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Abstract Particulate matter air pollution is estimated to
cause in the order of 350,000 excess deaths in the European
Union calling for policy development and evaluation tools.
In the current work, a model for PM10 exposures of children
is developed using microenvironment time activities and
infiltration of ambient pollution indoors, both evaluated
against observations earlier and integrated with city-wide
air quality models in the current work. The model is
demonstrated using data from two cities in Italy. High-end
short-term exposures are characterized by an episode-day
situation in Turin, and annual mean exposures in downtown
Bologna. The air quality model was unable to capture the
highest levels during the episode, and therefore, the
exposure model was adjusted using observed–modeled
ratio from a monitoring station. Air quality model perfor-
mance for the annual levels was significantly better.
Annual exposure variability within the target population
was 1.5-fold in the downtown area Bologna and tenfold
during the episode day in Turin.
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1 Introduction

Ambient urban air pollution causes significant excess
mortality and morbidity at the levels currently observed in
American and European urban areas (e.g. [30, 31]). In the
European Union, particulate matter exposure is estimated to
cause annually 348,000 additional deaths (central estimate
in [10]). Air pollution is a risk factor that increases the
probability of death and other adverse health effects caused
primarily by cardiovascular and respiratory diseases, in-
cluding development of asthma in children [11]. Moreover,
population exposures in many European cities have been
shown to exceed many existing air quality guideline
levels, including those set for particulate matter, high-
lighting the need to develop efficient policies to decrease
the exposures [12].

The increased risks have been observed in population
level epidemiological studies using ambient concentrations
as measures for population exposures. The health effects
caused by air pollution, however, are caused by the actual
exposures of the affected population members. Exposure
studies have shown that ambient levels at monitoring
stations, currently used in air quality management, correlate
poorly with actual personal exposures (i.e., concentrations
measured with portable monitors that the subjects carry
with them for a given study period; e.g., [20–22, 28]).
This is caused by (1) the mobility of the population
members in the variable concentration fields, (2) filtration
of pollutants by the building envelopes, and (3) indoor
sources of air pollution.

Further advantage of modeling is that air quality moni-
toring is subject to the limitations set by the small numbers
of monitoring stations and the substantial variability of
concentrations in urban environments [38]. Models also
benefit from the recent advances in urban micrometeoro-
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logical modeling [2]. The current work combines these
advancements with population exposure modeling, includ-
ing simple methods to account for population mobility and
time spent in traffic and indoors, and uses population data
from Turin and Bologna, Italy, to demonstrate the modeling
system.

The two cities of this study are located in the river Po
Valley in Northern Italy. Turin is one of the largest
industrialized centers in Northern Italy, with a population
of about 900,000 people and influenced by intense road and
railway traffic. The city is located at the western edge of the
Po Valley, and it lays mainly on flat topography, being
surrounded by the Western Alps that rise to heights of
1,500 m, only 20 km from downtown, and with a range of
hills reaching 700 m just east of Turin. Local circulation is
influenced both by mesoscale (e.g., valley stagnation,
mountain/valley breezes, and foehn) and urban-originated
flows. As a result, despite its position at the mountain feet,
the city of Turin is frequently affected by very low winds
during both winter and summer, which, added to the
anthropogenic emissions, give rise to severe air pollution
episodes, often exceeding EU air quality standards.

Bologna is situated 300 km east-south-east from Turin in
the Po Valley plateau, 50 km south of the river. The PoValley
plateau is a heavily industrialized and densely populated
area, where air stagnation often occurs. Annual average wind
speed in Bologna is low, leading both to short-term air
pollution episodes as well as frequent exceedances of both
short-term and annual European air quality standards.

Public health protection is one of the main motivation
for air quality monitoring and management. Therefore, air
quality management needs to consider options to reduce
population exposures, in particular, those of sensitive
population groups. Children were selected as a target group
because one of the regional priority goals of the Children’s
Environment and Health Action Plan for Europe [6] is to
reduce acute and chronic respiratory disorders, including
asthmatic attacks in children and adolescents due to outdoor
pollution. The listed means to achieve this goal vary from
improvements in engine technology to pollution-free school
zones and alert systems [6].

Population exposure models are needed for policy devel-
opment and evaluation (e.g., [16, 34]). The objective of the
current work is to present a microenvironment and time–
activity-based approach for exposure model to provide
quantitative health-based tools for air quality-related policy
refinement and evaluation.

2 Atmospheric and Exposure Modeling Methods

Exposure models for children were developed for two
Italian cities and for two different settings (Table 1) to

investigate the properties of the exposure distributions and
their relationships to ambient air monitoring data. The air
quality and exposure models were run for NO2 and PM10.
In the paper, the results for PM10 are used to demonstrate
the modeling system and discuss consequences for devel-
opment of policy options targeting at reduction of adverse
health effects of air pollution. The modeling methods and
input data are summarized below. More detailed presenta-
tion and data can be found in the technical reports available
from the FUMAPEX web site1.

The microenvironment-based exposure model used
estimate exposures (E) as the time-weighted average
concentration (C) over the microenvironments visited
(indexed by i) [9, 13, 23, 25, 32]. According to Eq. 1,
time-weighting is done using personal time activities as
fractions of time ( fi) spent in each microenvironment,
implicitly defining the averaging time (t; fi= ti/t):

E ¼
X

i

fi � Ci ð1Þ

For the purposes of the current work, four microenviron-
ments were defined: (1) residential indoors, (2) school
indoors, (3) in traffic, and (4) residential outdoors. In Turin,
where the target group included both school children and
children below school age, no separation was done between
residence and school indoor environments. Other indoor
environments, like shops or visits to a friend’s home, were
not modeled.

Time spent in each microenvironment was estimated by
using information derived from school administration, from
a survey on a children sample in Ferrara, Italy, [18, 19], a

1 http://fumapex.dmi.dk (accessed December 2007) section “Reports.”
Deliverables D7.3 and D7.4 present the exposure modeling details,
and D8.2 summarizes the air-quality modeling systems based on
technical reports D1–D6 from previous work packages.

Table 1 Characteristics of the exposure models run and analyzed in
the two cities

Characteristic Bologna Turin

City population 0.4 M 0.9 M
Population in the
target area

0.1 M 0.9 M

Model target group 333 school children 101,563 children
6–10 years 0–14 years

Geographical area Downtown Metropolitan area
4 km2 120 km2

Microenvironments 4 (R, S, T, O) 3 (I, T, O)
Spatial resolution 50 m 1 km2

Timeframe 1 school year 1 episode day
1 June 2004–31 May
2005

14 Jan 2003

R residence, S school, T traffic, O outdoors, I indoors
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town next to Bologna, and using typical daily timetables of
school children in Italy. Details of the time–activity models
are explained further on in the city-specific sections
(summary in Table 2).

Building envelopes and filtration units in ventilation
systems (when applicable) remove some of the outdoor
pollution. Indoor concentrations have been modeled using
either a mass-balance model [4, 26, 27] or infiltration
model [14, 15]. Both approaches are based on the same
overall mass-balance equation and have been successfully
used in estimation of indoor concentrations. Residential
indoor concentrations in four European cities were appor-
tioned to fractions of PM2.5 of ambient and indoor origin
[14]. Mean infiltration efficiency of PM2.5 particles ranged
from 0.59 in Helsinki to 0.70 in Athens, with Basle and
Prague in between. Values from the Mediterranean climate
of Athens were used in the current work for PM10 (Table 2).

The indoor microenvironment concentrations (Ci) were
modeled from the ambient concentration according to Eq. 2:

Ci ¼ Finf � Ca þ
X

j

CSj ð2Þ

where Finf is the infiltration factor and Ca the outdoor PM10

concentration used to estimate the indoor concentration of
ambient origin (Finf × Ca). The additional concentrations
(CSj) caused by various sources (indexed by j) within the
microenvironment were not considered in the current work.
Infiltration factors analyzed for PM2.5 in four European cities
[14] were used as proxies for PM10, as no European PM10

specific data was available. This estimate is conservative in
terms of overestimating exposures to ambient PM10, as the
coarse fraction of PM10 has a lower infiltration fraction than
fine (PM2.5) fraction.

Air quality models typically under-predict the short-term
variability of actual concentrations, and for many pollu-
tants, these levels may be significantly higher than those

observed in stationary microenvironments. Therefore, the
concentrations experienced while in traffic were estimated
using the fixed site monitoring station concentrations
multiplied by coefficients (Table 2) observed in a number
of studies reviewed by the World Health Organization
(WHO) [36]. Similar relationships were observed in the
Expolis study in Helsinki in 1996–1997, where PM2.5

concentrations were measured in 37 vehicles [15]. The
average concentration experienced while in traffic was
estimated to be 17.2±13.9 μg m−3. In comparison to the
average ambient PM2.5 concentration of approximately
10 μg m−3, this level is 1.7-fold, comparing well with the
WHO report estimates.

When using an air quality model as source of concen-
trations, the model errors need to be estimated to get “best
estimates of the true exposures.” Policy development must
be based on best understanding of the true exposures, and if
the models have known deficiencies, these must be
accounted for. In Bologna, the PM10 level at the fixed
monitoring site, San Felice, is slightly underestimated by
the air quality model (33 vs 40 μg m−3, ratio 0.83). The
modeled ambient concentrations used as inputs in the
exposure model were adjusted using this ratio as the scaling
factor. In Turin, the difference between modeled and
monitored air quality at Consolata monitoring station was
larger (46 vs 111 μg m−3, ratio 0.414), mainly due to the
extreme episode conditions that are difficult to capture by
models but also related to the coarser spatial resolution
(1 km vs 50 m) of the air quality model.

2.1 Model Specifics in Bologna

Children living in and going to two primary schools within
a 2×2 km area next to the downtown Bologna were
selected as the target population. Residential coordinates of
the 333 children and the two schools were used to obtain
annual mean outdoor air concentrations from the high-
resolution air quality model outputs (conducted by ARPA
Hydro-Meteorological Service) for the period 1 June 2004–
31 May 2005.

A multiscale urban air quality information and forecasting
system for Bologna and the Emilia Romagna region has been
designed and implemented by ARPA. It consists of the
Northern Italy Network to Forecast Aerosol (NINFA)
pollution, based on the regional version of the Chimere
chemical transport model [3], driven by the meteorological
model LAMI, the Italian implementation of the non-
hydrostatic-limited area model Lokal Modell [33]. Hori-
zontal resolutions of NINFA and LAMI are 50 and 7 km,
respectively. NINFA is run daily and provides concentra-
tion forecasts for PM10, ozone, and NO2 for the following
72 h over the Northern part of Italy (regional scale) The
domain covers the Turin area, but the two modeling chain

Table 2 Parameter values for time activities and concentration scaling
used in the exposure models

Model parameters Bologna Turin
Annual model primary
school children

Episode day model
children, 0–14 years

Time activity (%)
Indoors (85.1)a 93.5
Residence 65.7 n/a
School 19.4 n/a
Outdoors 13.8 6.0
Traffic 1.1 0.5
Infiltration factor (%) 70 70
Traffic concentrations/
ambient (%)

150 150

a Calculated for comparison
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are independent. During FUMAPEX, short-term simula-
tions were done by ARPA for the Turin domain to compare
the performances of the two modeling chains. Boundary
conditions for the meteorological model are provided by the
Prev’air model [17]; emission inventories are provided by
the national inventory Corinair.

An urban AQmanagement and planning tool, based on the
Atmospheric Dispersion Modelling System-Urban AQ model
[7], is used to downscale the NINFA background concen-
trations to “roadside” level. Detailed urban pollution data
from ADMS-Urban provide the outdoor concentration data
for population exposure assessment. The simulation domain
covers a district (2×2 km) of the Bologna urban area. Output
surface fields are calculated with a 50-m horizontal
resolution. ADMS-Urban does not include resuspension
particles. The model does not take into account also chemical
reactions that produce/transform particles. Long-range trans-
port and secondary particulate are taken into account with
the insertion of a background concentration time series
(equal in all simulation domains—that is very small in
Bologna’s simulations). Secondary and long-range trans-
ported particles account for more than 50% of the total PM10

concentrations.
Outdoor air concentrations corresponding to the times

spent in each stationary microenvironment were calculated
using the hourly monitoring station data and scaling factor
estimated from the annual mean values for each location
(Fig. 1).

Time spent in traffic was calculated using the home–
school distance for each child and an estimated commuting
speed of 20 km h−1. Times spent in school were based on
typical Italian primary school timetable (Fig. 2). Exposure
of each child (Ei) is then calculated for each day over the
year according to Eq. 3, where f is the fraction of time spent
in residences (R), outdoors (O), in school (S), and traffic

(T), and corresponding concentrations (CM denotes concen-
tration at the monitoring station):

Ei ¼ fRFINF þ fOð ÞCR þ fSFINFCS þ ftktCM ð3Þ

2.2 Model Specifics in Turin

The exposure model in Turin included the whole metro-
politan area (120 km2) with 101,563 children aged 14 or
less and targeted exposures occurring during an extreme
episode condition on 13–14 January 2003. The episode
lasted 4 days, but only Tuesday, the worst day, is included
in the results presented in this paper.

Spatial distribution of ambient air quality was estimated
using the urban air quality information and forecasting system
applied in Turin, developed in the framework of the
FUMAPEX project at ARPA Piemonte in collaboration with
Arianet Consulting. The system was built to provide hourly
forecasts on pollutants defined in the current Italian legislation
(PM10, NO2, O3, CO, SO2, and benzene) on a regional and
local scale with different spatial resolution. The system’s
main constituents are the prognostic non-hydrostatic meteo-
rological model RAMS [8, 29], which downscales the
European Centre for Medium-Range Weather Forecasts
weather forecasts, and the three-dimensional Eulerian model
FARM [5] that accounts for the transport, chemical
conversion, and deposition of atmospheric pollutants.

Emissions were estimated using results from the European
EMEP inventory, the national Italian inventory Corinair, and
the high-resolution inventory for Piemonte region, and
integrated to set up the database needed to perform the
chemical and dispersion simulations. Boundary conditions for
the air quality model have been obtained by EMEP simulation
fields, while initial concentration fields have been built by

PM10 Home outdoor  

concentrations

(µg/m3)

Monitoring station

Schools

< 22

22 - 24

24 - 26

26 - 28

28 - 30

> 30

Fig. 1 Home, schools, and
monitoring station locations and
annual mean PM10 concentra-
tions in Bologna. Size of the
model area is 2×2 km
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objective analysis of EMEP background fields and local
observations over the Piemonte region. The modeling system
applies to three nested domains, covering, respectively,
Northern Italy, the Piemonte region and the Turin metropol-
itan area, with increasing horizontal resolution of 16, 4, and
1 km. Resuspension was estimated as a source category in the
emission inventory. Long-range transport and secondary
particulate matter are taken into account with initial and
boundary conditions.

The modeling system was tested on a critical episode,
both for meteorological and air quality conditions, with fair
weather conditions and ground-based inversion—which is
not unusual during winter time in the area—causing
exceedances in PM10 and NO2 concentrations recorded at
air quality monitoring stations. Target population in Turin
urban area was originally referred to 21 districts and
divided by gender and age; in the absence of information
about time activities, the exposure model was applied to
children less than 14 years as considered to be less mobile
in their daily activities than elder people. Therefore, the
outdoor air quality in their residential areas results to be
more relevant for their exposures. Children of age 0–
14 years were assumed to be evenly distributed between the
ages when combining time activities of school children and
children below school age (0–6 years).

Concentrations were calculated for 1-km2 grid, and
exposures of children living in each grid cell were
estimated using the grid concentration data, time activity,
infiltration, and traffic concentration factors. All time spent
outside home was assumed to occur during daytime (7–22).
Effectively, the average exposure value for each grid cell
(E) is calculated according to Eq. 4, where f is the fraction
of time during the daytime hours (7–22) spent in indoors

(fi), outdoors (fo), and in traffic (ft), and C is the
concentration for daytime (Cd) and night time (Cn):

E ¼ 14

24
fiFINF þ fo þ ftktð ÞCd þ 10

24
FINFCn ð4Þ

3 Results

Exceedances of EU limit values and WHO guidelines occur
regularly at fixed monitoring sites in both Turin and
Bologna (Table 3). Exceedances are substantially more
common for PM10 than for NO2, indicating PM10 as the
main concern for public health, air quality management,
and policy development and, therefore, in the focus for the
exposure models.

At the residential locations of the school children, the
annual PM10 levels estimated by the air quality model in
Bologna vary from 20 to 30 μg m−3 (Fig. 1). Highest levels
occur in the vicinity of busy roads. Small variability of the
annual average levels is reduced by the compact size of the
target area; all the buildings are situated on a continuously
built downtown area with similar building heights and
surrounded by busy traffic including major routes for public
buses. The annual average PM10 concentration observed
during the model year at the San Felice monitoring station
was 41 μg m−3, indicating the influence of the busy traffic
at the crossroads where the monitoring station is located.

The average PM10 exposures (16.6 and 104 μg m−3)
were 42% and 93% of the levels observed at the fixed
monitoring sites in Bologna (annual) and Turin (episode day),
respectively (Table 4). The lower percentage in Bologna
reflects the traffic-oriented location of the monitoring site.

Table 3 Air quality statistics in the two cities: annual mean levels and numbers of observed exceedances during three recent years

Year Bologna–San Felice Turin–Consolata

Annual mean, μg m−3 No. of exceedancesa Annual mean, μg m−3 No. of exceedancesa

NO2
b 2003 52 1 73 6

2004 58 2 72 8
2005 66 4 67 11

PM10
c 2003 45 70 64 185

2004 40 66 58 174
2005 42 100 65 199

a Number of exceedance days of the EU limit value
b EU limit value for hourly mean NO2, 200 μg m−3 ; allowed exceedances, 18 h
c EU limit value for daily mean PM10, 50 μg m−3 ; allowed exceedances, 35 days

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Winter school days

Winter weekends

Summer days

Home indoors School indoorsTraffic Outdoors

Hour

Microenvironments

Fig. 2 Daily timetable of the
children during different types
of days experienced during the
school year in Bologna
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In Turin, the Consolata monitoring site is located in the
center of the city but approximately 250 m from a major
road and reflects much better the overall exposures of
children and probably also other population groups that
do not spend substantial time in traffic. In relationship to
the corresponding WHO PM10 guidelines [37], the
exposures were 83% of the annual and 208% of the daily
guidelines, respectively, while the ambient levels at the
monitoring sites reached (Bologna) or exceeded (Turin, by
223%) the EU PM10 limit values (Table 4).

Comparison of mean exposures of children with limit
values set for ambient air is not fully able to capture
exposures that may have significant health consequences.

Cumulative distributions of modeled exposures for both
cities start from levels slightly above 10 μg m−3 (Fig. 3),
but the variability of exposure levels during the Turin
episode day is huge in comparison to the modest variability
of annual exposures in Bologna. In Turin, approximately
90% of the children living in the metropolitan area were
exposed to levels above the WHO 24-h PM10 guideline and
corresponding EU PM10 limit value defined for the ambient
air. In both cities, the exposure levels of children were
lower than the levels observed at the fixed monitoring site
(San Felice site in Bologna just reached the EU limit value
of 40 μg m−3, while 24-h average at the Consolata site in
Turin exceeded 110 μg m−3 for the episode peak day). The

Table 4 PM10 exposure levels in comparison with concentrations at air quality monitoring stations and corresponding EU limit values (Directive
1999/30/EC) and WHO guidelines [37]

Fixed site Exposure

Model (M),
μg m−3

Observation (O),
μg m−3

Ratio (M/O),
%

Raw (E),
μg m−3

Correcteda (E′),
μg m−3

Ratio (E′/O)
%

Bologna—schoolyear
Mean 33 40 83 13.7 16.6 42
SD (daily) 17 22 79
SD (annual) 0.8 1.0
Ratio to WHO guideline (20 μg m−3) 165% 200% 69% 83%
Ratio to EU limit value (40 μg m−3) 83% 100% 34% 42%
Turin—episode day
Mean 46 111 42 44 104 93
SD – – – 21 51
Ratio to guideline/limitb value (50 μg m−3) 93% 223% 87% 208%

aUsing the observed/modeled ratio at the fixed site
bWHO Guideline and EU limit values for daily levels are equal at 50 μgm−3 .
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observed high variability in Turin indicates that the episode
is largely of local origin that could be affected by local air
quality management; long-range transported levels would
show much less variability over the urban area.

The comparison between geographical distributions of
exposures modeled in Turin and the emission inventory
data indicate that the higher modeled PM10 concentration
levels occur in industrial and traffic areas, as confirmed in
the highest levels observed in the Northern border of the
area (Fig. 4). Nevertheless, the highest exposure levels
occur in the south-western downtown area as a result of
both the high population density in combination with the
presence of industrial sources and traffic in the vicinity.
Emissions from such sources are promising targets for
exposure reduction.

While longer averaging times typically improve air
quality model performance as seen in the comparison of

model results at the monitoring sites (Table 4), the PM10

levels were slightly underestimated in comparison to the
monitoring data in Bologna. In the case of the episode, the
relative difference was substantially larger. Therefore, also
exposures calculated from uncorrected dispersion model
concentrations can be expected to underestimate true
exposures and to give best estimates for the true exposures;
a model calibration procedure was applied to the exposure
model results using the observed/modeled concentration
ratio (Table 4, Figs. 3 and 5). In Bologna, the exposures
were highest in the winter season (Fig. 5), partly due to the
higher ambient levels, but also because of the larger
fraction of time that is spent in traffic environments during
the school year in comparison to the summer season and
weekend days during the winter (Fig. 2).

4 Discussion

Exposure reduction policy options may alter either the local
emissions or population activity. Examples of the former
include traffic limitations (implemented via environmental
zones, parking fees, tolls, vehicle category based traffic
bans, etc.), road network maintenance (removal and/or
binding of road dust, street washing, street surface material
optimization for durability), actions targeting small-scale
combustion sources (like domestic cooking and heating),
and restriction of emissions from industries of various size.
The latter population activity means are mainly available via
information and may concern avoiding time spent in traffic
or outdoors, keeping windows closed and minimizing
ventilation during air pollution episodes.

The current results on the exposures of school children
are in line with the general understanding that exposures of
various population groups are different from ambient air
quality. Air quality monitoring, modeling, management,
and corresponding legislation have traditionally been based
on ambient concentrations. Ambient concentrations are
variable, and the actual effects on health are modified by
the behavior of population members, affected by locations
of homes, workplaces, and public services, and the
transportation systems available for the citizens. Optimal
use of the resources invested in the air quality management
for public health protection requires consideration of these
aspects and therefore modeling of exposures.

Depending on the model type, exposure models can be
utilized in different ways, including at least (1) quantifica-
tion (estimation) of health effects in a given population, (2)
comparison of control options and environmental policies,
and (3) utilization of exposure models in urban planning.
Each of these is discussed below.

The current work estimated short-term spatial (Turin) and
annual interpersonal (Bologna) distributions of exposures

Fig. 4 Spatial distributions of 24-h PM10 exposures during the
episode day (13 January 2003, 2200 hours, to 14 January 2003,
2159 hours): exposure concentration (top) and cumulative population
exposure (bottom)
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among school children. Health risks caused by the exposure
peak when a high exposure is combined with a high
individual sensitivity. Thus, there is specific interest in
looking at (1) higher exposure levels and (2) sensitive
population groups separately. Quantification of health effects
caused by air pollution gives a reference point for reasonable
investments in public health protection. Most reliable dose–
response or exposure–response relationships of air pollutants
are based on epidemiological studies that compare health
outcomes in different populations as function of proxies for
their average exposures. Differences in the personal sensi-
tivities are high, and only a small number of individuals are
actually harmed. Therefore, the exposure parameters re-
quired for health impact assessment are the mean exposure
levels for defined population groups.

In extreme cases, the health effects of a given individual
can be associated with very short-term peak exposure levels,
lasting only minutes or hours (e.g., for carbon monoxide).
The majority of health effects, however, are associated with
longer-term exposures. For PM2.5, statistical associations
have been shown for daily (i.e., 24-h) exposures, but the
corresponding risk ratio for annual exposures is estimated
to be up to ten times higher, indicating that, to look for
health relevance, long-term exposures should be estimated.

Evaluation of control options from the health perspective
may include decisions to regulate traffic. Using the disper-
sion and exposure models, it is possible to estimate which
fraction of the total exposures could be reduced by setting
restrictions for, e.g., private car traffic or local industrial
activities. The comparison of the alternative, locally relevant
options and estimation of the health risk reductions for each
option allows the decision-makers to protect the public
health in the most efficient way.

Moreover, exposure can be utilized in long-term urban
planning. Population exposures can be estimated for, e.g.,
alternative traffic system scenarios, as is done in Helsinki as
part of the metropolitan area transportation system planning
(HEAT, [35]). The modeling tools can be used to estimate
exposure fractions from various sources, including the
long-range transported pollution, and thus, the models can

be utilized also in setting priorities for local, regional, and
international emission reduction activities.

Main focus of the current work was in the analysis of the
use of exposure models in environmental policy develop-
ment and air quality management. Nevertheless, the current
results allow also for assessment of some development
areas in exposure modeling as discussed below.

Population time activity is rather similar across adult urban
populations in Europe (e.g., [16]). More differences are found
between urban and rural populations and populations of
different ages. Time spent in traffic and in high-concentration
public areas remain poorly estimated in the current approach.
More observed and modeled data on levels in these micro-
environments is needed and will improve reliability of the
exposure model. Especially the concentrations experienced
in these environments remain uncertain and should be looked
at more carefully in future work.

Buildings, ventilation systems and practices, and climates
are different in different parts of Europe, affecting the
indoor–outdoor relationships of pollutants [14]. Concentra-
tions experienced in traffic environments are potentially
extremely variable and difficult to model. These variables
require more research, and care must be taken in evaluating
the usability of international data to local situations. Non-
residential infiltrations will be a very interesting and
relevant study subject. Significant microenvironments
include schools (school children), different workplaces
(working age population), hospitals (patients), and public
services (active population groups).

Evaluation of models against observations is important
to ensure reliability of the model and identification of the
model deficiencies and limitations. The current time
activity-/microenvironment-/infiltration-based exposure
model was evaluated against personal exposure measure-
ments for PM2.5 exposures of working age subjects in
Helsinki [15]. Children, however, are a more difficult target
group for conducted intrusive exposure measurements.
Only the mere size and weight of the sampling equipment
is preventive for the smallest children. A different type of
difficulties concern measurement of episode exposures (c.f.,
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the Turin model); typically in exposure monitoring studies,
a relatively small number of equipment are used to measure
few subjects at a time over a longer period. Such an
approach is not possible for episodes, and even if the
number of equipment available were sufficient, the unpre-
dictability of episodes presents serious obstacles. Therefore,
in the current work, an exposure model validated elsewhere
against personal exposure measurements was used together
with modeled and corrected ambient air quality data to
estimate exposures of a challenging target group.

For many reasons, air quality models are not always
capable of capturing the true concentrations. Examples of
difficult modeling situations include episode situations in
general and modeling of near-fields of emission sources,
including traffic. Time spent in traffic is less than 10% on
the average, but certain population groups spend signifi-
cantly more time there, and their exposures are affected by
the traffic PM concentrations that may be an order of
magnitude higher than the urban background levels.

It has been suggested that particles with different
chemical composition and physical properties (like size)
may exhibit different toxicities [24]. Air quality models are
potentially very valuable tools in estimating exposures for
epidemiological studies as by definition; deterministic
models can output exposures to particles from different
source categories separately.

The current work used PM10 levels as an indicator for
particulate matter pollution. Epidemiology has shown,
however, that particles smaller than that, fine particles
(PM2.5), are even more harmful to human health [31].
Tailpipe particulate matter emissions from motor vehicles
consist almost entirely of fine particles, while the fraction
of larger particles in PM10 originates from road wear and
resuspension. The emissions of coarse particles depend
substantially, e.g., from the wetness of the road surface and
wind velocity and cannot be fully captured by the air
quality models. When air quality models are run using
emission estimates for tailpipe emissions only, the results
calculated for PM10 represent mostly fine particles, and
when evaluating the harmfulness of the levels, this fact
needs to be considered. A study on chemical composition
of PM10 and on dimensional analysis (ten stages: <0.5,
0.5–1, 1–1.5, 1.5–3, 3–7, and 7–10 μm) has been
conducted in Bologna during 2004 [1]. The study showed
that the PM2.5 fraction accounts for about 75% of the PM10

total mass and the PM1 fraction for about 65%. This
indicates that, even though PM2.5 monitoring data is not
available, such data would yield even more stringent results
in the comparison with guideline values, as e.g., the WHO
guidelines [37] assume a default value of 0.5 (i.e., 50%) for
the PM2.5/PM10 ratio.

The complexity and data requirements of the two
presented cases are different. The Bologna model included

individual locations of the residences and schools of all the
target subjects, and uses hourly time activity over the
modeling year. The Turin model combines all children
living in a square-kilometer grid cell together, using same
outdoor concentration for all their time activity. Both
models account separately for times spent in indoors,
outdoors, and in traffic. The Turin approach does not allow
for more detailed analysis of, e.g., demographic factors
associated with exposure distributions, but on the other
hand, it allows for presentations of spatial variability of
exposures over the whole metropolitan area. The limited
mobility of children makes this approach more plausible for
this target population group than for working-age subjects.
However, more work need to be carried out to refine the
modeling exposure application to take into account real
time activity, more detailed demographic information and
improved air quality modeling (e.g., higher spatial resolu-
tion and enhanced description of traffic modulation).

5 Conclusions

A model was developed to estimate exposures of children in
long-term and peak exposure scenarios to study the
implications for health-based environmental policy refine-
ment. The demonstration results were in-line with numerous
studies earlier, showing that exposures are clearly different
from fixed site or outdoor levels, and this relationship varies
between different types of monitoring sites. Annual exposure
level in Bologna was less than half of the contemporary
concentration of traffic-oriented San Felice fixed monitoring
site. In Turin, the monitoring station Consolata, located in
the downtown but not close to the major traffic arteries,
represented the average exposures of the children quite well,
but the variability of exposure levels span almost over an
order of magnitude.

Urban air quality information systems have been orig-
inally developed to assess compliance to air quality stan-
dards but can be utilized significantly more efficiently to
promote public health in combination with exposure
models. Networking of end users (metropolitan area and
regional authorities), scientists (atmospheric chemists,
physicists, meteorologists, modelers, environmental scien-
tists, epidemiologists, etc.), and policy makers is needed for
development and application of exposure modeling tech-
niques to support health-based air quality management.

In both cases studied, the air quality models were able to
capture the variability of levels only partly; this was
especially highlighted in the case of the peak episode but
was evident in the annual results, too. Therefore, it is
important to evaluate models against observations and to
consider a model calibration procedure, when the necessary
data is available.
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Majority of the children were exposed to levels of health
concerns in the case of an episode. Air quality management
in episode situation requires reliable forecasting to allow for
the actions, like traffic restrictions, industrial shutdowns,
etc., to be prepared and implemented. However, based on the
epidemiological data, health effects of long-term exposures
outnumber those of high but short-term peak exposures.
Therefore, additional focus in environmental policy devel-
opment must be in reduction of long-term exposures. In
practice, this means optimization of air quality management
decisions according to the quantitative estimates of expo-
sures in alternative policy scenarios. Compliance to air
quality standards is a weak optimizing target for air quality
management, and it does not guarantee optimal environ-
mental safety. This is emphasized by the facts that almost all
recent epidemiology points to linear zero threshold expo-
sure–response relationship. A long-term goal must be set to
develop air quality legislation instruments toward better
support to health-based decision-making.

The key uncertainties remaining in the integrated model
outputs are related to the spatio-temporal variability of
pollutant levels that is not fully captured by the air quality
models due to uncertainties in emission estimates and critical
meteorological conditions. Especially highest exposures
experienced while in traffic may significantly affect the
highest percentiles of children spending substantial periods
of time in or close to traffic environments. Measurements of
indoor and outdoor levels for estimation of infiltration factors
in the local building stock are needed for refinement of model
parameters and personal exposures for model evaluation.
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