper

describes the relation between air pollution measure-
ments on the one hand and traffic density of the
motorway, distance to the motorway and percentage

of time downwind during the measurements on the other
hand. Furthermore, yearly averaged air pollution
concentrations in and outside the schools were esti-

mated, to be used as measures of exposure in the
epidemiological study.

2. Methods

2.1. Sampling strategy

Traffic related air pollution was measured at 24

schools, located within 400 m of motorways in the
Netherlands. The schools were situated along 22
different motorway stretches. Three schools, which were
also involved in a study on respiratory health of children

living near Schiphol airport, were situated along the
same motorway stretch (2 on the Northeast side and 1
on the Southwest side of the road). The other 21 schools

were all situated along different motorways stretches. In
the selection of the sites, a maximum variation in traffic
densities and a minimal correlation between car and

truck traffic was aimed at. In and outside each school,
PM2:5;NO2 and benzene was measured. Reflectance of
PM2:5 filters was measured as a marker for elemental

carbon (EC), a major part of diesel soot (Wolff, 1985).
Weekly averaged measurements were conducted. For
PM2:5 and benzene, indoor sampling was done during
school-hours only (Wednesday 9.00–13.00; 9.00–15.00

on all other weekdays). Outdoor sampling for these
components was done on all days of the week during
15 min out of every hour, to avoid overloading of the

samples. NO2 sampling was continuous in both indoor
and outdoor air. Each school was measured 5 to 10
times, spaced over 16 weeks in the period April 1997–

May1998. Every measuring week, on average 12 schools
(range 4–18) were measured simultaneously. Indoor
samples were taken in one of the classrooms, at 1:5 m
height and away from the door, window or blackboard.

Outdoor sampling was mostly done on the roof of the
school or in a patio. In 2 cases, outdoor measurements
were conducted in the garden of a neighbouring house

because no suitable monitoring sites were available on
the grounds of the schools.

2.2. Sampling methods

PM2:5 was measured using Harvard impactors (Mar-

ple et al., 1987) at 10 l min�1. Andersen 2 mm pore size
Teflon filters were used. Flows were measured at the
beginning and end of each sampling period with

calibrated rotameters and elapsed time indicators were
used to calculate the sampled volumes. Filters were
weighed using a Mettler AT261 analytical balance with
10 mg reading, after equilibrating at about 208C and

45% relative humidity for 24 h in a desiccator.
Reflectance of PM2:5 filters were measured using an
EEL43 reflectometer and transformed into an absorp-

tion coefficient according to ISO 9835 (ISO, 1993).
Absorption coefficients were converted into black smoke
(‘‘soot’’) concentrations using a regression equation of

the relation between absorption of PM10 filters and
black smoke concentrations measured simultaneously at
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the same site, reported by Roorda-Knape et al. (1998)
(Black smoke (mg m�3Þ ¼ �3:663þ9.897�Absorption;

R2=0.94; n=40). Co-located measurements of both
PM2:5 and PM10 in outdoor air conducted by us
showed that absorption coefficients of PM2:5 filters

are highly correlated with and only slightly lower
than absorption coefficients of PM10 filters (ABSPM2:5 ¼
0:03þ 0:93�ABSPM10;R

2=0.99;n=26). Fischer et al.
(2000) also documented little difference between absorp-

tion of PM10 and PM2:5 filters. The mean coefficient of
variation (CV) of 14 indoor duplicates was 7% (S.D. 5;
range 0–15%) for PM2:5 and 3% (S.D. 1; range 0–6%)

for absorption. For outdoor duplicates ðn ¼ 26Þ mean
CV values were 5% (S.D. 6; range 0–28%) for PM2:5

and 1% (S.D. 1; range 0–5%) for absorption.

Benzene was sampled at a flow rate of about 700
ml min�1 through SKC charcoal tubes. Flows were
measured at the beginning and end of each sampling

period with calibrated rotameters and elapsed time
indicators were used to calculate the sampled volumes.
Valve boxes were used to avoid passive loading of the
tubes during non-sampling times. Samples were ana-

lysed on a GLC Hewlett Packard type 5890 gas
chromatograph, after desorption with 1 ml carbon
disulphide (CS2). The mean CV was 13% (S:D: ¼ 9;

range 1–29%) for 13 indoor duplicates and 7%
(S:D: ¼ 7; range 0–24%) for 27 outdoor duplicates.
NO2 was measured using diffusion tubes described

by Palmes et al. (1976). These tubes consist of a
cylindrical tube, which at one end is closed with a
cap containing a metal grid coated with tri-ethanol
amine. In the first 8 months of the fieldwork, somewhat

transparent caps were used instead of the red caps
we had used before, as these were no longer available
from the distributor. Outdoor NO2 measurements

conducted with the transparent caps appeared to
give too low NO2 concentrations. Laboratory
experiments showed that after exposing some highly

exposed tubes with ultraviolet light, hardly any NO2

was measured anymore. No such effect was observed
when red caps instead of transparent caps were

used. From December 1997 onward, therefore, red
caps were obtained again and used. Field comparison
measurements conducted throughout the remainder
of the fieldwork showed that in outdoor air significantly

lower concentrations (up to > 100% lower) were
measured with the transparent caps compared to
the red caps, especially in the spring. No such difference

was found for indoor air. We therefore decided to
exclude all outdoor measurements conducted with
transparent caps from the data analysis. Indoor

measurements were not excluded. Chemical analysis
was done by colorimetry using Saltzman reagent.
All measurements were done in duplicate. Two

observations were excluded because of bad repeatability
(CV > 30%Þ. The mean CV of the remaining duplicates

was 6% (S.D. 5; range 0–27%) for both indoor and
outdoor measurements.

To establish the correlation between reflectance of
PM2:5 filters and direct EC measurements, EC was
measured in a subset of 47 outdoor and 32 indoor

samples. For the EC measurements duplicate sample
collection was conducted using Harvard PM2:5 impac-
tors and Schleicher and Schuell QF 20 quartz filters.
Samples were analysed the AMU TUV GMBH labora-

tory in Munchen, Germany, according to VDI 2465
standard (VDI, 1995). The mean CV of four outdoor EC
duplicates was 10% (S.D. 5; range 3–13%).

2.3. Relation between air pollution concentrations, traffic
density, distance and percentage of time downwind

Traffic counts were obtained from the Ministry of
Public Works, which routinely collects counts for all

motorway stretches in the Netherlands using induction
loops. This method distinguishes into vehicles smaller
than and larger than 5:1 m, which we classified as cars
and trucks respectively. Weekday counts for 1997 were

used. Distances of the measuring points to the motor-
ways were measured using 1 : 1000 or 1 : 1500 scale
maps. Data on wind direction per hour were obtained

from measuring site Zestienhoven (Rotterdam Airport)
of the Royal Dutch Meteorological Institute. For each
measurement, the percentage of time that the school was

downwind during the measurement was calculated. A
school was considered downwind if the wind was within
608 from perpendicular to the road in the direction of

the school. The relationship between air pollution
concentrations, traffic density, distance and percentage
of time downwind was assessed using multiple regression
analysis. The logarithm of distance was used because

from general dispersion models an exponential decay in
the contribution from the road with distance can be
expected. All measurements of a particular pollutant

were included in the same model. Regression results
were adjusted for measurement period by including 15
dummy variables (for 16 measurement periods) in the

model. The SAS procedure ‘‘Proc Mixed’’ was used to
adjust regression results for correlations between re-
peated measurements of the same school. A random
intercept model was used.

2.4. Estimation of yearly averaged air pollution
concentrations

For logistical reasons it was not possible to measure
all schools simultaneously. Instead, on average 12

schools at a time were measured during 16 different
measurement weeks, resulting in 5 to 10 weekly averaged
concentrations per school (see sampling strategy).

Because of the temporal variation in air pollution
concentrations, average background concentrations
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during the measurements differed from school to school.
For example, the average black smoke background

concentration during the measurements varied between
11 and 16 mg m�3 for the different schools. Air pollution
concentrations were therefore standardised for the

background concentrations during the measurements
according to

Cstandardised;t ¼ ðCi;t=Cbackground;tÞ � Cbackground;year:

Where Cstandardised;t is the standardised concentration

during week t;Ci;t is the measured concentration during
week t;Cbackground;t is the average background concen-
tration during week t;Cbackground;year is the yearly

averaged background concentration. Background con-
centrations were obtained from the Dutch National Air
Quality Monitoring Network, which is operated by the

Dutch National Institute of Public Health and the
Environment (RIVM). For PM2:5 and ‘‘soot’’, PM10 and
Black smoke concentrations were used from 4 regional
background network stations spread over the study

area. For benzene, data from only one background
station was available. For NO2, information from 9
background stations was available. Since no back-

ground PM2:5 concentrations were available, PM10 data
were used to standardise PM2:5 concentrations. Before
standardising, PM2:5 concentrations were converted into

PM10 concentrations using a regression equation of
the relation between PM2:5 and PM10 obtained from
26 co-located measurements in outdoor air ðPM2:5 ¼
�6:2þ 0:77� PM10;R2 ¼ 0:93Þ. After standardising,

PM10 concentrations were converted into PM2:5 again.
This procedure was necessary because of the significant
intercept in the relation between PM2:5 and PM10.

In addition to the calculation of standardised
concentrations, 2 other approaches were used. First,
instead of the ratio Ci;t=Cbackground;t, the difference

between measured and background ðCi;t � Cbackground;tÞ
concentrations was calculated and average differences
were calculated for each school. Second, differences

between the schools were estimated using a regression
model: concentration ¼ aþ b*schoolþ d*period in
which ‘school’ and ‘period’ were included as 23 and 15
dummy variables respectively. Results of the last two

approaches were correlated with the average standar-
dised concentrations to evaluate if the different ap-

proaches reflect the same order of exposures.

3. Results

Characteristics of the various motorways (Table 1)

showed a 4–5-fold range in traffic densities. The
correlation between car and truck traffic was low
(Fig. 1, R ¼ 0:31). Distance of the school to the motor-

way was moderately correlated with truck traffic
ðR ¼ 0:52Þ, but not with total or car traffic.
Indoor concentrations of ‘‘soot’’ and benzene ex-

ceeded outdoor concentrations (Table 2). This can be

caused by the difference in the sampling times: indoor
measurements were conducted during school hours only,
whereas outdoor sampling was done on all days of the

week, thus including night-times and weekends during
which traffic flows and therefore emissions are lower
than during school hours. NO2 concentrations, which

were measured continuously in both indoor and outdoor

Table 1

Characteristics of the study locations (n ¼ 24)

Mean S.D.a Median Range

Truck traffic density (vehicles=weekday) 13 146 4880 11 814 5190–22 326

Car traffic density (vehicles=weekday) 89 544 35 843 87 843 30 399–155 656

Total traffic density (vehicles=weekday) 102 690 37 620 97 603 39 737–169 637

Distance outdoor measurement site (m) 206 108 210 32–377

Distance indoor measurement site (m) 208 115 227 32–390

Yearly average % of time downwind 38 10 38 27–49

aStandard deviation.

Fig. 1. Relation between car and truck traffic density (vehicles

per weekday) on the 22 motorway stretches ðR ¼ 0:31Þ.
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air, were about 50% lower in indoor compared to

outdoor air. For benzene, however, the indoor concen-
tration was almost 8 times higher than the outdoor
concentration on 2 occasions. One was caused by an

extremely high indoor concentration of 14 mg m�3; the
other was due to a low outdoor concentration of 0:6
mg m�3 in a period that outdoor concentrations that

were measured simultaneously at 14 other schools
ranged from 2.1 to 3:3 mg m�3. These 2 concentrations
also showed an extremely high (indoor) and low
(outdoor) residual in the results of the regression

analyses presented in Table 3 and were therefore
excluded from the analysis (already excluded in Table 2).
Absorption coefficients were highly correlated with

EC concentrations (Fig. 2). The estimated regression
equations are: Absorption ðm�1 � 10�5Þ ¼ 0:46þ 0:34
�EC ðmg m�3Þ ðR ¼ 0:92; n ¼ 47Þ in outdoor air, and

absorption ðm�1 � 10�5Þ ¼ 0:45þ 0:42� EC ðmg m�3Þ
ðR ¼ 0:85; n ¼ 32Þ in indoor air. After excluding one
outlier in indoor air (circled value) the correlation
coefficient in indoor air increased to 0.93. Fig. 3 shows

that the relation between reflectances (%) of Teflon

Table 2

Distribution of air pollution concentrations (mg m�3)

Indoor Outdoor

N Mean Median S.D.a Range N Mean Median S.D. Range

PM2.5 178 23.0 23.2 6.3 7.7–52.8 181 24.8 23.4 11.6 5.2–60.8

‘‘Soot’’ 177 14.7 15.0 5.6 1.9–35.4 179 12.2 12.6 5.0 0.7–24.5

NO2 192 19.1 17.5 8.1 2.8–44.7 84 39.2 38.5 15.9 10.7–76.6

Benzene 160 3.2 2.9 1.7 0.6–8.1 177 2.2 2.1 1.1 0.3–5.0

aStandard deviation.

Table 3

Relation between air pollution concentrations, traffic density, distance and percentage of time downwind (adjusted for measurement

week; trucks per 10.000; cars per 50.000)

n Cars Trucks Log(distance (m)) % downwind

Estimatea S.E.b Estimate S.E. Estimate S.E. Estimate S.E.

Indoor

PM25 178 0.09 0.95 3.31* 1.52 �2.19* 0.95 1.48 1.15

‘‘Soot’’ 177 1.20* 0.54 1.91* 0.87 �2.82** 0.55 3.61** 0.64

NO2 192 4.01* 1.51 �2.95 2.42 �0.84 1.53 3.31** 1.22

Benzene 160 0.36 0.24 0.66 0.38 �0.14 0.24 0.68* 0.28

Outdoor

PM25 181 �1.06y 0.51 4.01** 0.82 �1.89** 0.53 �0.45 0.84

‘‘Soot’’ 179 �0.06 0.40 2.23** 0.63 �2.24** 0.42 2.49** 0.44

NO2 84 2.46 1.49 2.41 2.33 �2.40 1.47 5.84* 2.26

Benzene 178 0.16 0.10 0.35* 0.16 �0.34** 0.11 �0.10 0.13

aParameter estimate.
bStandard error.
*p50:05.
**p50:01.
yp50:10.

Fig. 2. Relation between absorption coefficients and EC

concentrations (O ¼ outdoor measurement; i ¼ indoor mea-

surement).
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filters and the amount of EC ðmgÞ collected on the co-

located quartz filter, corrected for the difference in the
sampled volumes of the Teflon and quartz filter, is not
completely linear. From about 110 mg EC onward the
reflectance hardly decreases anymore (a filter can not get

blacker than black). This suggests that absorption
coefficients calculated from filters with very low reflec-
tances (515%) are unreliable. This mainly occurred

when the outdoor pump accidentally had run continu-
ously instead of 15 min out of every hour. Since this
could have resulted in a serious underestimation of the

absorption coefficient, these samples were excluded from
the analysis.
In both indoor and outdoor air, PM2:5 and ‘‘soot’’

concentrations significantly increased with increasing
truck traffic density and significantly decreased with
increasing distance (Table 3). NO2 concentrations
significantly increased with increasing car traffic density

in indoor air. The lack of significant associations in
outdoor air can be caused by the smaller sample size
ðn ¼ 84Þ. Including total traffic density instead of

separate variables for cars and trucks in the NO2 model
resulted in a significant regression coefficient for total
traffic in both indoor and outdoor air (2.9 and 3:0
mg m�3 per 50,000 vehicles respectively). The coefficient
for the logarithm of distance in this model is �1:9 (s.e.
1.3) for both indoor and outdoor air. Outdoor benzene
concentrations are significantly associated with truck

traffic density and distance, whereas indoor benzene
concentrations are only significantly associated
with percentage of time downwind. The significant

association with truck traffic, however, is partly caused

by one school, along a highway with a truck traffic
density of 19,724 vehicles per day, that was also situated
close to a busy local roundabout and gasoline station.
When this school is excluded from the analysis a

significant association is found for both car and truck
traffic. The coefficient for trucks decreases from 0.35 to
0:26 mg m�3 per 10,000 trucks (s.e. 0.12), whereas for

cars only the standard error decreases to 0.08. Exclusion
of this school had little influence on the results for
indoor benzene concentrations. Percentage of time

downwind is significantly associated with ‘‘soot’’, NO2

and benzene indoors, but not with PM2:5 and benzene
outdoors. The average percentage of time downwind

during the measurements ranged from 25 to 65% for the
different schools. The difference between the percentage
of time downwind during the measurements and the
yearly average percentage ranged from �21 to 21%

(average 0%). The associations of PM2:5 and ‘‘soot’’
with distance imply that, at an average traffic density
and % of time downwind, PM2:5 and ‘‘soot’’ concentra-

tions at 50 m are about 20 and 50%, respectively, higher
than at 400 m.
Table 4 shows that for ‘‘soot’’ and benzene in both

indoor and outdoor air and for NO2 in indoor air there
is an about 2.5 fold range in estimated yearly averaged
concentrations at the schools. For PM2:5 (indoor þ
outdoor) and NO2 outdoors the range is smaller (1.4–

1.7). Average standardised concentrations were highly
correlated with the 2 other approaches that were used to
order the exposures at the schools: Pearson’s R ranged

Fig. 3. Relation between reflectance (%) and EC content (mg per filter) (O ¼ outdoor measurement; i ¼ indoor measurement).
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from 0.93 to 0.97 for the correlation between standar-
dised concentrations and school specific averages of
the difference between the concentrations at the schools

and corresponding background concentrations. The
correlation coefficients with the school specific b’s
(obtained from the regression model concentration¼ aþ
b*schoolþ d*measurement period) were slightly lower
ðR ¼ 0:93–0.96 for indoor air and 0.81–0.91 for outdoor
air). Average understandardised concentrations were
generally less well correlated with the results of any of

the 3 approaches.

4. Discussion

4.1. Relation between air pollution concentrations, traffic

density, distance and percentage of time downwind

PM2:5 and ‘‘soot’’ concentrations in both indoor and

outdoor air significantly increased with increasing truck
traffic density. A significant association with car traffic
was only found for ‘‘soot’’ in indoor air. This is in line
with the higher particle emissions from diesel vehicles

compared to gasoline-powered automobiles observed in
emission studies (Hildemann et al., 1991). Kinney et al.
(2000) found a 4.1 times higher EC concentration on the

sidewalk of a street with 18,375 cars and a total of 2467
trucks and buses per 8 h compared to a background
location. For a street with an about 20% lower car

traffic count (14,229 per 8 h) but with much less trucks
and buses (927 per 8 h) the street=background ratio was
only 1.5 Horvath et al. (1988) observed a strong

correlation ðR ¼ 0:93Þ between estimated concentrations
of diesel particles and the number of diesel vehicles
measured at 7 sites in Vienna. Estimated concentrations
of diesel particles ranged from 10:3 mg m�3 in a

residential low traffic area to 22:4 mg m�3 at 37 m
distance from a motorway with heavy traffic
(> 850 diesel vehicles h�1). In our previous study on

air pollution along major motorways (Roorda-Knape
et al., 1998), concentrations of ‘‘soot’’ in classrooms
were also significantly associated with truck traffic

density. In contrast to the present study, no association
was found between indoor ‘‘soot’’ and distance to the

motorway. In outdoor air, however, where black smoke
concentrations were measured at varying distances from
the same motorway, black smoke concentrations sig-

nificantly decreased with increasing distance. No such
gradient was found for PM2:5 or PM10. Two other
studies documented 10–40% higher PM2:5 and=or PM10

concentrations 15–40 m downwind of motorways com-
pared to upwind concentrations or concentrations at 3
75 m distance (Lamoree and Turner, 1999; Hitchins
et al., 2000), which is in line with the estimated ratio

between concentrations at 50 and 400 m of 1.2 that was
found in our study.
The association with distance was stronger for ‘‘soot’’

than for PM2:5. Furthermore, ‘‘soot’’ was significantly
associated with percentage of time downwind, whereas
no such association was found for PM2:5. This is in line

with several other studies that have documented a
stronger influence of traffic on ‘‘soot’’ or EC compared
to PM2:5 or PM10 concentrations, with street=back-
ging from 1.8 to 4.1 for ‘‘soot’’ or EC and from 0.9–1.3

for PM2:5 or PM10 (Janssen et al., 1997; Fischer et al.,
2000; Kinney et al., 2000).
‘‘Soot’’ and NO2 concentrations were significantly

associated with the percentage of time that the school
was downwind of the motorway during the measure-
ments. In our previous study (Roorda-Knape et al.,

1998), black smoke and NO2 concentrations decreased
more strongly with distance from the road in periods
with a high percentage of time downwind (> 33%)

compared to periods with a low percentage of time
downwind (533%). Hitchins et al. (2000) found a
steeper decline in particle numbers with distance to a
motorway for conditions that the wind blew directly

from the road compared to when the wind blew parallel
to or towards the road. Morawska et al. (1999) found an
increase in particle numbers along a motorway that

coincided with the morning peak hour, during which the
wind was directed from the road to the sampling points.
No such increase was observed during the afternoon

peak hour, when the wind no longer came from the
road.
NO2 concentrations were significantly associated with

car traffic (indoors only), total traffic and percentage of

time downwind. This is in line with the significant

Table 4

Distribution of standardized average air pollution in and outside the schools (n ¼ 24; mg m�3)

Indoor Outdoor

Mean Median S.D.a Min Max Mean Median S.D. Min Max

PM2.5 20.3 20.1 2.7 16.6 27.1 20.5 20.4 2.2 17.3 24.4

‘‘Soot’’ 12.7 11.8 3.0 8.7 21.5 10.3 10.5 2.1 6.2 15.5

NO2 18.8 17.8 5.3 11.9 30.4 34.8 34.0 5.2 26.8 44.4

Benzene 2.9 2.5 0.7 2.0 4.8 1.9 1.8 0.5 1.2 3.1

aStandard deviation.
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correlations between indoor NO2 concentrations in
classrooms and car traffic, total traffic and percentage

of time downwind that were found in our previous study
(Roorda-Knape et al., 1998). Kuhler et al. (1988) found
a close relation between the diurnal variation of total

traffic and the difference between upwind and downwind
NOx concentrations measured at 100 m distance from a
motorway. In the present study, no significant associa-
tion between NO2 concentrations and distance to the

motorway was found. Roorda-Knape et al. (1998) found
a significant correlation between indoor NO2 concentra-
tions in classrooms and distance of the school to the

motorway. Furthermore, outdoor NO2 measurements at
various distances from the same motorway showed a
clear gradient. Two other studies in open terrain

downwind of a motorway also found a decline in NO2

concentrations with distance (Rodes and Holland,
1981; Kuhler et al., 1988). Two Japanese studies also

documented associations between NO2 concentrations
and distance to major roads (Nitta et al., 1993; Nakai
et al., 1995). Possibly, the relationship between NO2 and
distance in our study was obscured by the influence of

local traffic within the city districts. Local traffic will
have less influence on the associations with distance for
the more to truck traffic related components PM2:5 and

‘‘soot’’, since the number of trucks within a city district
is probably negligible compared to the number of trucks
on the motorway. In a more extensive NO2 monitoring

study conducted in 3 of the 24 schools, Rijnders et al.
(2001) found a significant decrease of home outdoor and
personal NO2 concentrations with distance of 1.3–1:4
mg m�3 per logðmÞ, which is smaller than the non-

significant value of �1:9 mg m�3 per logðmÞ found in
the present study. The observed decrease with distance
ð53 mg m�3 when expressed as the difference between

50 and 400 m distance) was small compared to the
observed differences between NO2 concentrations along
the busiest highway ð169; 637 vehicles per 24 hÞ and

least busy highway ð45; 129 vehicles per 24 hÞ of about
8 (personal) to 10 (outdoor) mg=m3. This suggests that
traffic intensity on a freeway is a more important

determinant of NO2 exposure than distance of home or
school to the freeway (Rijnders et al., 2001).
Outdoor benzene concentrations were significantly

associated with truck traffic intensity and, after exclud-

ing a school along a highway with a high truck traffic
intensity that was also situated close to a gasoline
station, also with car traffic intensity. Although the

benzene emission of diesel vehicles is generally consid-
ered to be low, benzene has been found to be emitted
both by gasoline and by diesel vehicles (Muzyka et al.,

1998; Westerholm and Egeb.ack, 1994; Duffy et al.,
1998). In a study in Sweden, Westerholm and Egeb.ack
ð1994Þ found an emission factor of 13 mg km�1 for a

heavy-duty diesel truck using commercial, standard
diesel fuel. The emission factors for a gasoline fuelled

car without a catalyst was about 40 mg km�1. For
catalysed equipped cars, however, a much lower

emission factor of 3–8 mg km�1 was found, depending
on the test speed and type of catalyst. As benzene in
outdoor air is also influenced by fugitive emissions, the

possibility remains, however, that some of these
associations were distorted by unrecognised fugitive
emissions of benzene occurring near our monitoring
stations.

Benzene concentrations indoors were not significantly
associated with traffic intensity. Furthermore, benzene
concentrations significantly declined with distance in

outdoor air, whereas no such association was found in
indoor air. Roorda-Knape et al. (1998) did not found a
clear gradient between outdoor benzene concentrations

and distance from the motorway. Significantly elevated
benzene concentrations were only found at very close
distance to the road ð15 mÞ. Clark et al. (1984) found

about 60% higher benzene concentrations at 15 m
distance from a motorway near London compared to
a rural site in a park. Two Dutch studies reported about
2 times higher benzene concentrations at the fa

-
cade or

street-side balcony of homes along busy streets com-
pared to homes along quiet streets (Bloemen et al., 1993;
Fischer et al., 2000). In one of these studies (Bloemen

et al., 1993), measurements were also conducted at the
backsides of the same homes and no significant
differences were found. These results suggest that

elevated benzene concentrations, caused by traffic,
mainly occur at short distances from the road. Also, as
was already mentioned for NO2 in the previous
paragraph, the influence of local traffic could have

blurred the effect of motorway emission on benzene
concentrations.

4.2. Estimation of yearly averaged air pollution
concentrations

The air pollution measurements were also aimed to
assess long-term exposure to traffic related air pollution
in an epidemiological study on respiratory health of the

children attending the 24 schools. Since background
concentrations during the measurements varied from
school to school, measured air pollution concentrations

were standardised by multiplication with the ratio of the
yearly average background concentrations to the back-
ground concentration during the measurement. Other
studies have used similar approaches (Schindler et al.,

1998; Hitchins et al., 2000). Average standardised
concentrations were highly correlated with the results
of two alternative approaches that were used to classify

the exposures at the different schools and can therefore
be considered robust measures of the long-term ex-
posures at the schools.

Almost all schools were situated in different city
districts. We did not study the spatial variation within
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the city districts. In the Netherlands, however, children
usually go to primary schools that are relatively close to

their homes. Furthermore, because traffic flows are
highest during daytime, an important part of exposure
to air pollution from traffic will occur when the children

are at school. We therefore hypothesised that exposure
to traffic related air pollution varies less between
children from the same school than between children
from schools along different motorways with varying

traffic densities. To test this hypothesis, Rijnders et al.
ð2001Þ measured personal and outdoor NO2 concentra-
tions of about 110 children from 3 of the 24 participat-

ing schools. These 3 schools were located along
motorways with varying total traffic intensities
(169,637, 126,115 and 45; 129 vehicles=24 h, respec-

tively). Personal NO2 concentrations as well as outdoor
concentrations at the backsides of the children’s homes
significantly differed between the 3 schools, with the

highest average concentrations occurring along the
busiest motorway and the lowest average concentrations
along the least busy motorway. The average standar-
dised concentrations at the schools are therefore relevant

measures of exposure to traffic related air pollution that
can be used in the epidemiological part of the study. In
addition, to further increase the strength of the exposure

variables, we will restrict the epidemiological analysis to
children living within 1000 m of the motorway.
For ‘‘soot’’ and benzene in both indoor and outdoor

air and for NO2 in indoor air there was an about 2.5 fold
range in average standardised concentrations between
the 24 schools. For PM2:5 ðindoorþ outdoorÞ and NO2

outdoors the range is smaller (1.4–1.7). In the US Six

City Study, an about 2.5 fold range in long-term average
particle concentrations was significantly associated with
mortality (Dockery et al., 1993). Other studies with

similar contrasts in long-term average air pollution
concentrations have demonstrated both significant as
non-significant effects on respiratory health of children

(Dockery et al., 1989; Raizenne et al., 1996). The
contrast in concentrations in our study should therefore
be sufficient to study potential health effects of long-

term exposure to air pollution on the children attending
the 24 schools.
The percentage of time that the schools were down-

wind during the measurement did not necessarily equal

the yearly average percentage of time downwind. For
the individual schools the difference between these
percentages ranged from �21 to 21% (average 0%).

This is not corrected for in the calculation of the yearly
averaged concentrations. Although significant associa-
tions were found between concentrations of ‘‘soot’’ and

NO2 and the percentage of time downwind, a 20%
higher or lower percentage of time downwind only
results in a 3–5% higher or lower concentration. These

differences therefore cannot have substantially influ-
enced the yearly average concentrations.

4.3. Relation between absorption coefficients and
elemental carbon concentrations

Absorption coefficients, derived from the reflectance
of PM2:5 filters, were highly correlated with simulta-

neously measured EC concentrations. In a study in New
York, the absorption coefficient of PM2:5 Teflon filters,
measured on the sidewalk of 3 traffic impacted and 1
background site for 5 days, was also highly correlated

ðR ¼ 0:95Þ with simultaneously measured EC concen-
trations (Kinney et al., 2000). In a study in Berlin,
outdoor black smoke concentrations at a traffic-im-

pacted site were highly correlated with EC concentra-
tions ðR ¼ 0:98Þ (Ulrich and Isra.el, 1992). Since EC is a
major part of diesel soot, these results show that

measurements of the reflectance of PM filters can be
used as a surrogate for exposure to diesel exhaust
particles.

5. Conclusions

This study has shown that air pollution concentra-
tions in and outside 24 schools near different motorway
segments are significantly associated with distance of the

school to the motorway, traffic density and percentage
of time downwind. These variables can therefore be used
to assess exposures to traffic related air pollution of

subjects living near motorways. Furthermore, the yearly
averaged concentrations of PM2.5, ‘‘soot’’, NO2 and
benzene can be used as a more direct measure of long-

term exposure in epidemiological studies of the children
attending the 24 schools.
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