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SUMMARY
Aim: The susceptibility of children to polluted air has been pointed out several times in the past. Generally, children suffer from higher exposure 

to air pollutants than adults because of their higher physical activity, higher metabolic rate and the resultant increase in minute ventilation. The aim 
of this study was to examine the exposure characteristics of public elementary schools in Prague (the capital of the Czech Republic).

Methods: The exposure was examined by two different methods: by the proximity of selected schools to major urban roads and their location 
within the modeled urban PM10 concentration fields. We determined average daily traffic counts for all roads within 300 m of 251 elementary 
schools using the national road network database and geographic information system and calculated by means of GIS tools the proximity of the 
schools to the roads. In the second method we overlapped the GIS layer of predicted annual urban PM10 concentration field with that of geocoded 
school addresses. 

Results: The results showed that 208 Prague schools (almost 80%) are situated in a close proximity (< 300 m) of roads exhibiting high traffic 
loads. Both methods showed good agreement in the proportion of highly exposed schools at risk; however, we found significant differences in the 
locations of schools at risk determined by the two methods. 

Conclusion: We argue that results of similar proximity studies should be treated with caution before they are used in risk based decision-making 
process, since different methods may provide different outcomes.
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INTRODUCTION

It has been repeatedly documented in the scientific literature 
that exposure to air pollution can irritate the eyes, nose, and 
throat; may lower resistance to respiratory infections; aggravate 
the symptoms of, or worsen, lung diseases and even cause prema-
ture death (1, 2). One of the most important sources or ambient 
pollutants in industrialized countries is traffic. Attention has been 
recently focused on populations of sensitive individuals, e.g., on 
people with asthma, chronic obstructive pulmonary disease and 
heart disease; the elderly; and children (3–7).

Schwarz (8) and later Salvi (9) summarized the effects of air 
pollution on children’s health, referring to a number of studies 
that have demonstrated the association of particulate matter (PM) 
with a variety of adverse health outcomes, including lung disease, 
asthma and other respiratory problems. In general, children are 
especially vulnerable to air pollution because even at rest they 
breathe in more air per unit of body weight than adults and their 
rates of deposition of particles during resting inhalation (normal-
ized to lung surface area) are approximately 30% higher than in a 
group of adolescents and adults (10). In addition, the developing 

lungs of children may be especially vulnerable to the adverse 
consequences of particle inhalation (11).

The exposure of school children has been studied in many 
ways. The most numerous studies included direct exposure stud-
ies, e.g. the study by Janssen et al. (12). The exposure of school 
children has been recently assessed by means of the Geographi-
cal Information Systems (GIS) by calculating the proximity of 
schools to major roads. Schools are then divided into categories 
with higher and lower risk from exposure to car exhaust. Although 
this approach has been used in several studies (13–17), no such 
study was performed in the Central and East European countries 
where the number of cars has been rapidly increasing over the 
past two decades.

In our study we decided to characterize the exposure of 
public elementary schools to air pollution in Prague (the Czech 
capital) by two methods: the proximity to major urban roads and 
the modified US Environmental Protection Agency (US EPA) 
dispersion model (ISC2) allowing construction of GIS layers 
with the predicted ambient concentration fields of selected pol-
lutants in selected areas, which may then be used for further 
GIS analysis.
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MATERIALS AND METHODS

Study Area
Traffic, air pollution, and school data were assembled for 

Prague, the Czech capital. The city is a region of 496 km2 in-
habited by 1.25 million people. According to the modal split 
analysis available from the Czech Statistical Office, about one 
third of the urban transport is realized by car traffic (expressed 
in person-km). There are about 750,000 personal cars and vans 
and 250,000 small trucks registered in the Prague municipality 
database. The average age of car fleet in Prague is rather high 
(13 years). The public transport system is widespread. Of the 
total of 1.12 million passengers transported daily in Prague by 
all means of public transport, approximately 280,000 use urban 
busses. The whole urban area and its close surroundings may 
be characterized as a commercial/residential region without 
significant industrial activity.

Geocoding of Schools
A total of 251 elementary schools were used for the study (ac-

cording to the Czech legislation, elementary schools are defined 
as those educating pupils from 6 to 15 years of age). Since only 
about 2% of Czech pupils attend private elementary schools 
and kindergartens, only public schools were included in our 
analysis. The addresses of the schools were retrieved from the 
Ministry of Education Youth and Sports Registry version 2.08.1 
(as of 30 September 2010). At first all public schools in Prague 
were mapped using GIS. Schools were identified by addresses 
transferred from the Registry. Then the schools master file was 
converted to a point shape file for use in ArcGIS 9.3 Desktop – 
the Environmental Systems Research Institute (ESRI), Redlands, 
CA, and GIS software.

Exposure Assessment
Two methods for estimation of air pollution (proximity meas-

ure and PM10 concentration fields) were used to assess outdoor 
exposures to ambient particulate matter air pollution.

Proximity Based Predictions
In the first method, the distance between schools and the clos-

est road segment with measured traffic density was evaluated by 
using the Near tool in GIS. The Near is one of the analysis tools 
in ArcGIS used in calculating proximity. This tool computes the 
distance from each point in the input feature class or layer to the 
nearest polyline or point in the Near feature class or layer within 
the maximum search radius. The nearest distance from school to 
road was calculated and the traffic density value of nearest road 
part was joined to the school attribute. The traffic density infor-
mation was provided on request by the Technical section of the 
Prague Capital Municipality and contains a number of cars per 
day for all the main roads, i.e. major roads for any form of motor 
transport in Prague. Vector line data were provided in shapefile 
format. Data express traffic intensity on monitored transport net-
work related to 24h average of a normal workday in 2009. Motor 
traffic volumes included cars, trucks and buses. 

All the public schools located within 300 m distance from 
roads were selected. For the visualization were proximity 
distances from each school to road segments divided into 5 
buffer polygons of a specified distance: 0–50 m, 50–100 m, 
100–150 m, 150–200 m and 200–300 m. The traffic density 
was also divided into five categories < 10,000; 10,000–20,000; 
20,000–30,000; 30,000–40,000; and > 40,000 cars per day. 
Since heavy trucks (> 6 t) are not allowed to enter the city and 
vehicles over 3.5 t and 6 t (for the historical and outer quarters, 
respectively) are allowed only with permission, the number of 
busses and lorries (6% of the total traffic) were included in the 
car counts and only one category of vehicles was used in the 
subsequent analysis. 

Predictions Based on Modeled Concentrations
In the second method, the geocoded school GIS layer was 

overlaid by the PM10 annual average concentration field from 
2010 (GIS layer constructed on the basis of a modified US EPA 
dispersion model ISC2) and categorized according to the level of 
pollution. Four categories of annual PM10 average concentrations 
(< 20 μg/m3, 20–30 μg/m3, 30–40 μg/m3, and > 40 μg/m3) were 
used for the analysis. The PM10 annual average concentration 
field GIS layer was provided by the ATEM Company, a private 
subcontractor for the Prague Municipality in the field of air quality 
and pollutant dispersion modelling.

The air pollution dispersion model ATEM was found on the 
US EPA model Industrial Source Complex (ISC2). Considering 
the approach for calculating characteristics of the pollution, the 
ATEM model belongs to a group of so-called Gaussian dispersion 
models. The ATEM model has been used for modeling of a spread 
of pollutants from pollution sources and assess the air quality in 
accordance with requirements of the Czech Republic legislation 
and European Union directives.

Model Comparison
The association between proximity to streets and fields of 

PM10 concentrations was assessed by a multiple linear regression 
model with traffic density and proximity of schools as independ-
ent variables and the PM10 field of concentration for each school 
as a dependent variable. We hypothesized that the larger the 
distance of the particular school from the road, the lower the 
concentration of PM10. Similarly, the higher the traffic density 
in the school proximity, the higher the PM10 concentration at 
particular school location.

In the second part of this comparison, all public elementary 
school buildings in Prague situated within 300 m of distance 
from the nearest main road were divided into four classes (1 to 
4) of exposure proxies according to: level of predicted particu-
late ambient pollution in receptor point of the dispersion model, 
which represent the location of the school (class 1 covers PM10 
concentration < 20 μg/m3; class 2: 20–25 μg/m3; class 3: 25–30 
μg/m3; and class 4: 30–40 μg/m3); the traffic density (1: < 10,000; 
2: 10,000–20,000; 3: 20,000–30,000; and 4: > 30,000 cars/day); 
and according to the distance from the nearest road (1: 200–300 m;  
2: 100–200 m; 3: 100–50 m; and 4: < 50 m). The agreement 
between the PM concentration field and traffic density class for 
each school situated within a distance of 300 m from the road was 
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evaluated empirically. According to this analysis, we considered 
that the higher the disagreement among the exposure proxy classes, 
the lower the agreement between the models.

RESULTS

Proximity Analysis
Of the total number of 251 schools analysed, 208 (86%) were 

found to be within 300 m of the main roads with various levels of 
traffic. The rest was at greater distances and so omitted from the 
analysis. On average, the schools were exposed to traffic density 
of over 17 thousand cars per day. The average distance of schools 
from the nearest main road was 128 m (Table 1).

The majority of 141 schools out of the 208 schools (about 
68%) were located on the streets with moderate traffic up to 
20,000 cars per day, while 67 schools (32%) were exposed to 
high traffic density over 20,000 cars per day (Fig. 1). Potential 
high exposure to ambient pollution based on the nearest distance 
criteria (i.e. schools situated below less than 100 m from main 
roads) was attributed to 41% of schools. According to the PM10 
concentration field model, 35% of school buildings were situated 
in locations with predicted annual average PM10 concentrations 
of 30 μg/m3 or higher.

Comparisons of the Models
For the set of 208 schools calculated correlation coefficient 

between the distance of the school building from main roads and 
the predicted annual PM10 concentration field related to school 
location was rather low but statistically significant (r = −0.381, 
p < 0.05). It suggested that the closer the school to a main road, 
the higher the probability of upper particulate pollution in the 
school surroundings. The correlation between the traffic density 
attributed to each school building and the predicted annual PM10 
concentration field, in which the school building is located, was 
for the same set of 208 schools even lower and not statistically 

significant (r = 0.124, p < 0.05), only roughly suggesting that the 
higher the traffic density in the proximity less than 300 m to the 
nearest main road, the higher the predicted ambient particulate 
pollution. The multiple regression analysis showed that the inde-
pendent variables (distance and traffic density) explain together 
only about 17% of the variability of the dependent variable (PM10 
concentration) (Table 2).

The empirical analysis of accord between the categories of 
exposure (traffic density and distance from the nearest road) and 
the category of the PM10 field of annual concentration revealed a 
very good accord (0 deviation from the same class) in about one 
third of the schools and also a reasonable accord (deviation by one 
class) in slightly less than half of the 208 analysed schools (Fig. 
2). In fact, 80 schools revealed very good accord (0 deviation) 
between the distance and the PM10 field class. Also 68 schools 
proved good accord between the traffic density and the PM10 field 
class. However, only 26 schools showed good accord (0 deviation) 
between density- distance- PM10 field class.

We also calculated for all schools the average deviation be-
tween the individual classes of PM10 concentration fields and the 
two exposure proxies (distance of the school from main road and 
traffic density in the school proximity). The lowest average devia-
tion was found between the second class of PM10 field (20–25 μg/
m3) for both of the ambient exposure indicators, while the high-
est deviation was found between the fourth PM10 pollution class 
(30–40 μg/m3) and for both of the ambient exposure indicators, 
with the traffic density indicator revealing higher disagreement 
(Table 3).

Average SD Median Min Max
Distance 
(m) 128 76 116 9 299

Traffic 
(cars/day) 17,444 13,078 14,876 1,100 126,800

Table 1. Descriptive statistics of the basic proximity and traffic 
values

 Unstandardized coefficient 
(β)

Standardized coefficient 
(β) p value 95% CI for β

Constant 28.9 < 0.001 27.4; 30.3
Distance to road −0.026 −0.396 < 0.001 −0.034; −0.018
Traffic density 6.175E-05 0.162 0.012 0.000; 0.000

1Regression equation: y = a + b1 ∙ x1 + b2 ∙ x2, where y = PM10 annual concentration; a = constant; x1 = distance; x2 = traffic density; b1 and b2 are regression coefficients. CI – 
confidence interval; N – number of observations (schools) included in the analysis.

Table 2. Multiple linear regression analysis1 results showing the association of distance and traffic density with the predicted 
average ambient annual PM10 concentration fields at the school location (N = 208, R2 = 0.171)

Fig. 1. Proportion of schools exposed to various traffic densities 
within a distance of 300 m of major roads in Prague. 
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 Distance from main road Traffic density
PM10 field2 Average1 SD Average1 SD
Class 1 0.94 0.94 1.03 0.76
Class 2 0.69 0.72 0.63 0.63
Class 3 0.78 0.56 1.10 0.71
Class 4 1.07 0.68 1.80 0.98

Table 3. Average deviation between the classes of ambient PM10 concentration fields and classes of distance of the schools 
from the main road and classes of traffic density in the vicinity of schools in Prague

1Average values include zero (no deviation between the classes)
2PM10 classes are defined: class 1: < 20 μg/m3; class 2: 20–25 μg/m3; class 3: 25–30 μg/m3; class 4: 30–40 μg/m3

DISCUSSION

Roads and schools are natural parts of city infrastructure. As 
urban areas develop the road network spreads and traffic density 
increases, it is quite challenging to keep school buildings iso-
lated from car exhaust since neither the nearby main road nor 
the schools themselves can be easily relocated. Some schools 
elsewhere have erected noise and pollution barriers to mitigate 
some of these problems. The paper can benefit from mentioning 
possible risk mitigation strategies for schools in the highly im-
pacted study areas. Because of their proximity to streets and roads 
in cities school buildings and their users (children and teachers) 
are continually exposed to increasing concentrations of traffic 
related pollutants (12).

The ambient concentration estimates (such as those determined 
by dispersion models and fixed-site monitors) are not truly repre-
sentative of the PM10 concentrations actually breathed by school 
children and teachers. PM10 concentrations inside schools tend to 
be lower than the outdoor (ambient) concentrations. Students and 
teachers spend about two thirds of each school day at locations 
other than the school.

Various studies have attributed the label “at risk” to various 
proximity measures, from 100 m (18) to 500 m (19). Some studies 
include even shorter distances as 75 m (17); some even longer 
as 3,000 m (15). We selected the upper limit for our proximity 
analysis at 300 m. Our decision has been inferred from the results 

presented by Karner et al. (20), who used data from 1983 to 2007 
reported in 37 different roadside monitoring studies, encompass-
ing more than 600 air pollutant concentration measurements 
collected at various distances from roads. They found that most 
pollutants decay to background levels within 160–800 m of the 
edge of the road. With respect to traffic density, adverse health 
effects were reported for traffic counts starting at about 25,000 
vehicles/day (19, 21).

If we classify that the school buildings are in the high risk 
category when they are situated less than 100 metres from traffic, 
and in the low risk category when they are located at a distance of 
100–300 m or more, then about 42% of Prague elementary schools 
fall within the high risk, and 58% within the low risk categories, 
respectively. Applying similar measure to traffic density, where 
the border line is 25 thousand cars/day, then only 15% of schools 
are considered to be in the high risk group from traffic sources.

According to the World Health Organization (WHO), the 
body of information on long-term health effects due to ambient 
particulate matter is still smaller than in short term effects. How-
ever, the adverse health effects of PM may be seen in children 
and adults at annual average PM10 concentrations of 30 μg/m

3 
(or even below). That is why the WHO target guideline was set 
at 20 μg/m3 (22). Considering that exceeding the predicted an-
nual PM10 concentration field of 30 μg/m

3 poses a high risk then 
almost 35% of schools in our study may be considered as in the 
high risk group from traffic air pollution.

Wu and Battermann (14) found that in Detroit about 10% 
(between 5–15% for various counties) of schools are close 
(within a distance of < 150 m) to busy roads. However, the traffic 
density definition of “busy roads” in their work was much higher 
(> 50,000 cars/day) than the density used in our study and also 
suggested by Edwards et al. (19) and Wjst et al. (21). Similarly 
Green et al. (13) studied proximity of schools to major roads in 
California. The authors showed that statewide, 2.3% of schools 
were located within 150 m of high-traffic roads (≥ 50,000 vehi-
cles/day) and 7.2% were within 150 m of medium-traffic roads 
(25,000–49,999 vehicles/day). Amram et al. (17) studied proxim-
ity of public elementary schools to major roads in ten Canadian 
urban areas. Across all cities included in analysis they discovered 
16.3% of schools located within 75 m of a major road (with wide 
variability between cities). According to Appatova et al. (16), who 
studied the health risk of students attending schools near major 
roadways in nine large Metropolitan Statistical Areas of the USA, 
over 30% fell within 400 m of a major roadway and over 10% of 
the schools were within 100 m.

All the studies cited above recorded lower percentage of 
schools at high risk (in a distance of about 100 m from a main 

Fig. 2. Difference between classes of proximity measures 
(distance and traffic density classes) and the field of predicted 
ambient PM10 annual concentration class at each school site 
(expressed as the percentage of 208 schools analysed). 
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road) than we found in our study. The main reason for this find-
ings may be the fact that a high number of schools in Prague 
(and presumably in other traditionally built cities in Europe) are 
situated in street canyons, where buildings are located very close 
to the road edges. When we located our schools on aerial maps 
according to their addresses, we found that 13% of the school 
buildings were located in the historical centre of the city, 53% 
in the inner city quarters (most of which are built as a network 
of street canyons), 22% in the outer city where streets are wider 
with green areas, and 12% in the periphery with loosely arranged 
apartment blocks or individual houses.

To date, majority GIS based proximity models have included 
two variables as proxies of risk from, or exposure to, traffic 
related air pollutants – distance of the school from streets/roads 
and car counts on these streets/roads. Using the GIS tools enables 
researchers to evaluate large areas (cities, counties districts) for 
which it is practically impossible to obtain detailed air quality 
data based on measurements of a sufficient number of fixed-site 
monitors (FSM). Because of the very dense national network of 
automated fixed site monitors in Prague (17 FSMs) and frequent 
car counts, it was possible to construct a GIS layer with relatively 
accurate estimates of annual PM10 concentrations.

With this capability we analysed to what extent the proxies 
(indirect measures of exposure) are in accord with PM10 concentra-
tion fields modeled on the basis of real measurements. We found 
out that only about one third of both variable classes are in ac-
cordance with that of the PM10 concentration field. In many other 
aspects, the proximity measure appeared to be more consistent 
with the PM10 field than the traffic density measure. The main 
problem we see is the varying land use of European cities, where 
schools are situated in a variety of surroundings. 

As mentioned above, traffic of relatively low densities in street 
canyons may built up relatively high concentrations of particulate 
matter. In more open areas (namely on peripheries of cities), the 
concentrations are likely to rapidly decrease with the distance from 
the source (20). Another source of bias may be the fact that the PM 
fields modeling accounts for pollutants from all principal urban 
emission sources, including traffic and heating, as well as long 
range transport and meteorological factors. The proximity models 
do not consider other sources than traffic. Moreover, model may 
be limited by various factors. First of them is the inaccuracy of 
geocoding caused by converting street addresses into spatial data 
displayed as features on a map. Roads and schools are visualized 
as simple lines and points instead of polygons in vector model. 
Secondly, we assumed data rounding in databasis we had obtained 
from other entities. The traffic data collection did not include the 
entire road network of Prague. Nevertheless, the most important 
sections were included. 

On the basis of our findings that the indirect method of esti-
mating exposure showed significant number of schools exposed 
to pollution from traffic, we decided to add another layer to our 
model showing the air pollution in different way. The places with 
poor air quality were detected above the field of air pollution 
concentrations on ATEM model. We expected that outputs of the 
model of PM concentration (direct method air quality’s predic-
tion) would be in accordance with the results of the analysis of 
proximity (indirect method).

We found out variations in results of the two mentioned models. 
By empirical calculation based on frequency of occurances be-

tween two methods we could confirmed that schools located near 
busy roads lie in the field of higher concentrations of PM10. The 
prediction is rather relevant for schools located up to 150 m from 
the traffic then for those located in longer distances (150–300 m). 

However, the linear relation between traffic density and PM10 
concentration model was not confirmed. It is caused by other vari-
ables affecting the spread of contamination, e.g., adverse weather 
and meteorological conditions, the effect of street canyons, terrain 
disparities, or the rate of smooth running traffic. 

In general, modeling of ambient PM10 concentrations in com-
plex urban airsheds is not only difficult but likely to be inaccurate. 
Moreover, ambient PM10 monitoring measurements are also highly 
spatially and temporally variable, hampering reliable kriging or 
GIS interpolation of such data. Air pollution model, which we used 
in analysis, comprised only calculated and approximated data. 
Model belongs to the Gaussian dispersion models not consider-
ing flow deformations in the horizontal sphere. Also model is not 
suitable for measurements in street canyons or at very low wind 
speeds. Based on this knowledge, for further research we suggest 
comparing results of proximity analysis with model developed 
only on measured concentrations of ambient pollutants. Although 
we made effort to work with GIS map output of measured data, 
which is produced by the Czech Hydrometeorological Institute, 
we did not obtained that data.

Comparation of proximity analysis results with outputs from 
field of PM10 concentration revealed that both methods are suitable 
for predicting possible adverse health effects on children exposed 
to traffic air pollution during the stay at schools.  

CONCLUSIONS

The results of our research determinated that almost 80% of 
Prague schools are situated in close proximity to roads exhibit-
ing high traffic loads. Both methods showed good agreement 
in the number (proportion) of schools at risk to exposures from 
high ambient levels of PM10 concentrations. However, we found 
significant differences in the locations of schools at risk evalu-
ated by the two methods. We suggest that further attention should 
be paid to cases where urban areas have specific arrangements 
(street canyons vs. loosely packed buildings). We recommend 
that results from other similar proximity based traffic pollution 
studies should be treated with caution before they are used as a 
part of risk based decision-making process.
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