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Abstract: This article deals with the road traffic air pollution modeling which is also part of a main
multidisciplinary study of health risk characterization untitled: “Air pollution generated by road
traffic and childhood asthma in Cracow”. Cracow, a city declared as a UNESCO World Heritage
Site, constitutes a relevant urban area to study insofar road traffic as a strong anthropogenic so-
urce of air pollution. The final aim of the health study is to establish in Cracow the relationship
between air quality and the development of asthma among children.

We have chosen the air dispersion model CALINE4 and its software interface, CALROADS
VIEW, to estimate the PM,  and NO, concentrations generated by road traffic at 43 key inter-
sections in Cracow during the period 2001-2005. This model is recognized as an international
reference in road traffic air pollution modeling.

The concentration of traffic and trips in the historical downtown area and the importance
of exchanges between the two downtowns of Cracow (historical downtown and Nowa Huta) are the
main causes of high air pollution levels from road traffic. Depending on the pollutant considered
(PM,, NO,) as well as the density of traffic and the meteorological situations, areas of exposure to
air pollution and their potential health effects to the exposed population are quite different in time
and in space. The main results show that: 1) Only the NO, exposure areas reach the residential areas
because the PM, areas of exposure (Avg: 66.8 m SD: + 48.5, max: 284 m) are quite less extensive
than those of NO, (Avg: 125.4 SD: + 64.4, max: 381 m); 2) Extension of these two pollutant areas
is proportionally related to the density of traffic and is extended in an unsymmetrical way around
roads depending on meteorological cases determined by both the Pasquill-Gifford classification
and the wind directions. According to our methodology, the validation of estimated PM, jand NO,
concentrations shows that they have been overwhelmingly validated.

Keywords: air pollution, environment, road traffic, particulate matter, nitrogen dioxide, air di-
spersion model, CALINE4, Cracow, health risk, asthma
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1. Introduction

This study on the assessment of urban air pollution generated by road traffic
is a part of a larger multidisciplinary program dealing with the impact of road traffic
air pollution on asthmatic children in Cracow (Méline 2005, 2010; Méline et al. 2006,
2008; Oudinet et al. 2006). The health-environmental theme represents a topical
issue, particularly well represented by the problematic of air quality in urban areas
that is worldwide frequently encountered. Because of the deleterious health effects
on human populations, a better knowledge and understanding of air pollutants cre-
ated by human activities particularly in urban areas, is important to be developed
in order for scientists and governments, to make concrete propositions for an urban
sustainable development that can limit sanitary risks. The choice of our case study in
Cracow on the relationships between road traffic air pollution and childhood asthma,
is relevant as respiratory diseases such as asthma, have been shown to be linked to
the effects of some air pollutants in European urban areas (Charpin et al. 1991; Dab
and Roussel 2001; Schwartz et al. 1990; Weitzman et al. 1990). The final goal of the
multidisciplinary program is to establish a spatial and temporal relevant association
between some road traffic air pollutants and childhood asthma. This is going to be
performed with the Faculty of Medicine of the Jagiellonian University (Prof. K. Ob-
tutowicz and collaborators).

T'he historical city of Cracow, a UNESCO World Heritage Site, is located near
a region of Upper Silesia that was among the most polluted areas of Central Europe.
It has been shown that Cracow is still a polluted city in spite of its medium size com-
pared to other European cities (Brodowska etal. 2003; European Environment Agency
2009; Méline et al. 2006, 2010). This is due to a particular vulnerability towards air
pollution, which results from topographic and weather conditions that favor the trap-
ping of air pollutants. One problem is basically the existence of a thermal inversion
caused by the presence of warmer layers of air at higher altitudes (Obrgbska-Starklowa
1995) as well as a variety of sources of air pollution (Brodowska et al. 2003; Pakula
and Wicherek 1988). The city’s industrial heritage and the overall high consumption
of coal in Poland and in other Central European countries have caused this city to be
strongly affected over time by several phases of pollutant emissions from the industrial
sector (steel and heavy industries), individual house heating (fossil fuels including
coal) and more recently road traffic (Brodowska et al. 2003; Pakula and Wicherek
1988). Numerous publications over the past twenty years have shown that while
emissions of pollutants emitted by industrial concerns, such as particulate matter with
adiameter smaller or equal to 10 pm (PM, ) and sulfur dioxide (SO,), have significantly
decreased due to economic changes and new regulations supported by the European
Union, emissions associated with road traffic, such as PM, and nitrogen dioxide
(NO,) are increasing due to increased car ownership in Poland. Although economic
and legal changes have allowed Cracow to considerably reduce its pollution levels to
meet threshold requirement set by EU air quality standards, the city remains, as do
other cities in Central and Southern Europe, one in which the levels of pollution are
likely to exceed these limits (European Environment Agency 2009). For example,
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the annual limit set in 2005 by the EU air quality norm for PM  (1999/30/CE: 40 pg/
m?®) is often exceeded in Cracow (Méline 2010; Méline et al. 2006, 2008). In the last
decade, road traffic constitutes the main source of pollution in Cracow and makes the
exposed population susceptible to be affected by deleterious health effects (Brauer
et al. 2002; Ganguly et al. 2009; Méline 2010). Indeed, this traffic source generates
peaks of pollution, which are found to be associated with significant violations of EU
air quality standards. For example, PM, concentrations were found to exceed the daily
air quality EU norm for PM, set at 50 pg/m* (1999/30/CE) 20-fold to 140-fold per
year, specifically near busy roads (Méline 2010). The city of Cracow has also been the
subject of several studies in which, the relationships between key air pollutants such
as PM,  and NO, and deleterious health effects including the increasing prevalence
of asthma, particularly among children (J¢drychowski 2000; Jedrychowski et al. 1997,
1999, 2003), have been demonstrated.

Understanding the close relationships between urban land use, the state and
the degree of air pollution and its impact on asthmatic children in Cracow, requires
amultidisciplinary and integrative approach in order to assess health risk. This approach
should be able to analyze the complex interactions between the anthropogenic para-
meters at the source of pollution and their concentrations, environmental parameters
involved in the dispersion of these air pollutants and the parameters of the asthmatic
child population. The combination of several approaches including statistics, air pol-
lution modeling and epidemiology, performed with the help of an integrative systemic
and geographic approach based on Geographic Information Systems (GIS), constitutes
a relevant method in the characterization of interactions developed between these
multiple parameters at various spatial and temporal scales.

This paper deals with an aspect of the aforementioned program (Méline, 2010)
i.e. the modeling of air pollution generated by road traffic in Cracow. We will describe
the geographic distribution of road traffic air pollution (specifically the key pollutants
PM, and NO,) with the help of the air dispersion model CALINE4 in order to cha-
racterize in final and later on the spatial and temporal exposure of asthmatic children
to these pollutants in Cracow.

2. Methodology

The choice of the air dispersion model CALINE4

CALINE4 (CALifornia LINE Source Dispersion Model, version 4) is an air
dispersion model developed by the California Department of Transportation, which
is devoted to the modeling of road traffic air pollution. This model is considered
an international reference, which has been used and applied in many research stu-
dies (Held et al. 2003). This gaussian finite line source model (Levitin et al. 2005)
corresponds to a dispersion model that can estimate the pollution emitted by a line
source (Gauderman et al. 2005), such as road traffic (Chen et al. 2008; Karamchandani
et al.,, 2009). The concentration of pollutants (PM,, NO,) can be estimated for
a single receiver or for a grid of receivers up to 500 m on either side of a modeled road.
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CALINE4 is suitable for modeling air pollution in fairly flat terrain, and hilly terrain
(ERM Australia 2000; Pitts 2004; Sharma et al. 2003), and corresponds perfectly to
the topography of Cracow. The CALINE4 model can only be peformed with DOS,
so we use the software CALROADS VIEW developed by Lakes Environmental as a
Windows interface of CALLINE4. Use of this interface will allow us a better integration
of CALINE4 results into GIS.

Calibration of input parameters into the CALINE4 model

"T'he calibration of the different parameters was done with the help of data collected
during the period 2001-2005 from three air quality monitoring stations located at “Aleja
Krasinskiego”, “Nowa Huta” and “Prokocim” (3, 4 and 7) , one meteorological station
“The Botanical Garden” (8) and 43 intersections in Cracow (Fig. 1, see color insert).
The three monitoring stations (3, 4 and 7) are part of an older network of eight air quality
monitoring stations (0 to 7) managed by the Cracow Inspectorate for Environmental
Protection (WIOS - Wojewédzki Inspektorat Ochrony Srodowiska w Krakowie!), while
“The Botanical Garden” station 8 is part of a network of three meteorological stations
managed by the Institute of Geography and Spatial Management of the Jagiellonian
University?. Traffic and road network data were collected from 43 intersections and 167
roads in Cracow by the Public Infrastructure and "Transportation Service of Cracow (Z1-
Ki'T' = Zarzad Infrastruktury Komunalnej i Transportu w Krakowie) as well as, through
our own investigations in Cracow, using Google Earth and the literature (Cracow Plus
3 2007) (U.S. Environmental Protection Agency 1978, 1985, 1993, 1994, 1996, 1999,
2003).

Choice of study area

The choice of the three air quality monitoring stations (3, 4 and 7) has been ju-
stified in terms of how representative they are of the different air pollution levels and
urban network types in Cracow (Méline 2010; Méline et al. 2006, 2008). Based on a
review of a long term air pollutant database (PM,, NOZ) over the last decade, it was
found that station 3 has experienced the most polluted situation, whereas station 4 and
station 7 displayed respectively, a moderate and a low polluted states. The immediate
urban environment of these stations represents three types of urban networks: station 3
is located within a dense urban network in the downtown area, station 4 is found within
amedium density urban network on the outskirts of Nowa Huta (the second downtown
of Cracow) and finally, station 7 is located in the low density outskirts of Prokocim. Thus,
three study areas around each station were selected featuring 43 intersections used for
PM, and NO, concentrations modeling. Stations 4 and 8 provided meteorological data

10
(temperature, wind speed, wind direction, cloudiness, solar elevation angle) to be used

! www.krakow.pios.gov.pl

2 heep:/fwww.geo.uj.edu.pl/index.php?page=stacjeogrod&lang=1)
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for the calibration of meteorological parameters of CALINE4 model.

Calibration of road network parameters

All the road network parameters (georeferencing, road width and height, infra-
structure types) must be calibrated for each road at each of the 43 selected intersections
in order to define the characteristics of the road network. The roads or “group of links”
which constitute each of the 43 intersections represent a basic modeling unit, that is
to say that the modeling run is made for each of the 43 intersections. The calibration
of the parameters for each of the 167 roads or “groups of links” was performed using
data collected successively from Google Earth, a map of Cracow (see Cracow plus 3
2007) and a vector map (Pracownia Kartografii Systeméw Informacji Przestrzennej,
Biuro Planowania Przestrzennego, Urzad Miasta Krakowa).

Clalibration of road traffic parameters

The principal required road traffic parameters are road traffic density (average
number of vehicles per hour) and the composite emission factor (g/mile). Traffic
density data were collected by the Public Infrastructure and Transportation Service
of Cracow at 43 intersections (Fig. 1). The number of each category of vehicles (cars,
trucks, motorcycles, buses) was collected for each road at each of the 43 intersections,
by counting them every 15 minutes, from 1.30 PM to 4.30 PM (rush hour in Cracow)
for several days in May from 2001 to 2005. The average number of vehicles per hour
(all vehicle categories combined) was obtained by calculating an hourly weighted
average by category of vehicle for each road. This hourly average was calculated for
all roads for the 43 intersections.

The composite emission factor (g/mile) is the quantity of pollutants emitted per
unit distance and is dependent on a combination of calibrated parameters. An emission
factor based on fleet composition weighted by vehicle type, vehicle age and operating
mode of a vehicle is called a composite emission factor (Benson 1984). Assessing the
calibration of this factor requires the use of two other models MOBILES and MO-
BILEG6B in order to generate a calibrated value used in CALINE4 modeling. Both
models calculate this value from a set of parameters, such as fleet composition classified
by vehicle class, age, fuel type, motor operating mode, average speed of vehicles and
meteorological conditions. Some of the input parameters such as the motor vehicle
operating mode have been calibrated using standard values provided by these models
and other parameters such as meteorological data, have been calibrated using our own
calculated values in order to avoid uncertainty in the results.

Calibration of meteorological parameters

Because of their importance in the spatial dispersion of air pollutants, meteoro-
logical conditions are an essential component of the calibration of parameters used
in CALINE4 modeling. The calibration of several meteorological parameters is re-
quired to establish local meteorological conditions capable of influencing the estima-
tion of the concentrations of PM,  and NO, pollutants as well as their distributions.
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Fig. 3. The road network in Cracow and its vicinity: urban roads transportation strategy (A, B).
Representation of intersections 19 and 16 with heavy traffic (C, D)
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Fig. 5. Distribution of concentrations of PM, generated by road traffic for all meteorological
cases that combine Pasquill-Gifford stability classes and wind directions over the period 2001-

-2005 in Cracow

Weighted average concentrations of PM | for all Pasquill-Gifford stability classes (A, B, C) and wind di-
rections (NE, SW), an hourly average estimated by CALROADS VIEW software, a CALINE4 interface,

over the period 2001-2005.
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Fig. 6. Distribution of concentrations in NO, generated by road traffic in all meteorological
cases that combine Pasquill-Gifford stability classes and wind directions over the period 2001-
-2005 in Cracow

Weighted average concentrations of NO, for all Pasquill-Gifford stability classes (A, B, C) and wind

directions (NE, SW), an hourly average estimated by CALROADS VIEW software, a CALINE4 interface,
over the period 2001-2005.
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The calibration of input data into the CALINE4 model leads to the determination
of 6 meteorological cases (A-NE, A-SW, B-NE, B-SW, C-NE, C-SW) (Table 1).
A meteorological case in this model is defined by the calibration of combined para-
meters: a Pasquill-Gifford stability class (A, B, or C) associated with a wind direction
(NE or SW). Pasquill-Gifford stability classes characterize the stability conditions
of the atmosphere in a given place and play an important role in terms of the dispersion
of air pollutants. The classes, ranging from stable to unstable and designated A, B, C
(for daily conditions), are defined by their combination of meteorological values of wind
speed, solar radiation, cloud cover and temperature (Pasquill 1974). North-East and So-
uth-West wind directions (NE, SW) are defined by an average wind direction associated
with a standard deviation. The selected North-East and South-West wind direction (°)
were determined via descriptive statistical analysis (study of the dispersion, frequency,
standard deviation, normality test) of selected data for each stability class (A, B, C).
A study of the normal distribution of wind direction shows a bimodal shape along two
axes: the eastern and the western directions in the data set for each stability class. The
high value of wind direction variability (SD > 60°) and the impossibility of introducing
this high value into CALINE4 made it necessary to separate the distribution of wind
directions into two parts corresponding to the two peaks observed. Weighted averages
and their corresponding standard deviations were then calculated for each of the two
peaks of wind direction. The two values of wind direction, mainly North-East and
South-West, were selected to limit the number of meteorological cases to be modeled.
"The selection of the average temperature in a data set as ambient temperature parameter
yielded the most representative value for each class ('Table 1).

The frequency of the 6 meteorological cases shown in Figure 2 illustrates the
importance of each case in the study period. The B-NE and B-SW meteorological
cases were more frequent during the study period 2001-2005 for the two stations
whose values are range from 25 to 43% (Fig. 2). Conversely, the A-NE and A-SW cases
were the least frequent, ranging from 2% to 6% for the same two stations. Finally,
the calibration of meteorological cases could not be defined for station 7 due to the
lack of meteorological data measured at the station. The values of the meteorological
cases associated with stations 3 and 4 were then applied to station 7. It was previo-

Commentary to Table 1:

Meteorological cases were calculated using data from the air quality monitoring station located east
of Nowa Huta (station 4) and the meteorological station (station 8) for the period 2001-2005. They combine
a Pasquill-Gifford stability class (A, B or C) and a wind direction (NE or SW). For instance, the Pasquill-
-Gifford stability class B is defined by combining : either 1) a solar elevation angle ]35 ; 60], a cloud cover
of 5/8 to 7/8 and a wind speed of 1m/s ; or 2) a solar elevation angle ]15 ; 35], a cloud cover 4/8 to 7/8 and
a wind speed of 1 m/s. Abbreviations: the letters “A, B and C” mean: “Pasquill-Gifford stability classes
A,BorC”; “NE” and “SW” means: “the northeast and southwest wind directions” and,” A_NE” for instance
means: “in the case of the Pasquill-Gifford stability class A and northeast wind direction”.
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Fig. 2. Frequency of meteorological cases in Cracow during the period 2001-2005
Data from the Voivodeship Inspectorate for Environmental Protection of Cracow and the Institute of Geography and Spatial Management

of the Jagiellonian University in Cracow

Meteorological cases were calculated using data from the air pollution monitoring station located east of Nowa
Huta (station 4) and the meteorological (station 8) during the period 2001-2005. Abbreviations: the letters “A,
B and C” mean: “Pasquill-Gifford stability classes A, B or C”; “NE” and “SW “ mean: “the northeast and so-
uthwest wind directions”, for instance “A-NE” means: “the Pasquill-Gifford stability class A and the northeast
wind direction”.

usly verified that the values of meteorological parameters were generally consistent
between the stations.

Calibration of pollutant parameters

The pollutant parameters represent the physical and chemical parameters of each
modeled pollutant PM, and NO,. In the CALINE4 model, the following required
parameters were calibrated:

The molecular weight or molar mass of the pollutants (U) or (g/mol) was obtained
from the Mendeleev periodic table. It was equal to 46 g/mol for NO,. In the case of PM
determining the molecular weight is a much more difficult task to achieve due to the
presence of different chemical elements (heavy metals, polycyclic aromatic hydrocarbon)
associated with PM, . When analyzing the chemical composition of PM | for each size
of particles in Cracow (Wrébel et al. 2000), a value can be attributed to each pollutant
by calculating the weighted average of the different chemical elements’ molar masses
associated with a given PM, . The PM, molar mass of 37.5 g/mol has been calculated.

The deposition velocity and deposition settling of pollutants (cm/s) represent
the speed at which a pollutant may be absorbed or assimilated by a surface and the
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"Table 2. Calibration of background quality at air quality monitoring stations 3 (1), 4 and 7 over
the period 2001-2005 in Cracow

Station/Pollutant PMyg (pg/m°) N0, (PPM) NO (PPM) 03 (PPM)
Class A
station 3 (1) 47 - - -
station 4 52.1 - - -
station 7 441 - - -
Class B
station 3 (1) 47 0.01698 0.00978 0.01443
station 4 52.1 0.01621 0.01720 0.01443
station 7 44.1 0.01590 0.01162 0.01443
Class C
station 3 (1) 47 0.00984 0.01022 0.01452
station 4 52.1 0.01601 0.01698 0.01452
station 7 441 0.01599 0.01169 0.01452

Data from the Voivodeship Inspectorate for Environmental Protection in Cracow

The calibration parameter of background pollution is necessary for the implementation of the air disper-
sion model CALINEA4. The values of background pollution are determined at each air quality monitoring
station selected for the study, stations 3 (1), 4 and 7. The stations are located in the historical downtown,
in suburb east of Nowa Huta and in central-eastern outskirts of the city of Cracow, respectively. The value
of background pollution is obtained by calculating the average of annual average values for each pollutant
PM, and NO, for each station. The background pollution value of station 1 has been attributed to station
3, as station 1 Tocated near station 3 is not subject to pollution generated by traffic, as it is located in a pe-
destrian zone (Fig.1). The value of background pollution of the PM  pollutant studied is needed in pg/m?
unit by the model, while the values of the nitrogen pollutants and ozone required for the study of pollutant
NO, are needed in parts per million (PPM). Each value of background pollution for nitrogen pollutants and
ozone converted from pg/m? to PPM is dependent on meteorological parameters used to define Pasquill-
Gifford stability classes. These meteorological parameters are also required to run the model. Thus, the
background pollution values are determined for each class of Pasquill-Gifford stability class A, B and C.
The classes represent the steady state of the atmosphere at a given location (Pasquill, 1974; Stuetz, 2001).
The values of background pollution for nitrogen pollutants and ozone in class A are not shown because
a bug prevents CALROADS VIEW from modeling this case. Abbreviations: “(1)” means: “station 1”;“Class
A, B or C” means: “Pasquill-Gifford stability class A, B or C “.

speed at which a particle settles on the soil. Several bibliographic sources such as the
CALROADS VIEW user guide (The etal. 2001-2007) agreed to provide input values
of 0.18 cm/s and 0.1 cm/s for PM,  and NO,, respectively.

The photolysis rate constant is required by CALINE4 in the particular case
of NO, in order to estimate the importance of photochemical reactions between NO,,
NO and O,. The default value given in the CALLINE4 model is equal to 0.004 s° and
was sele(,ted in our study.

Background pollution represents the base concentration of a pollutant at a given
location. The base concentration is not directly influenced by pollution emitted by
anthropogenic and natural sources. Values of background pollution were determined
by calculating the average of annual average values of each pollutant PM, and NO,

expressed in pg/m? over the period 2001-2005 for each station. In the case of NO,,
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the background concentrations of NO and O, are also required in order to allow the
model to calculate the effect of photochemical reactions between nitrogen pollutants
(Table 2).

Modeling using the CALINE4 dispersion model

Once all the calibrated parameters have been introduced into CALINEA4,
a support grid for air pollution modeling is defined for each of the 43 intersections,
including all of their attached roads segments. T'his support grid constitutes a regular
mesh of 50 m of longitude and latitude to ensure the equivalency of treatment between
CALROADS VIEW and Idrisi software. The type of run selected provides estima-
ted mean hourly concentrations of PM,  and NO, during the time period 2001-2005
in the three selected study areas (St3, St4, St7) (Fig. 1). Moreover, the concentrations
of PM, and NO, will be also estimated at each air quality monitoring station (3, 4 and
7) in order to compare these values to measured concentrations of the two pollutants

for the validating process.

Integration of modeling results into a GIS

The integration of estimated PM,  and NO, concentrations included several
phases. Base layers such as buildings, road networks, topography and hydrography
were collected by the Planning Department of the City of Cracow (Biuro Planowania
Przestrzennego Urzedu Miasta Krakowa) and by the Geographic Information System
and Cartography Department at the Spatial Planning Service of the City of Cracow
(I. Jedrychowski; Pracownia Kartografii i Systeméw Informacji Przestrzennej, Biuro
Planowania Przestrzennego, Urzad Miasta Krakowa). A modeling vector file was ob-
tained for each of the 43 studied intersections and for each studied pollutant (PM,
NO,) associated with each meteorological case (A-NE, A-SW, B-NE, B-SW, C-NE,
C-SW). All the vector files were exported as vector ARCGis shapefiles and converted
to raster files using Idrisi software. The 43 vector files corresponding to the same
pollutant and the same meteorological case were gathered in the same layer of infor-
mation. Thus, we obtained 10 layers of information representing estimated PM, or
NO, air pollutant levels for each meteorological case at the scale of the three studied
arcas (St3, St4, St7) in Cracow (Fig. 1). Yet, each meteorological case represents only
a part of the study period (2001-2005) ('Table 1 and Fig. 2). In order to assess an average
concentration of PM,  or NO, in the three selected studied areas of Cracow during
the full study period (2001-2005), the 10 layers of information were combined. Thus,
for a given pollutant, these layers are superimposed using a local weighted average
depending on the percentages of annual occurrences of corresponding meteorological
cases. Two weighted average layers of information are obtained, one for each pollutant,
PM, and NO,.

Validation of CALINE4 modeling

Generally, the validation of using an air dispersion models such as CALINE4
in the assessment of road traffic air pollution consists on the comparison between
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the estimated and measured concentrations at the same spatio-temporal scales using
a T-test or the semi top-down methods (Benson 1984; Hao et al. 2000). In our study,
we do not have the data necessary to implement this standard method of validation
because of the spatio-temporal representation selected. Indeed, we chose to highli-
ght the relationship between air pollution generated by traffic and childhood asthma
on a spatio-temporal scale of the city over a relatively long period of time (2001-2005)
in order to make the results more representative. This larger spatio-temporal scale
assumed that “coarser” results would be obtained, compared to those of a study perfor-
med on a finer scale, that could ultimately be less representative for the determination
of a relationship between air pollution and asthma.
Taking into account these limitations, we designed our own method of validation
of modeling results. This method consists of comparing the estimated concentra-
tion value of a pollutant (PM, NOZ) with the observed concentration values of the
same pollutant over the same period of time (2001-2005) at each air quality moni-
toring station and for each meteorological case. The estimated concentration value
is represented by a threshold and the distribution of observed concentration values
is represented by a box plot. The validation of the value of the threshold com-
pared to the values of the box plot involves the creation of a validation interval
in the box plot. Depending on the meteorological case, an air quality monitoring
station could be located within a layer of information: 1) in an estimated area
of background pollution or 2) in an estimated area of pollution generated by traffic.
1) If the station is located in an area of background pollution, the estimated value at
this station must be equal to the average of the distribution. Indeed, as the average
value has been entered into the model to represent background pollution, the model
must estimate the same value in the background pollution area ("Table 2).

2) If the station is located in an area of concentration generated by road traffic,
the value of the estimated concentration at this station must be found between the
average value and the value of the upper limit of the moustache of the box plot.

3. Results

In this section, after highlighting the strengths and weaknesses of urban trans-
portation strategies (Fig. 3, see color insert), we will review the spatial distribution of
PM, and NO, concentrations estimated using the CALINE4 model (Figs. 4, 5 and
6, for figs. 5 and 6 see color insert). With the help of Figures 3, 5 and 6 and Tables 3,
4 and 5, the study of this spatial distribution allows for a determination of the rela-
tionship between traffic density, estimated concentrations and pollutants behavior,

depending on the meteorological cases.
Urban transportation strategy in Cracow, strengths and weaknesses:
geographic analysis of road network

Prior to the 1990s, road transportation in Polish cities such as Cracow was based
on an urban public transportation network. In Cracow, public transportation consisted



98 PRACE GEOGRAFICZNE, ZESZYT 127
A Background pollution areas Areas of concentration B Background pollution areas Areas of concentration
generated by road traffic generated by road traffic
A< >< > < 2
3 Road 3 %
ug/m’ Area Area ug/m
T
5 ; 5 E Pollution generated :
Pollution generated by road traffic !
by road traffic |
|
1
) L
Int‘erpolated backgrou‘nd pollution i Background pollution ;
Intersection Intersection
Station 3 Station 7 Station 4 Station 3 Station 7 Station 4

Fig. 4. Definition and sectional view of difterent areas of concentration for PM

(A) and NO, (B)

10

Table 3. Concentration of PM, and NO, background pollution measured by air quality moni-
toring stations 3, 4 and 7 over the period 2001-2005 in Cracow

Level of background Level of background Level of background
Stati pollution pollution pollution
‘on PM1o (ng/m°) NO; (ng/m’) NO; (PPM)
3* 47 30 0.01
4 52 30 0.01
7 44 30 0.01

Data from the Voivodeship Inspectorate for Environmental Protection in Cracow

*The concentration of background pollution of station 1 was applied to station 3. Indeed, station 3, located
in the middle of a major artery, may not be representative of background pollution. We have therefore

chosen the PM, and NO, concentrations for station 1 located near station 3, but beyond the reach of the

pollution emitted by road traffic in the pedestrian-type historical downtown.

mainly of a dense network of tram and buses lines, which is now a first asset to the
city, even if infrastructures need to be modernized. However, the explosion of the
Polish car market has required and still requires the development and modernization
of Poland’s road network. This recent increase in the number of cars on the road has
generated an imbalance in the city of Cracow that could be compensated by the se-
cond advantage of Cracow: a low urban density. Indeed, in the suburbs, many green
spaces intersect with commercial areas, industrial areas and residential areas (Fig. 1).
Most residents live in public housing projects. This relatively free space, quite rare in
many other European cities, may facilitate the development and the modernization
of the road network in Cracow. Moreover, with its recent entry into the EU, Poland
is implementing major urban renewal projects. Since 2005, Cracow is one of the seven-
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teen European cities participating in the CIVITAS II European project. The principal
objective of the project is to create clean and efficient urban transportation systems in
medium sized European cities (Cohen and Coppey 2009).

As shown in Figure 3, the road network in the central districts of Cracow, formed
mainly by a secondary road network arranged in a radial pattern around the historical
downtown and by three urban beltways, involves strengths and weaknesses. Among
its strengths, the bypass represents an asset because it allows for the linking of local
roads in the central districts with primary and secondary roads leading to suburban areas
and other regional destinations. The two beltways in the historical downtown (central
beltway and historical downtown beltway) (Fig. 3) allow for the linking of the radial
road network with different central districts located around the historical downtown.
"This distribution of the radial road network around the historical downtown involves
daily trips by downtown employees, which must be made exclusively by passing
around by the historical downtown in order to link with suburban neighborhoods.
The same is true of East—West and North-South connections. Two of the radial roads
connect the central districts with the second downtown of Cracow known as Nowa
Huta. These roads are also arranged in a radial network around the second downtown
and allow for the linking of residential districts in Nowa Huta with its large industrial
arca. However, this second radial network is too off-centered to play the same role
as the main radial network in the historical downtown.

However, this configuration of the road network also has weaknesses. Despite
urban redevelopment in Poland, the explosion of the car market has disorganized
urban travel patterns and generates traffic jams at strategic points in the city. Additio-
nal pollutions (air pollution, noise, road safety) reduce the quality of life and human
health in urban areas. For example, the convergence of urban trips in the historical
downtown generates daily traffic jams due to high road traffic density. Indeed,
a density of 5,000 vehicles per hour at intersections 19 and 20 (Fig. 3) during rush hour
corresponds to the road traffic density of a major highway (Gauderman et al. 2005).
Congestion of the road network is also observed between the two downtowns, the
most densely populated districts of Cracow. Three arterial roads are not sufficient to
prevent congestion between the two key neighborhoods during peak hours. In the
suburbs, there is no intermediate beltway to relieve these inner roads.

Spatial distribution of PM,; and NO, concentration areas in Cracow

In Figures 5 and 6 and Tables 4 and 5 are represented variations in the shape,
size and value of areas of PM,  and NO, concentration among the various meteorolo-
gical cases. The interface of the CALINE4 model, the CALLROADS VIEW software,
graphically presents the results generated by the model in the form of zones of diffe-
rent colors. A plain colored area represents an area of iso-concentration; in our study,
we call this a concentration area. If the concentration of NO, background pollution is
uniform on maps in Figure 6, in the case of PM, , the interpolation between the con-
centrations of background pollution found at the three stations (3, 4 and 7) also creates

the appearance of a concentration area associated with the interpolation (Fig. 5).
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As the analysis of Figures 5 and 6 involves describing the shape, size and the
surface of areas, we will refer to concentration areas in order to describe and analyze
the distribution of concentrations around roads. In order to distinguish concentration
areas generated by road traffic and concentration areas generated only via interpolation
calculations, particularly in the case of PM,, we will still write concentration areas
or concentration areas generated by road traffic in the case of concentration areas estimated
using the CALLINE4 model as generated by road traffic. These areas are distinguished
by higher concentration values than background pollution levels (Fig. 4). Thus, when
we will talk about concentration areas generated by interpolation, we use the term
background pollution areas.

Values of PM, and NO, concentration areas

PM, concentration areas vary from the various values of background pollution 44,
47 and 52 pg/m’ up to a maximum concentration value of 68 pg/m*. NO, concentration
areas vary from the unique value of background pollution of 30 pg/m? to the maximum
concentration of 130 pg/m’ (Tables 3 and 4). Areas with the highest concentration of PM |

Table 4. Minimum and maximum PM,; and NO, concentrations generated by road traffic

for each meteorological case over the period 2001-2005 in Cracow

) Minimum concentration value or Maximum concentration
Meteorological case background pollution (ug/m®) value (ug/m®)

PMyo_A_NE 44/47/52 64
PMyo_A_SW 44/47/52 68
PMyo_B_NE 44/47/52 64
PMio_B_SW 44/47/52 68
PM;o_C_NE 44/47/52 62
PMio_C_SW 44/47/52 60

PMy 44/47/52 63
NO,_B_NE 30 110
NO,_B_SW 30 130
NO,_C_NE 30 95
NO,_C_SW 30 95

NO, 30 103

Concentrations of air pollutants generated by road traffic were estimated using the software CALROADS
VIEW, an interface for the CALINE4 model for each meteorological case. The “meteorological cases”
represent a Pasquill-Gifford stability class (A, B and C) combined with wind direction (northeast or so-
uthwest), input data for modeling concentrations using the model CALINE4. “NO,_B_NE” for example
means: estimated pollutant in the meteorological case: “estimated pollutant (PM, or NOZ)_Pasquill Gifford
stability class (A, B or C)_direction of wind (NE or SW)”. “PM ” for example means: “estimated pollutant
(PM,; or NO,), concentration in weighted average of all meteorological cases combined”. The three PM,
background pollution values correspond to the three different background pollution values calculated for
each station 3 (1), 4, 7. Conversely, in the case of NO,, the same background pollution value is found for
these three stations (Table 3).
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and NO, are generally found around intersections: 1, 5, 6, 16, 19, 20, 21, 22, 23, 28, 31
and 33 for all meteorological cases (Figs. 1, 3, 5 and 6). Despite the recurrence of higher
concentration areas around these intersections, the levels of concentration areas are higher
or lower depending on the meteorological case. Areas with the highest concentrations of
PM, and NO, are related to the meteorological case B_SW that represents the Pasquill-
-Gifford stability class B, associated with the South- West wind direction ('Table 4).

Size and shape of PM,; and NO, concentration areas

The size of estimated PM, and NO, concentration areas from the road and on
either side of the road has been calculated for each meteorological case and for all the
meteorological cases combined and represented in Table 5. As shown in this table,
NO, concentration areas generated by road traffic are larger than those generated for
PM, . The average size of PM, concentration areas for all meteorological cases is only
66.8 m, while NO, areas are twice as large, reaching 125.4 m ('Table 5). A review of the

maximum size of PM,  and NO, concentration areas shows that PM, concentration areas

Table 5. Diffusion distance for PM | and NO, estimated using the CALINE4 model over the
period 2001-2005 in Cracow

Meteorological case Maximum (m) Average (m) Standar?mIZ;ewatlon
PMyo_A_NE 245 421 + 36.6
PMio_A_SW 215 411 +34.6
PM1o_B_NE 220 455 +38.7
PM1o_B_SW 227 45.0 +40.9
PM1o_C_NE 284 41.6 +41.3
PM;o_C_SW 180 35.3 +30.2

PMyo 284 66.8 +48.5
NO,_B_NE 316 83.1 +594
NO,_B_SW 290 79.9 +56.3
NO,_C_NE 381 82.9 +63.3
NO,_C_SW 340 77.3 +60.5

NO, 381 125.4 +64.4

Concentrations of PM, and NO, air pollutants generated by road traffic were estimated using CALRO-
ADS VIEW, an interface of the CALINE4 model for each meteorological case over the period 2001-2005.
The diffusion distance for air pollutants emitted by road traffic (in meters) was measured based on these
concentrations mapped using Idrisi software. Table labels: “Maximum” means “maximum diffusion
distance for all links”. A link is a road where the concentration of air pollutants generated by road traffic
is to be estimated. Finally, “average” means “average diffusion distance for all links”. The “meteorological
cases” represent a Pasquill-Gifford stability class (A, B and C) combined with wind direction (northeast
or southwest), input data for modeling concentrations using the CALINE4 model. “NO,_B_NE” for example
means: estimated pollutant in the meteorological case: “estimated pollutant (PM, | or NO,)_Pasquill-Gifford
stability class (A, B or C)_ direction of wind (NE or SW)”. “PM ” for example means: “estimated pollutant
(PM, or NO,), the diffusion distance in weighted average, all meteorological cases combined”.
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are smaller than NO, concentration areas. The average maximum size of concentration
areas is 100 m less for PM,  versus NO, for all meteorological cases. The average size as
well as the maximum size of PM,  and NO, concentration areas are systematically larger
in the case of the North-East wind direction than those in the case of the South-West
wind direction (same Pasquill-Gifford stability class).

The sizes of PM, and NO, concentration areas on both sides of the modeled
roads have high standard deviation values, indicating a great variability in physical
size ('Table 5). The significant variability is related in large part to the existence of an
oscillation in the size of concentration areas around the roads modeled that depends on
wind direction. The different sizes of concentration areas create a marked asymmetry
around each modeled road. In the figures representing the weighted average PM, |
and NO, concentration areas in all the meteorological cases (Figs. 5 and 6), the size
of these areas is more symmetric around the modeled roads since the weighting cancels

the oscillation effect.

4. Discussion

Influence of factors on the distribution of PM,; and NO,
concentration areas

Influence of road traffic density

The relationship that we observed between high levels of PM, and NO, con-
centration near busy intersections confirms the influence of the density of road traffic.
The busy intersections mentioned in the results correspond to busy roads surrounding
the historical downtown, which includes Krasiriskiego and J. Dietla avenues, the prin-
cipal roads between the two downtowns of Cracow (historical downtown and Nowa

Commentary to Figure 7:

Data from the Public Utility Infrastructure and "Transportation Administration in Cracow (ZIKi'T - Zarzad
Infrastruktury Komunalnej i Transportu w Krakowie); the Voivodeship Inspectorate for Environmental
Protection of Cracow and the Institute of Geography and Spatial Management of the Jagiellonian Uni-
versity in Cracow.

The box plots represent the distribution of values measured over the period 2001-2005 for each air quali-
tymonitoring station. The box plots for stations 5 and 6 are missing due to a lack of data. The threshold
and the label added to each graph of box plots correspond to the value of the PM / concentration estima-
ted by the CALINE4 model. This concentration value is estimated as an hourly average of air pollution
generated by road traffic over the period 2001-2005. These values were estimated for each station for each
meteorological case, i.e. a Pasquill-Gifford stability class of air masses associated with a wind direction.
Then, the estimated values are compared to the distribution of measured values in each graph of box
plots for each station. Abbreviations: “Stx” means: “air quality monitoring station N'x”; The letters “A,
B and C” mean: “ Pasquill-Gifford stability classes A, B or C”, “NE” and “ SW” mean: “the northeast
and southwest wind directions”, for instance “A-NE” means: “the Pasquill-Gifford stability class A and
northeast wind direction”.
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Huta) with Jana Pawta II and Kocmyrzowska avenues and the roads that constitute
the “bypass” with Generata W. Andersa Avenue.

Influence of meteorological parameters

The importance of the calibration of meteorological parameters

Meteorological cases exert a significant influence on the results in terms
of both concentration values of selected areas and the size of these areas. The six me-
teorological cases are the result of a combination of several meteorological parameters
defined precisely in the model and are representative of actual weather conditions
within the limits of the CALLINE4 model. For example, the result of higher PM,  and
NO, concentration areas found in the meteorological case, Pasquill-Gifford stability
class (B-SW), is essentially linked to the calibration of the wind direction input value
in the model (Table 4). In calibrating the model, the wind direction represents the
average wind direction in degrees over the period 2001-2005, which is associated with
a standard deviation (Table 1). The value of the standard deviation is dependent on
the dispersion of wind directions over the course of the study period. The standard
deviation associated with the South-West wind direction is lower than that associated
with the North-East wind direction. The less diffuse airflow in the case of the South-
-West direction generates higher concentration values in smaller areas. Conversely,
in the case of the North-East wind direction, the concentration values for these two
pollutants are lower and the concentration areas are larger.

The role of meteorological parameters

Despite the significant influence of the calibration of meteorological parameters
in the model, the influence of meteorological cases on the distribution of concentra-

Commentary to Figure 8:

Data from the Public Utility Infrastructure and Transportation Administration in Cracow (ZIKi'T - Zarzad
Infrastruktury Komunalnej i Transportu w Krakowie); the Voivodeship Inspectorate for Environmental
Protection of Cracow and the Institute of Geography and Spatial Management of the Jagiellonian Uni-
versity in Cracow.

The box plots represent the distribution of values measured over the period 2001-2005 for each air quality
monitoring station. T'he box plots of stations 5 and 6 are missing due to a lack of data. The threshold and
the label added to each graph of box plots correspond to the value of the NO, concentration estimated
by the CALINE4 model. This concentration value is estimated as an hourly average of air pollution ge-
nerated by road traffic over the period 2001-2005. These values were estimated for each station for each
meteorological case, i.e. a Pasquill-Gifford stability class of air masses associated with a wind direction. Then,
the estimated values are compared to the distribution of measured values in each graph of box plots for
each station. Abbreviations: “Stx” means: “air quality monitoring station N*x” ; T'he letters “A, B and C”
mean: “Pasquill-Gifford stability classes A, B or C”, “NE” and “ SW “ mean: “the northeast and southwest
wind directions”, for instance “B-NE “ means: “the Pasquill-Gifford stability class B and northeast wind
direction”. Stability class A cannot be taken into account by the CALROADS VIEW interface in the case
of modeling with the pollutant NO,, so there are no estimated concentration values for NO, for all mete-
orological cases including the class of stability A.
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tions on both sides of the road is quite consistent. Indeed, the oscillation observed
in the sizes of PM, and NO, concentration areas on both sides of the road, closely linked
to the calibration of the wind direction, has been shown in other studies (Gilbert et
al. 2003; Held et al. 2003). Meteorological cases play a role in the spatial distribution
of concentration areas generated by road traffic, i.e. an asymmetry of air pollution diffusion
distance on both sides of the road. When the wind blows in one direction, the pollution
emitted by road traffic is shifted through space by the wind and spreads in its direction.
The terms commonly used in modeling: an upwind road and a downwind road are very
representative of this phenomenon. An upwind road is the side of the road reached by
the wind first and a downwind road is the side of the road reached by the wind there-
after. In the same way as ours, other studies have shown that the sizes of PM and NO2
concentration areas as well as the distance of diffusion of air pollution from a road are
estimated to be shorter upwind than downwind (Gilbert et al. 2003; Held et al. 2003).
In addition, wind direction and wind speed relative to the orientation of the road radically
modify the distribution of concentration in total number of PM near a road (Hitchins
etal. 2000; Zhu et al. 2002a). Other studies have shown indeed that PM concentration areas
are larger when the road matches the direction of the wind and smaller when the road is
perpendicular to the wind direction (Hitchins et al. 2000; Lee et al. 2008). It has been
shown that the PM concentration is reduced by half between 50 and 150 m depending
on the layout of the road relative to the wind direction (Hitchins et al. 2000; Lee et al.,
2008;). Thus, the high variability found between the different sizes of concentration areas
on both sides of the road in our results is mainly due to the characteristics of wind speed,
wind direction and the overall direction of the road.

Influence of type of pollutant

The PM, pollutant

In the case of PM, , the size of the concentration areas on both sides of the road is
relatively small because of the rapid coagulation of particles, i.e. an average of 66.8 m
((+ 64.4) max: 284 m). The results of the sizes of concentration areas on both sides of
the road in our study are partly consistent with the results based on methods found
in different studies. Overall, in other studies, the sizes of concentration areas or the
distances of diffusion from the road vary between 15 and 20 m upwind and 80 and
400 m downwind depending on the criteria used (concentration of the number or the
mass of PM, fleet composition and wind speed) (Briggs et al. 1997; Carr et al. 2002;
Delfino; Ellis et al. 2001; Hehl and Wintermeyer 2000 ; Hitchins et al. 2000; Jo and
Park 2005a,b; Levy et al. 2003; Monn et al. 1997; Sabin et al. 2006; Zhu et al. 2002a).
As with our results, the sizes of PM, concentration areas are generally not very large
(Wrébel et al. 1999). It seems that low wind speed and coagulation of PM jointly affect
the characteristics of PM near a road and generate this abrupt decline in concentration
(Zhu etal. 2002a, 2002b). Indeed, in low wind conditions, a weaker dilution generates
a higher concentration of the number of PM in near a road (Zhu et al. 2002a). Then,
the low air dispersion associated with the coagulation of PM contributes to a rapid
decrease in the number of PM on both sides of a road (Zhu et al. 2002a).
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The NO, pollutant

NO, pollution generated by road traffic gradually decreases until 125.4 m
on average (+ 64.4) (max. 381 m). The sizes of NOZ concentration areas in our study
are also consistent with the sizes of concentration areas or distance of diffusion from
the road described by numerous authors. According to the methods of estimation
used, the concentrations of NO, generated by road traffic decreases until it reaches
the level of background pollution between 300 and 1000 m, with a sharper decline
from about 200 to 300 m (Carr et al. 2002; Gilbert et al. 2003; Karamchandani et al.
2009; Pleijel et al. 2004; Rodes and Holland 1981). In our study as well as in other
studies, NO, pollution generated by road traffic is more extended on both sides
of the road that PM_ pollution.

10

Validity of modeling results using CALINE4

Validation of PM,; and NO, concentrations estimated using the air disper-

sion model CALINE4

Consistency between the values of traffic density, estimated PM,  and NO, con-
centrations and results of other studies are a good indicator of the validity of our results
and of operational modeling with CALLINE4 (Benson 1984; Pitts 2004; Chen et al. 2008;
Levitin et al. 2005; Harkonen and Karppinen 2007; Hassid and Mamane 2000; Nagendra
etal. 2004). We will now verify the validity of the estimated PM, and NO, concentrations
with the help of the method of validation described in the methodology section.

Estimated PM,  concentrations in background pollution areas are validated for sta-
tions 1, 2, 4 and 7, but not for station 3 (Fig. 7). Despite the large difference observed
between the medians and the averages for PM, ; the estimated concentration values
at these stations are equal to or slightly greater than the average values. Therefore,
even if these estimated values are found between the 68" and 75" percentile from the
median, they are still valid. The PM,  concentrations estimated at station 3 (Fig. 7),
found above the value of the background pollution of PMIO(TableS 2 and 3), indicates
that the station is located in an estimated concentration area generated by road traffic.
However, these estimated values equal to or below the median of box plots indicate
that they are underestimated compared to values measured at this station. The value
of the background pollution calculated at station 1, which is lower than the one calcu-
lated at station 3, was used to calibrate the background pollution at stations 1 and 3 in
the CALINE4 model and explains this underestimation (Tables 2 and 3).

The estimated values of NO, concentration (Fig. 8) corresponding to the NO,
background pollution ('Tab. 2 and 3) are validated at stations 1 and 2 for all meteoro-
logical cases and at stations 4 and 7 for the following meteorological cases: Pasquill-
-Gifford stability class B or C associated with the North-East wind direction (B-NE
and C-NE). The estimated values of NO, concentration corresponding to the NO,
concentration areas generated by road traffic are validated at stations 4 and 7 for the
following meteorological cases: the Pasquill-Gifford stability class B or C associated
with the South-West wind direction (B-SW and C-SW), but not at Station 3. Finally,
the NO2 concentration values estimated at station 3 (Fig. 8), greater than the NO2
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background pollution value found at station 1 ('Tables 2 and 3), indicate that the sta-
tion is located in an estimated concentration area generated by road traffic. However,
estimated values of NO, equal to or below the median of box plots, indicate that they
are underestimated compared to those measured at this station for the same reason
given in the case of PM,  at station 3.

The modeling results obtained at station 3 with the input value of background
pollution at station 1 are thereby not validated. Nevertheless, the value of background
pollution at station 1 ('Tables 2 and 3), applied to the entire study area of station 3 (St3
represented in Fig. 1), provides validation of the results at stations 1 and 2 included in
this area and makes the results more representative than with the value of background
pollution at station 3. The value of background pollution calculated at station 3 was te-
sted using the same method of validation, and the results were less congruent. Indeed,
station 3 is located near a busy road while station 1 is in an environment free of pollution
emitted by road traffic. The value of background pollution is obtained, as shown above,
by calculating the average of annual averages of measured concentrations for the period
2001-2005. However, this average at station 3 is not representative of background pol-
lution due to its immediate environment including an important source of pollution.
In another study, it is advised indeed to systematically measure the values of background
pollution with the greatest possible distance from the road in order to avoid the overe-
stimation of concentrations generated by road traffic (LLevitin et al. 2004, 2005).

Finally, in order to make the results representative on a city scale and for a relati-
vely long period of time (2001-2005), we cannot validate the results using the standard
method of validation used with CALLINE4 dispersion model. Nevertheless, the results
of our study generated using CALINE4 can be considered satisfying.

5. Conclusions

The study on the assessment of road traffic air pollution in Cracow shows the
relevance of the multidisciplinary program dealing with the impact of air pollution
generated by road traffic on childhood asthma. Depending on various factors, the
spatial and temporal distribution of estimated road traffic concentration areas constitu-
tes areas of exposure which could generate deleterious effects on asthmatic children
living in these areas. The exposure characteristics in time and in space depend on the
influence of various factors.

First of all, the agreement between the high concentrations near busy intersec-
tions confirms the influence of the density of road traffic. Busy intersections are located
in the dense historical downtown, between the two downtowns of Cracow (historical
downtown and Nowa Huta), or in the bypass, because of daily trips of Cracow wor-
kers. Meteorological parameters exert a significant influence on the results in terms
of both concentration values of areas and the size of these areas depending on the
wind direction, wind speed and the standard deviation which concentrate or dilute
air pollution. Meteorological cases play a more specific role in the spatial distribution
of concentration areas generated by road traffic, i.e. an asymmetry of concentration
areas on both sides of the road. The size of PM,concentration areas on both sides
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of the road is relatively low because of the linked effects of rapid coagulation of PM
and low wind speed. PM, pollution is particularly present and elevated in a narrow
strip located near the road and constitutes at this level the most important zone
of exposure. However, as pollution decreases rapidly around the road, PM, has a
hard time reaching surrounding residential areas. This result underscores and justifies
the importance of estimating the spatial micro-variability of the levels of some pollu-
tants such as PM,  generated by road traffic using modeling processes. This shows that
the impact of road traffic air pollution cannot be determined solely by the criterion
of the distance from the road to a place of residence in the characterization of the
link between air pollution and childhood asthma. NO, concentration areas estimated
using CALINE4 are larger than those estimated for PM, . NO, concentration areas are
large and wide enough to reach residential areas. In terms of the residential aspect
of exposure to air pollution, exposure to NO, is more important than exposure
to PM,, and probably generates deleterious effects on asthmatic children living
in these areas in Cracow.

Finally, strategic roads where atmospheric pollution accumulates should be
of interest to urban transportation authorities in Cracow in proposing new management
plan of transportation in Cracow in order to improve air quality and limit the exposure
of residents to road traffic pollution. This has to be kept in mind especially concerning
the health effects of NO, and PM, | on asthmatic sensitive groups of population such as
children. The well-developed network of public transportation and low urban density
in Cracow constitute assets to the reorganization and the modernization of the city,
in the context of environmental and health programs of European Union cities.
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