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h i g h l i g h t s
< We measured NO2 and NOx in 36 European study areas using standardized method.
< Significant contrast in NO2 and NOx levels between and within areas were found.
< Concentrations were generally lower in Northern than in Southern Europe.
< Street/urban background contrast was higher than for the particle metrics.
< Epidemiological studies should characterize intra-urban contrasts.
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ESCAPE study
a b s t r a c t

The ESCAPE study (European Study of Cohorts for Air Pollution Effects) investigates long-term effects of
exposure to air pollution on human health in Europe. This paper documents the spatial variation of
measured NO2 and NOx concentrations between and within 36 ESCAPE study areas across Europe.

In all study areas NO2 and NOx were measured using standardized methods between October 2008 and
April 2011. On average, 41 sites were selected per study area, including regional and urban background as
well as street sites. The measurements were conducted in three different seasons, using Ogawa badges.
Average concentrations for each site were calculated after adjustment for temporal variation using data
obtained from a routine monitor background site.

Substantial spatial variability was found in NO2 and NOx concentrations between and within study
areas; 40% of the overall NO2 variance was attributable to the variability between study areas and 60% to
variability within study areas. The corresponding values for NOx were 30% and 70%. The within-area
spatial variability was mostly determined by differences between street and urban background
concentrations. The street/urban background concentration ratio for NO2 varied between 1.09 and 3.16
across areas. The highest median concentrations were observed in Southern Europe, the lowest in
Northern Europe.

In conclusion, we found significant contrasts in annual average NO2 and NOx concentrations between
and especially within 36 study areas across Europe. Epidemiological long-term studies should therefore
consider different approaches for better characterization of the intra-urban contrasts, either by
increasing of the number of monitors or by modelling.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

There is now increasing evidence from epidemiological studies
that exposure to ambient air pollution is associated with adverse
health effects (Brunekreef and Holgate, 2002; Heinrich and
Wichmann, 2004; Pope and Dockery, 2006; WHO, 2006; Rückerl
et al., 2011). Adverse effects include pre-mature mortality and
morbidity from cardiovascular and respiratory causes. Based upon
experimental studies, plausible mechanisms for these associations
have been proposed, including oxidative stress in particular
(Brunekreef and Holgate, 2002; Brook et al., 2010; Rückerl et al.,
2011). Most studies from the USA have focussed on PM10 and
PM2.5 (Brook et al., 2010; Pope and Dockery, 2006). In several
European studies, significant associations between adverse health
effects andNO2 orNOx concentrations (Brunekreef, 2007) have been
reported. In these studies, air pollution exposurewas assessed at the
residential address using dispersion models, land use regression
models and traffic indicator variables. Other epidemiological
studies on long-term exposure to NO2 and other air pollutants
compared the health status of populations using the contrast in city-
average air pollution levels between different areas (e.g. Pope et al.,
2002; Laden et al., 2006; Sunyer et al., 2006; Götschi et al., 2008).
These studies generally assigned one overall average concentration
to all subjects living in each city. For NO2 this likely results in
significant misclassification as high spatial variability within urban
areas has been documented previously for nitrogen dioxide (NO2) in
specifically designed studies (Lebret et al., 2000; Monn, 2001;
Lewne et al., 2004). There are a substantial number of studies that
haveused traffic indicators as exposure variables, including distance
to amajor road, and traffic intensity on the nearest road (HEI, 2010).
A major limitation of these traffic indicators is that their value in
characterizing actual air pollution exposure contrasts may differ
between study areas (Jerrett et al., 2005). Some studies have made
use of the spatial variation of air pollutionwithinmetropolitan areas
(Gauderman et al., 2005; Gehring et al., 2006; Morgenstern et al.,
2008; Jacquemin et al., 2009; Modig et al., 2009). These within-
city studies often characterized air pollution with the concentra-
tion ofNO2 andNOxobtained fromeither spatially densemonitoring
networks, land use regressionmodels based upon such networks, or
dispersion models (Jerrett et al., 2005; Hoek et al., 2008; Modig
et al., 2009; Levy et al., 2010).

In 1999, the European Commission established limit values for
NO2, NOx, PM10 and some other air pollutants in the Air Quality
Daughter Directive 1999/30/EC (EC, 1996), which was replaced in
2008 by the new Directive 2008/50/EC on ambient air quality and
cleaner air for Europe (EC, 2008). The existing air quality guidelines
for NO2 and PM10 are currently being exceeded at many locations
throughout Europe (Giannouli et al., 2011; European Environment
Agency, 2006; Airbase, 2007; Velders and Diederen, 2009). There
is therefore substantial interest at the EU policy level in the health
effects of current air pollution levels including NO2, focussing
especially on European studies.

A comparison of NO2 concentrations measured either in study
specific monitoring programmes (Hazenkamp-von Arxa et al.,
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2004) or in routine monitoring networks across Europe (e.g. Air-
base data used in Beelen et al., 2009) showed significant contrast
across Europe. The concentrations were generally lowest in
Northern Europe and highest in the major cities and Southern
Europe.

NO2 is often used as an indicator of the complex mixture of
traffic-related air pollution containing also fine and ultrafine
particles. The ratio of NO2 to other components e.g. soot in emis-
sions of motorized road traffic has changed in the last decade
(Williams and Carslaw, 2011). Specifically, the fraction of primary
NO2 emissions has increased.

In 2008 we embarked upon a European-wide study of long-term
air pollution exposure health effects. The ESCAPE study e European
Study of Cohorts for Air Pollution Effects e assesses exposuree
response relationships between long-term exposures to ambient
air pollution using prospective cohort studies in 15 different Euro-
pean countries (http://www.escapeproject.eu). As the estimation of
the within-urban variation of air pollution is a key interest of
epidemiological long-term studies and the most routine monitoring
networks are not sufficiently dense to characterize intra-urban
concentration gradients, we decided to carry out study specific
monitoring,whichwas independentof routinemonitoringnetworks.

In the framework of this study we conducted measurements of
NO2 and NOx concentrations in 36 study areas during a one year
long measurement period. The aim of this paper is to assess the
variation of measured NO2 and NOx concentrations between and
within 36 European study areas. We further assessed the difference
of NO2 and NOx concentrations at traffic stations versus urban
background stations as a source of within study area spatial vari-
ability. The third aim was to study the variability of the NO2/NOx

ratio. The companion paper focuses on the PM measurement
(Eeftens et al., submitted for publication).

2. Methods

2.1. ESCAPE exposure assessment

In all study areas, NO2 and NOx were measured with passive
samplers (see Section 2.4). The measured average concentrations
were combined with geographic predictors to develop land use
regression (LUR) models (Jerrett et al., 2005; Hoek et al., 2008). In
all study centres a common protocol was used to ensure high
standardization of all procedures across the 36 European study
areas. The standardization of the measurements and the selection
of the locations using a common protocol across a wide range of
European settings (i.e.>1400monitoring sites across Europe) is one
of the major strengths of this study.

2.2. Study areas

ESCAPE included 36 study areas across Europe (Fig. 1). An
overview of the characteristics of study areas is presented in Table 1
and in more detail in Online supplement A. The study areas were of
substantially different size. Please note that the study areas in
Table 1 are sorted from the North to the South.We kept this order in
all following tables and figures.

The size of the areas is given by the distribution of the included
cohorts. Some areas were restricted to a single city (e.g. Rome,
Grenoble, Erfurt) or a metropolitan area including more rural/
suburban areas (Stockholm country, Athens). The study also
included large study areas such as the Ruhr area, Catalunya and the
Netherlands/Belgium. The included main cities were also of very
different size, ranging from Umeå (w100,000 inhabitants) to the
largest European metropolitan areas such as Paris and Londonwith
several million inhabitants.
As indicated in Fig. 1, in 20 study areas both particulate matter
(PM2.5, PM2.5 absorbance, PM10, and PMcoarse) as well as NO2 and
NOx were measured (in the following they are labelled as
“NOx þ PM” study areas), whereas in the remaining 16 study areas
NO2 and NOx was measured only (labelled as “NOx only” study
areas). In total, NO2 and NOx measurements were performed at
1483 monitoring sites in 36 study areas (see Table 1). This means
that, on average, 41 sites per study area were selected. However,
due to the differences between the study areas, the number of
regional, urban background and street sites in each study area is
also different. In the largest study areas (Netherlands/Belgium and
Catalunya) 80 monitoring sites were selected, whereas in the two
rather small study areas Granada and Hulvea (Spain) less locations
were selected (14 and 24, respectively).

2.3. Site selection

The spatial distribution of the cohort subject addresses deter-
mined the borders of the study area. Within each study area the
measurement sites were selected to represent the anticipated
spatial variation of air pollution at home addresses of subjects in
the cohort studies. The long-term average ambient air concentra-
tion is a function of the regional background, additional pollution
from all (sub)urban sources (resulting in an urban background) and
pollution from local sources (e.g. traffic on nearby busy streets). In
all areas street sites were overrepresented compared to the fraction
of addresses on major roads, as the goal was to describe spatial
variation in the area of which traffic is a main source. The
requirement was to select a range of realistic traffic intensities, not
only the busiest streets in the area. Other sources were also
considered, e.g. specific industries, major ports. In some areas,
altitude was also a factor in selecting sampling sites.

The measurement sites were classified as regional background,
urban background and street sites. A street site was considered
a site in a major road carrying at least 10,000 vehicles per day.
Measurements were typically made at the façade of the homes, as
we were interested in characterizing the exposure at home
addresses. Therefore, we measured closer to the buildings, and not
at the kerbside. An urban background sitewas defined as a sitewith
fewer than 3000 vehicles per day passing within a 50 m radius. The
distinction between regional and urban background was not
strictly defined in the study manual, but typically involved
measurements in the smaller towns of the cohort, as we assume
that in smaller towns and villages no urban background is
detectable.

Based on the ESCAPE guidelines, each local research center
made a site selection proposal with a detailed characterization of
the sites including Google maps of the study area and sites. The
proposal was discussed by the ESCAPE exposure working group to
harmonize the site selection across the centers. Each selected site
was repeatedly geocoded using a GPS (e.g. at each start of
a measurement). Because accuracy is very important e the spatial
variability of air pollution concentrations occurs within tens of
metres from major roads e the measured geocodes were plotted
and checked on GIS maps with high resolution (e.g. road network,
building ground map) and, if necessary, the geocodes were cor-
rected to the original spot of measurement.

2.4. Sampling and analysis

In all 36 study areas, NO2 and NOx were measured with passive
samplers. All local centres used the Ogawa diffusion badge (http://
www.ogawausa.com) for those measurements. All badges were
prepared and analysed by one central laboratory at the Institute for
Risk Assessment Sciences (IRAS), Utrecht, using the ESCAPE SOP.

http://www.escapeproject.eu
http://www.ogawausa.com
http://www.ogawausa.com


Fig. 1. ESCAPE study areas; dark circles mark the study areas where both PM and nitrogen oxides (NO2 and NOx) were measured. Blue squares indicate the study areas where NO2

and NOx only were measured.
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A detailed description of sampling and analysis has been published
previously (Roosbroeck van et al., 2006). In short, the sampler
contains two collection filters that are coated with a reactive
chemical, one for sampling NO2 and one for sampling NOx (NO2
plus NO). NO is calculated by subtraction. Ogawa badges were
transported from the central laboratory in individual plastic bags
and cooled during transport and storage. The analysis is spectro-
photometrically based upon the Saltzman method (Roosbroeck van
et al., 2006). From each batch of 40 filters obtained from the
manufacturer, four filters were kept at IRAS laboratory as lab
blanks. These four lab blanks were analyzed on the same day as the
exposed filters and their results were subtracted from results of
filters in the same batch.

To establish the agreement with the chemiluminescence method
being the European reference method, we compared the Ogawa
diffusion badges during every 2-week sampling periodwith a chem-
iluminescence monitor in most study areas. The Ogawa samplers
were located in direct vicinity to the chemiluminescence monitor.

2.5. Sampling campaign

Because of limited equipment availability, especially for PM
measurements, the study areas were divided into a first and second
year group (Table 1). The sampling period for the first year group
was between October 2008 and February 2010, and for the second
year group it was between November 2009 and April 2011. At each
monitoring site three measurement periods of two weeks were
conducted; in the cold, warm and one intermediate temperature
season. The two week sampling periods were performed in weeks
with no unusual events such as bonfires and major holidays (i.e.
school holidays of a week or longer).

In the NOx only study areas the two week measurements were
done almost simultaneously at all sites e the start day of all
measurements waswithin amaximum time period of three days. In
contrast, due to equipment limitations for PM sampling, the
measurements in the NOx þ PM study areas were performed
simultaneously at only 5 sites and one continuous reference site.
Thus, for completion of one measurement period four rounds of
two week measurements were necessary. Each group of 5 sites
included different site types, e.g. regional, urban background and
traffic. NO2 and NOx in the NOx þ PM study areas was measured
exactly at the same time as the PMmeasurements were performed.

The reference site was used for sampling during all sampling
periods, covering a full year. This reference site was located at an
urban or rural background location and measured over the whole
year. The site was used to adjust for temporal variation. If a PM and/



Table 1
Descriptive characteristics of all ESCAPE study areas.

Country Study area Study area description; major cities PM þ NOx? Year Measurement period # of
sites

Distribution over
site types: b RB/UB/ST

Norway Oslo Oslo city PM þ NOx 1 05-02-2009e29-01-2010 40 4/18/18
Sweden Umeå region Vasterbotten county; Umeå, Skelleftea

and Lycksele
NOx 1 01-12-2008e11-07-2009 42 4/32/6

Stockholm
county

Stockholm county; Stockholm PM þ NOx 1 03-12-2008e01-12-2009 40 5/20/15

Finland Helsinki/Turku Two areas: Helsinki/Vantaa and Turku/
Loimaa

PM þ NOx 2 27-01-2010e26-01-2011 40 2/18/20

Denmark Copenhagen Copenhagen city and Hillerød PM þ NOx 2 19-11-2009e17-11-2010 41 6/13/22
Lithuania Kaunas Kaunas city PM þ NOx 2 20-01-2010e19-01-2011 40 5/13/22
United Kingdom Bradford Metropolitan borough of Bradford NOx 1 01-06-2009e15-12-2009 41 2/24/15

Manchester Greater Manchester urban area PM þ NOx 1 27-01-2009e20-01-2010 39 0/15/24
London/Oxford Thames valley; London, Oxford and

smaller towns
PM þ NOx 2 26-01-2010e18-01-2011 40 1/23/16

Netherlands/
Belgium

Netherlands/
Belgium

Entire country: Amsterdam, Rotterdam,
Antwerp

PM þ NOx 1 17-02-2009e19-02-2010 80 20/24/36

Germany Ruhr area Dortmund, Duisburg, Essen and smaller
towns

PM þ NOx 1 15-10-2008e12-10-2009 40 8/14/18

Heidelberg Heidelberg city and smaller surrounding
towns

NOx 1 07-04-2009e11-11-2009 43 3/16/24

Erfurt Erfurt city NOx 1 11-08-2009e16-12-2009 40 3/18/19
Munich/Augsburg Munich, Augsburg and smaller

surrounding towns
PM þ NOx 1 27-10-2008e05-11-2009 40 10/12/18

Austria Vorarlberg Cities and areas along the main valley of
Vorarlberg

PM þ NOx 2 03-03-2010e16-02-2011 40 5/11/24

France Paris Paris city and suburban areas PM þ NOx 2 04-01-2010e04-01-2011 40 4/20/16
Grenoble Grenoble city and suburban areas NOx 2 20-01-2010e07-07-2010 40 3/17/20
Lyon Lyon city and suburban areas NOx 2 20-01-2010e07-07-2010 40 3/17/20
Marseille Marseille city NOx 2 14-01-2010e24-06-2010 39 2/17/20

Hungary Gyor Gyor city and neighbouring villages PM þ NOx 2 22-02-2010e24-02-2011 40 1/19/20
Switzerland Basel Basel city and some surrounding smaller

towns
NOx 1 20-11-2008e10-06-2009 40 3/13/24

Geneva Geneva city and some surrounding
smaller towns

NOx 1 07-01-2009e03-07-2009 41 3/13/25

Lugano Lugano city and its neighbouring
communities

PM þ NOx 1 02-03-2009e10-03-2010 42 4/16/22

Italy Turin Turin city and five smaller municipalities PM þ NOx 2 01-02-2010e25-01-2011 40 1/13/26
Pavia/Varese Cities of Pavia, Varese and surrounding

areas
NOx 2 08-02-2010e14-06-2010 40 3/14/23

Verona City of Verona and surrounding areas NOx 2 20-01-2010e22-06-2010 40 3/14/23
Rome Rome city PM þ NOx 2 27-01-2010e26-01-2011 40 2/19/19

Spain Asturias North part of Asturias and Oviedo region:
Oviedo and Avilés

NOx 1 17-02-2009e22-06-2009 40 2/13/25

Basque country Galdakao, Gipuzkoa and San Sebastián
areas; many small towns

NOx 1 03-02-2009e15-07-2009 39 2/12/25

Barcelona Barcelona city PM þ NOx 1 14-01-2009e14-01-2010 40 1/13/26
Catalunya Three areas around Barcelona, Girona,

Sabadell
PM þ NOx 1 14-01-2009e14-01-2010 80 5/23/52

Mid East Spain Valencia region and Albacete city NOx 1 17-02-2009e23-07-2009 38 2/13/23
Granada Granada city and smaller towns around

Granada and Loja
NOx 1 17-03-2009e15-09-2009 14 0/7/7

Huelva Hulvea city NOx 1 17-03-2009e15-09-2009 24 0/8/16
Greece Athensa Greater Athens area, 16 municipalities;

Athens
PM þ NOx 2 21-04-2010e27-04-2011 40 1/22/17

Herakliona Heraklion prefecture; Heraklion PM þ NOx 1 18-02-2009e16-02-2010 40 0/21/19

a PM þ NOx areas: dates refer to the period when the reference site was operated. NOx only areas: dates refer to the start of first and end of third measurement period.
b RB ¼ regional background/UB ¼ urban background/ST ¼ street site.
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or NOx measurement failed, the measurement was repeated, pref-
erably in the same season.

2.6. Adjustment for temporal variation

Air pollutants have a substantial temporal variation. Therefore
adjustment for temporal variability is essential if annual means of
the measured NO2 and NOx concentrations are calculated,
particularly for the NOx þ PM areas with non-simultaneous
measurements. For details we refer to the PM companion paper
(Eeftens et al., submitted for publication). Briefly, the difference
between the concentration for a specific two week sampling
period and the annual average at the reference site was subtracted
from each measurement. This procedure is based upon proce-
dures developed previously within the TRAPCA (Traffic-related Air
Pollution and Childhood Asthma) study (Hoek et al., 2002, 2008).
The annual average of NO2 and NOx is calculated from the ESCAPE
reference site for the NOx þ PM areas. For the NOx only sites, an
urban or rural background station routine monitoring data was
used. We did not require a year-long reference campaign, because
measurements had already been made simultaneously and only
occasional missing data could lead to bias in the spatial compar-
ison of calculated averages. In Umeå, where no appropriate
routine monitoring site was available, adjustment was made using
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the average of the three sampling campaigns of all sites with
complete data. This approach only takes care of bias due to
missing data and does not scale the data to an annual average.

In the following this paper focuses on adjusted annual average
NO2 and NOx concentration. We report concentrations in mg m�3.
This has implications e.g. for reported NO2/NOx ratios. In case of
equal NO2 and NO concentrations in ppb, the NO2/NOx ratio is 0.50
expressed in ppb and 0.60 in mg m�3. If the NO2 is twice the NO
concentration in ppb, the NO2/NOx ratio is 0.67 expressed in ppb
and 0.75 in mg m�3.

2.7. Quality control

Four field blanks and four duplicates were collected in each of
the three measurement periods for the NOx only study areas, to
achieve a total of 12 field blanks and 12 duplicates (4 � 3 ¼ 12). For
the NOxþ PM areas in each sampling period one field blank and one
duplicate were taken, which resulted in at least 12 field blanks and
duplicates. Typically, more blanks and field duplicates were taken
as these samples were taken in each sampling period of the year-
round reference site. The plastic bags of the field blanks were
opened at the measurement spot for a short time. Duplicates were
installed at the same location. The limit of detection was calculated
as three times the standard deviation of the blanks. Precision was
calculated from field duplicates according to Eeftens et al.
(submitted for publication).

2.8. Data analysis

Locally calculated adjusted annual averages were gathered
centrally and their range and distribution were calculated, and
stratified by site type. To quantify the amount of spatial variation
relative to the background level, the interquartile range and total
range (maximumeminimum) were calculated as a percentage of
the mean. For each study area, we used ANOVA (SAS 9.2, PROC
GLM) to test for significant differences between urban background
and street sites and (where applicable) between urban and
regional background sites. We also tested if urban background
levels differed significantly between study areas. The same anal-
yses were performed for street sites and regional background sites
(where applicable), again using SAS 9.2, PROC GLM. Correlation R2-
values between components were determined using SAS 9.2, PROC
REG. Percentages of between and within-area variance were
determined using analysis of variance with PROC VARCOMP,
METHOD ¼ reml.
3. Results

3.1. Quality control

Detection limits were low for NO2 for all study areas and very
few samples were below the limit of detection (Table 2). Detection
limits were slightly higher for NOx but in nearly all study areas very
few samples were below the limit of detection. Only in Turin,
Catalunya and Albacete was a sizable fraction below the detection
limit. This was partly due to unexplained outliers which were all
included in the detection limit calculations presented in Table 2.
Samples below the detection limit were retained at their original
value.

Precision was expressed as the Coefficient of Variation (CV was
lower than 10% in 31 areas for NO2 and in 34 areas for NOx (out of
36)). The average CV was 9.2% for NO2 and 6.1 for NOx, respectively.

In most study areas NO2 concentrations measured by the Ogawa
badge were lower than measured by chemiluminescence monitors
(Fig. 2a). With the exception of Athens, average measurements
agreed within 30% of the monitor. The ratio differed between study
areas with no consistent pattern across Europe or concentration
level. For NOx the ratio was closer to unity for most areas (Fig. 2b).
In study areas with a large number of co-located comparisons NO2
measured by both methods were highly correlated (Online
supplement B). Considering the difference in measurement prin-
ciple, differences are acceptable.

3.2. Calculation of average NO2 and NOx concentrations

Unadjusted average concentrations and average concentrations
adjusted for temporal variationwere very highly correlated (Online
supplement C, Table C1). Squared correlations (R2) were generally
above 0.95, indicating that temporal adjustment resulted only in
small changes to the calculated average concentrations. For the NOx

only areas, this reflects that sampling was performed simulta-
neously and that there were few measurements that failed due to
stolen badges or sampling and analysis errors. For sites with three
valid observations, the adjustment involves the same scaling to an
annual average. For the sites with less than three, a different scaling
may occur, e.g. if the winter measurement had failed, the adjust-
ment to the average is typically larger than for the sites with valid
measurements in the three seasons. For the NOx þ PM study areas,
where measurements were not conducted simultaneously,
measurements of two-week samples in three seasons were
apparently sufficient to obtain a fairly stable estimate of spatial
contrasts, in agreement with findings of the TRAPCA study using
the same approach (Lewne et al., 2004).

3.3. Spatial variability within study areas

In many study areas the contrast of individual averages within
the study area was as large as the contrast in median concentra-
tion across the study areas (Fig. 3a and b, Table 3.). Substantial
spatial variability was found for NO2 and NOx concentrations
within study areas. The average range for NO2 (difference between
the highest and the lowest annual average in one specific study
area) was 54 mg m�3. The range was on average 38.2 mg m�3,
50.1 mg m�3 and 67.1 mg m�3 in the Northern-European, Central-
Western and Southern European areas, respectively. The largest
spatial variation for NO2 was found in the largest European cities,
such as London, Paris, Barcelona and Marseille. The results of
variance component applied to all monitoring sites show that the
variance of NO2 within study areas (60.1% of the total variance) is
considerably larger than the variance attributable to the differ-
ences between the study areas (39.9% of the total variance). The
difference for NOx is even more pronounced; within study area
variability is 70% and the between study area variability is 30% of
the total variance.

The type of the measurement sites (regional background,
urban background and street sites) was a major determinant of
the overall variability of NO2 and NOx. After including the variable
“type of the measurement site” to the variance analysis, the
results show that 30.4% of the overall NO2 variance is attributable
to the variability between the study areas, 37.4% of the variability
is caused by different site type and 32.3% could be traced to the
variability within the site types. The corresponding values for NOx

are 23.4% (variability between the study areas), 36.5% (variability
because of different site type) and 40.1% (variability within the
site types).

The distribution of annual averages of NO2 and NOx concen-
trations by site type, for each study area is shown in Figs. 4 and 5,
respectively. The NO2 and NOx concentrations at urban back-
ground sites are in general lower than at street locations. Table 4



Table 2
Detection limits and precision for NO2 and NOx measurements.

Study area Field blanks Field duplicates

Number
field blanks

Average field
blank (mg m�3)

Detection limit
(mg m�3)

N samples below the
detection limit (total
number of valid
samples)

Number duplicates CV (%)

N NO2 NOx NO2 NOx NO2 NOx N NO2 NOx

Oslo 18 0.0 0.4 2.5 2.8 1 (123) 0 (123) 28 23.1 11.5
Umeå Region 6 0.1 0.7 0.6 1.2 0 (124) 7 (124) 6 4.5 4.8
Stockholm County 22 0.1 0.5 1.1 2.4 2 (143) 0 (143) 22 9.5 7.5
Helsinki/Turku 23 0.1 0.2 0.6 1.7 0 (154) 0 (154) 24 4.9 6.2b

Copenhagen 20 0.3 �0.2 1.2 3.1 0 (143) 0 (143) 20 5.6 7.6
Kaunasa 24 0.1 0.8 0.6a 5.7a 0 (146) 3 (146) 24 8.5 10.4b

Bradford 5 0.5 0.9 1.1 2.4 0 (112) 0 (112) 6 12.0 1.9
Manchester 12 0.5 1.5 1.1 5.3 1 (116) 0 (116) 12 4.9 4.4
London/Oxford 23 0.3 1.3 1.3 5.5 0 (131) 0 (131) 23 5.4 5.7
Netherlands/Belgium 20 0.2 0.5 1.3 3.6 0 (263) 0 (263) 20 7.1 4.7
Ruhr area 15 0.2 0.4 0.8 2.5 0 (120) 0 (120) 23 4.5 4.5
Heidelberg 8 0.3 1.1 0.7 2.3 0 (127) 0 (127) 10 9.7 3.2
Erfurt 12 0.2 0.0 0.8 2.6 0 (118) 0 (118) 12 8.8 3.8
Munich 15 0.3 0.9 1.0a 4.6a 0 (142) 0 (142) 16 3.0 2.9
Vorarlberg 25 0.6 2.4 1.2 6.7 1 (144) 1 (144) 25 9.3 6.6
Paris 22 0.3 2.1 1.2 6.6 0 (141) 0 (141) 22 8.9 7.1
Grenoble 12 0.1 0.5 0.8 3.1 0 (120) 0 (120) 12 19.5 7.5
Lyon 12 0.2 0.9 0.5 3.6 0 (117) 0 (117) 12 7.9 6.3
Marseille 12 0.1 0.1 0.6 1.6 0 (114) 0 (114) 17 4.5 4.3
Gyor 25 0.3 0.6 1.3 2.5 0 (145) 0 (145) 24 10.7 13.2
Basel 8 0.4 0.8 0.7 5.0 0 (120) 0 (120) 8 4.9 5.6
Geneva 10 0.1 1.1 1.0 8.3 0 (121) 0 (121) 8 5.6 4.1
Lugano 16 0.5 1.5 1.2a 9.5a 0 (137) 4 (137) 23 7.7 5.1
Turin 24 0.3 1.7 1.4a 10.0a 0 (144) 36 (144) 24 9.6 10.0b

Pavia/Varese 12 0.8 1.2 2.2 3.2 0 (120) 0 (120) 12 9.3 5.2
Verona 11 0.3 0.3 0.5 2.2 0 (120) 0 (120) 13 7.2 2.5
Rome 24 0.2 0.4 0.5 2.0 0 (144) 0 (144) 25 9.0 4.3
Asturias:c

Asturias region 12 0.0 0.0 0.9 1.9 0 (45) 0 (45) 12 5.1 4.5
Oviedo 12 0.4 3.8 1.6 17.2 0 (68) 8 (68) 12 5.6 2.3

Basque Country:c

Bilbao 12 0.2 0.2 1.0 3.0 0 (40) 0 (40) 12 6.4 3.3
San Sebastian 11 0.0 0.4 0.8 1.3 0 (71) 0 (71) 9 4.6 2.9

Barcelona 23 0.5 3.7 3.3a 28.1a 1 (142) 6 (142) 27 7.7 7.8
Catalunya 23 0.5 3.7 3.3a 28.1a 1 (309) 39 (309) 27 7.7 7.8
Mid-East Spain:c

Albacete 12 0.4 3.1 1.9 9.4 1 (51) 12 (51) 10 9.9 14.2
Valencia 10 0.1 0.1 0.4 1.0 1 (51) 1 (51) 11 11.9b 3.9

Granada 3 0.5 0.7 1.1 1.5 0 (29) 1 (29) 3 35.6 5.5
Huelva 2 �0.2 0.0 0.3 2.7 0 (67) 0 (67) 3 19.5 13.4
Athens 23 0.1 0.3 0.8 1.3 0 (143) 1 (143) 23 10.9 5.6
Heraklion 21 0.5 0.7 2.7 3.5 2 (140) 1 (140) 13 7.8 5.6

Detection limit calculated as three times the standard deviation of field blanks. CV ¼ Coefficient of Variation calculated from field duplicates.
a Detection limit (DL) affected by one blank for which no explanation was found. Without this one blank, NOx DL and number of samples below DL become 2.0 mg m�3 and

0 (Munich): 6.7 mg m�3 and 27 (Turin); 2.7 mg m�3 and 0 (Kaunas); 7.2 mg m�3 and 0 (Barcelona); 7.2 mg m�3 and 0 (Catalunya); 2.8 mg m�3 and 0 (Lugano).
b CV affected by one poor duplicate, for which no explanation was found. Without this duplicate CV becomes 3.8% for NOx (Helsinki); 5.4% for NOx (Kaunas); 3.1% for NOx

(Turin); 4.7% for NO2 (Valencia).
c In three subareas different teams performed fieldwork, field duplicates/blanks treated analysed separately.
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presents the ratio of concentrations measured at regional versus
urban background and the ratio of street to urban background
sites for NO2 and NOx, respectively. In almost all study areas the
differences between the site types were statistically significant
(p < 0.05 level).

In all study areas, the concentrations at street stations were
higher than at urban background stations; the street site vs. urban
background site ratio was 1.63 for NO2 and 1.93 for NOx on average
for all sites over all study areas. The ST/UB ratio ranged substantially
from 1.09 to 3.16 for NO2. NO2 concentrations were lower
at regional background sites compared to urban background
concentrations; the mean ratio for all sites over all study areas was
0.63 for NO2 and 0.60 for NOx, respectively. However, the RB/UB
concentration ratio varied substantially across study areas, from
0.24 in London to 0.91 in Gyor (Table 4).
3.4. Spatial variability across Europe

Because the overall mean concentration may be affected by
differences in the fraction of different site types, the direct
comparison of the results between the study areas (across Europe)
is based mainly on urban background locations.

Substantial differences in annual average NO2 and NOx

concentration were found across Europe (Table 3). The lowest
annual average NO2 concentration was found in Umeå, a medium
sized city in Northern Sweden. Concentrations in the large North-
European cities (Helsinki, Stockholm, Oslo, and Copenhagen)
were relatively low, but similar to the smaller cities in southern
(Heraklion, Crete) and central Europe (Erfurt, Gyor, Kaunas). The
highest concentrations were measured in the Mediterranean area,
especially Barcelona and Turin.



Fig. 2. a: Ratio of concentrations measured by Ogawa badge and chemiluminescence monitor co-located at routine monitoring sites for NO2. b: Ratio of concentrations measured by
Ogawa badge and chemiluminescence monitor co-located at routine monitoring sites for NOx.
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3.5. NO2eNOx relationship

In all study areas a high correlation between NO2 and NOx was
found (Table 5). The average NO2 to NOx ratio ranged from 0.51 to
0.72 for urban background sites in the different study areas
(Table 5). At street stations the NO2 to NOx ratio ranged from 0.42 to
0.73. Overall there was no clear North-South gradient in the ratio.
Mean ratios at urban background sites were 0.62, 0.63 and 0.61 for
the Northern-European, central-western and southern European
areas, respectively.

In most areas, the NO2 to NOx ratio was smaller at street sites
than at urban background sites. On average, the ratio was 0.69,
0.62 and 0.54 for regional background, urban background, and
street sites respectively. Without Mid-East Spain the ratio was 0.65
for regional background. The difference in ratio varied significantly
across Europe, e.g. in Copenhagen, Paris, and the Netherlands the
ratio was much lower at street sites than at urban background
sites, whereas in e.g. Basel, Geneva there was little difference,
possibly reflecting differences in primary NO2 emissions across
Europe.
4. Discussion

Overall, we found significant contrasts in annual average NO2
and NOx concentrations between and especially within 36 study
areas across Europe. NO2 concentrations at street locations were on
average between 1.22 and 3.6 times higher than at urban back-
ground stations. The NO2/NOx ratio varied between 0.47 and 0.72
across study areas. Concentrations were generally lower in
Northern than in Southern Europe.

4.1. Variability within study areas

The observation of high within study area variability of NO2

concentrations compared to between study area variability agrees
with previous observations in urban areas of four cities in western
and central Europe (Lebret et al., 2000), 16 cities of the European
Community Respiratory Health Survey (ECRHS) (Götschi et al.,
2008) and 8 areas of the longitudinal Swiss cohort study on air
pollution and lung and heart disease in adults in Switzerland
(SAPALDIA) (Liu et al., 2012).



Fig. 3. a: Distribution of annual average concentration of NO2 for each study area separately. Median, 25th and 75th percentiles are shown in the box, whiskers indicate 10th and
90th percentiles and individual outliers are shown as points. b: Distribution of annual average concentration of NOx for each study area separately. Median, 25th and 75th
percentiles are shown in the box, whiskers indicate 10th and 90th percentiles and individual outliers are shown as points.
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This raises one of the central questions of air pollution epide-
miology. In epidemiological studies evaluating the health effects of
long-term exposure to air pollutants, the usual place of residence
explains much of the exposure contrasts between persons. The vast
majority of long-term epidemiological studies compare the health
status of populations living in different cities (Pope and Dockery,
2006; Götschi et al., 2008). These studies generally assigned one
overall average concentration to all subjects living in each city and
use the contrast in city-average air pollution levels between
different areas. This approach assumes that a limited number of
monitors per area (or even only onemonitor per city) could provide
an unbiased estimate of the average community exposure to
background pollution. The observation of large within study area
contrasts which exceed between study areas contrasts raises
considerable doubts about this type of analysis. For air pollutants
showing pronounced spatial variability and affected by local sour-
ces (such as traffic), assessing exposure at the community level
could lead to substantial misclassification and, together with other
factors, may introduce considerable random errors in the estima-
tion of the true individual exposure or even contribute to the
observed null-findings (Götschi et al., 2008). The large spatial
variation of the concentration levels of traffic related air pollutants
across cities suggests that it is virtually impossible to characterize
the city-average concentrationwith onemonitoring site. Because of
this, modelling of concentrations for traffic related air pollutants
could be a reasonable option for exposure assessment. For the
ESCAPE study we will develop study-area specific LUR models.

Our analysis of variance showed that about 37% of the overall
variability was due to site type, 32% to remaining within-area
variability and 30% to between-area variability. Differences
between street and urban background sites are discussed in Section
4.2. Further variability within study areas was especially explained
by population density (or household density), and type of land use
(natural land, industrial land). In a few areas altitude and presence
of a port nearby also contributed to the explanation of spatial
variation (Beelen et al. submitted for publication).

At 323 sites (out of 1485) in 31 study areas (out of 36), the
annual average NO2 concentration measured at a site exceeded
40 mg m�3, the EU limit value for the annual average of NO2 (in
Catalunya at 50 sites, Barcelona at 33 sites, and Turin at 31 sites).
The comparison with the air quality standard for annual average is
limited because we sampled only during three 2-week periods.
However, a reference site was used to adjust all measured
concentrations to an annual average concentration.

4.2. ST/UB ratio

The lower ST/UB ratio observed for for NO2 compared to NOx is
consistent with the relatively small fraction of NO2 to NOx in motor
vehicle exhaust emissions and the conversion of primary emitted
NO toNO2 byozone (Keuken et al., 2009). The latter reaction leads to
increasing NO2/NO ratios with increasing distance to major roads.

The ST/UB ration observed in our study for NO2 and NOx

concentrationswas higher andmore consistent than for the particle
metrics across all study areas (Eeftens et al., submitted for
publication). For PM2.5, PM2.5 absorbance (soot), PM10 and PMcoarse
we found average ratios of 1.14, 1.38, 1.23 and 1.42 respectively. This
was not due to differences in the included study areas, as the NO2
andNOx ST/UB ratio in the areaswhere PMwasmeasuredwere 1.54
and 1.80 respectively. The higher ST/UB ratios for NO2 compared to
PM10 and PM2.5 are consistent with previous studies (HEI, 2010).
PM10 and especially PM2.5 have a high regional background
concentration and local sources increase concentrations only
modestly. The slightly higher ratio compared to absorbance is more



Table 3
Distribution of annual average concentrations of NO2 and NOx by study area (note that concentration distribution are presented here for the all sites; differences between
different areas might be affected also by different numbers of regional background, urban background and street sites selected for the different study areas).

Study area NO2 NOx

n Median 25%e75%
percentile

Minemax Range/
mean (%)

Median 25%e75%
percentile

Minemax Range/
mean (%)

Oslo 40 20.3 14.1e31.8 6.7e59.8 220% 39.4 26.5e65.7 14.2e116.8 215%
Umeå Region 42 7.5 5.5e11.8 1.5e35.8 349% 13.7 8.8e21.3 1.7e95.9 468%
Stockholm County 40 14.9 9.6e19.7 2.1e37.4 220% 25.3 14.9e40.9 2.5e97.2 311%
Helsinki/Turku 40 17.5 14.1e22.7 6.1e40.8 184% 26.8 20.8e37.4 8.6e94.7 281%
Copenhagen 41 15.1 11.8e23.3 6.3e50.1 245% 23.3 15.4e39.3 9.0e123.6 378%
Kaunas 40 15.6 13.6e18.8 8.3e36.2 167% 25.0 20.2e31.6 11.3e89.6 272%
Bradford 41 25.3 21.1e29.1 16.7e44.9 109% 41.0 32.3e53.0 22.4e110.5 195%
Manchester 39 25.4 21.4e30.6 17.0e60.4 164% 42.5 35.4e54.9 27.4e149.4 256%
London/Oxford 40 35.8 26.6e46.2 7.3e102.7 251% 55.3 43.8e77.5 18.8e257.4 344%
Netherlands/Belgium 80 30.2 20.5e39.9 12.8e61.5 157% 44.3 31.3e67.3 17.5e130.8 219%
Ruhr area 40 30.6 25.9e39.4 20.2e58.4 115% 49.1 41.1e73.8 26.9e135.7 181%
Heidelberg 43 28.4 25.5e37.4 17.7e63.2 141% 45.5 40.6e59.9 25.3e111.8 164%
Erfurt 40 18.6 14.0e22.2 11.0e47.0 187% 27.1 21.0e33.8 15.6e112.8 314%
Munich/Augsburg 40 24.9 19.8e30.3 13.6e53.5 149% 42.9 32.6e54.4 23.7e95.2 152%
Vorarlberg 40 22.3 17.2e27.5 7.4e39.7 143% 39.2 30.5e52.4 14.6e91.4 180%
Paris 40 33.8 24.8e54.8 6.8e96.8 226% 53.9 39.6e121.1 12.7e248.3 293%
Grenoble 40 27.3 20.4e33.2 5.5e53.2 175% 45.3 30.2e63.1 6.5e116.2 227%
Lyon 40 30.6 22.5e45.2 7.3e88.0 231% 48.1 32.4e85.0 6.5e199.2 312%
Marseille 39 33.4 22.8e43.5 10.0e92.8 229% 58.3 36.0e84.6 11.9e266.1 363%
Gyor 40 15.7 12.2e19.9 9.2e37.4 169% 27.6 20.5e38.1 13.4e86.3 224%
Basel 40 31.4 25.7e36.0 16.0e47.8 102% 50.0 41.7e61.4 21.6e95.7 140%
Geneva 41 30.1 22.8e33.3 16.1e51.3 118% 54.0 42.1e67.6 22.1e139.6 203%
Lugano 42 27.1 24.5e33.4 12.2e59.1 164% 45.2 37.4e55.6 21.2e116.4 199%
Turin 40 54.3 42e64.8 15.6e83.7 128% 100.3 73.5e127.2 22.8e187.3 162%
Pavia/Varese 40 26.6 21.5e36.3 15.7e77.7 198% 47.4 36.9e74.7 29.3e190.5 265%
Verona 40 38.7 31.1e48.1 16.3e100.1 202% 83.0 61.0e110.6 33.1e284.4 274%
Rome 40 41.7 32.3e51.4 13.6e72.6 138% 64.4 51.2e91.4 25.1e146.0 166%
Asturias 40 30.4 19.0e40.7 8.6e76.4 212% 55.8 37.0e91.6 16.2e220.3 293%
Basque Country 39 23.3 17.3e29.2 6.8e74.3 264% 48.1 32.2e63.7 14.3e224.9 399%
Barcelona 40 54.7 46.6e70.1 13.8e109.0 165% 90.0 74.8e132.4 21.0e236.4 213%
Catalunya 80 48.0 31.4e61.5 12.2e109.0 202% 80.9 51.6e107.3 18.2e236.4 255%
Mid-East Spain 38 24.4 18.8e31.9 1.9e75.5 282% 39.8 25.6e58.0 0.6e148.6 346%
Granada 14 26.6 19.7e43.1 12.4e89.0 220% 40.9 32.7e70.8 20.6e195.9 294%
Huelva 24 22.4 15.6e25.5 8.4e43.4 160% 34.4 22.4e39.6 13.3e71.3 172%
Athens 40 35.9 29.2e42.6 13.3e71.0 158% 68.1 54.9e85.3 21.4e230.1 268%
Heraklion 40 13.9 10.3e18.2 5.3e34.3 190% 19.0 14.9e25.3 8.6e52.8 206%
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striking, as absorbance is strongly affected by local sources including
traffic (Janssen et al., 2011). The higher contrast for NO2 compared to
soot could be related to the differences of atmospheric lifetime for
NOx and soot. Soot is enriched in submicrometer particle fraction,
thus it have a longer atmospheric lifetime allowing for accumulation
at background sites. This interpretation is supported by the obser-
vation that the urban background e regional background ratio was
also larger andmore consistent for NO2 than for absorbance. Higher
emissions of NOx from road traffic compared to the background
could also play a role. The increasing use of after treatment tech-
nology that traps soot from diesel vehicles but increases NO2
because of catalytic oxidation of collected soot may have contrib-
uted to this (Grice et al., 2009; Williams and Carslaw, 2011).

The ratio of the ST/UB concentrations varied widely across the
study areas. The implication of this variability for epidemiological
studies is that theuseof traffic indicator variables suchas living close
to a major road presents a different contrast in actual air pollution
exposure in different cities. This likely contributes to the observed
heterogeneity of estimated health effects in studies using traffic
indicators (Vardoulakis et al., 2003;Heinrich andWichmann, 2004).

The relatively high ST/UB ratios in Northern European cities,
particularly in Umeå, are likely due to the low urban background
concentrations in these countries. The variability in ratios is prob-
ably explained by a combination of differences in the following
factors: traffic intensity, fraction of heavy duty vehicles, emission
factor of the car fleet related to e.g. age and fuel type of cars and
possibly street configuration. In a recent study in the Netherlands,
higher ST/UB ratios were found for NO2 and other pollutants in 2
street canyons and 2 streets with homes on one side of the street
compared to wider streets (Boogaard et al., 2011). This was
explained by poorer dispersion in the narrower streets. We did not
find higher ratios in the typically narrower streets in Southern
Europe. However, this was partly due to the higher urban back-
ground as the average absolute concentration difference between
ST and UB was highest in Southern Europe (17.2 mg m�3). Further
differences in dispersion may be due to differences in wind speed
and the potential for occurrence of inversions.

In interpreting the (often modestly increased) magnitude of the
ratio of concentrations measured at street sites and urban back-
ground sites, it has tobe taken into account thatmeasurementswere
not made at kerbsides, as is often the case in routine monitoring
network street sites. The average ratio further reflects an average
street, not the busiest street in the area. Figs. 4 and 5 illustrate that
there is significant variability across street sites in one area.

Pronounced contrast between street and background environ-
ments was observed also for other traffic related pollutants,
including ultrafine particles (Cyrys et al., 2003a; Tuch et al., 2006;
Puustinen et al., 2007; Cyrys et al., 2008; Hoek et al., 2011). As
shown in the companion paper for PM2.5, PM10 and PM2.5 absor-
bance (Eeftens et al., submitted for publication) the R2 between NO2
and PM2.5 absorbance (as indicator for traffic related soot) is
generally high: 0.80 (range 0.55e0.91), while the correlation
between NO2 and PM2.5 is much lower: R2 ¼ 0.50 (range 0.02e
0.90). Also, the temporal variation of NO and NO2 concentrations



Fig. 4. Annual averages of NO2 concentrations by site type, for each study area (for measurement period please refer to Table 1). Median, 25th and 75th percentiles are shown in the
box, whiskers indicate 10th and 90th percentiles and individual outliers are shown as points. RB ¼ regional background, UB ¼ urban background and ST ¼ street locations.

J. Cyrys et al. / Atmospheric Environment 62 (2012) 374e390384



Fig. 4. (continued).
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is often strongly correlated with those of other traffic related air
pollutants, such as CO, Black Carbon and ultrafine particles (Cyrys
et al., 2003b; Hagler et al., 2009; Sabaliauskas et al., in press).
Moreover, nitrogen oxides have been found to be the most
important predictor variables for ultrafine particles in the urban air
(Paatero et al., 2005). It reveals the role of nitrogen oxides asmarker
for traffic related air pollutants. Due to the close temporal corre-
lationwith other combustion related pollutants, NO2 (in some cases
also NO) has been often used in epidemiological studies as amarker
for traffic exhaust (Krzyzanowski et al., 2005). Its concentration is
measured easily and relatively cheaply, but one should keep in
mind that it serves only as a surrogate for a set of sources and
resulting mixture of air pollutants.
4.3. Contrasts across Europe

The general pattern of low concentrations across Northern
Europe agrees with previous studies based upon study specific
monitoring programmes (Hazenkamp-von Arxa et al., 2004) or
upon routine monitoring stations (Beelen et al., 2009). The high
NO2 concentrations in Southern European countries could be
due to high traffic intensity, a large fraction of diesel-powered
vehicles and a higher conversion of NO to NO2 because of
relatively high temperatures and ozone concentrations. Alter-
natively, the more densely built Mediterranean cities could lead
to higher concentrations. Analyses of the high concentrations in
Turin and Athens have been reported in previous studies



Fig. 5. Annual averages of NOx concentrations by site type, for each study area (for measurement period please refer to Table 1). Median, 25th and 75th percentiles are shown in the
box, whiskers indicate 10th and 90th percentiles and individual outliers are shown as points. RB ¼ regional background, UB ¼ urban background and ST ¼ street locations.
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Fig. 5. (continued).
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(Hazenkamp-von Arxa et al., 2004; Minguzzi et al., 2005; Lonati
et al., 2010; Fattore et al., 2011). In Turin, the combination of
stagnant air conditions with high emissions due to heavy traffic
and high population density is the cause of very strong pollution
episodes. Turin is located mainly on the left bank of the Po River
and is surrounded by the Alpine arch. It favours thermal inver-
sions, characterized by low surface wind speeds (stagnation of
the air) and trapping air pollutants in the lower layers of the
atmosphere. In Athens, high emission rates and the location in
a valley surrounded by high mountains contribute to high
pollution levels.

Some of the variability across the study areas may be due to
weather variability between the two years. Overall, there was
no difference in average concentration measured at routine
monitoring stations between 2009 and 2010 (downloaded from
AIRBASE, the European air pollution database). Mean NO2
concentration of all sites with more than 75% data capture in
both years was 26.9 and 26.6 mg m�3 in 2009 and 2010. When
assessed by country, the NO2 concentration was about 3 mg m�3

higher in 2010 in the three Northern European countries, with
small differences for the other countries. The overall patterns
measured in ESCAPE are not affected by these modest differ-
ences. With the Ogawa badge, lower concentrations were
measured than with the chemiluminescence monitors, the
reference method for NO2. The modest variability of the ratio
between study areas could be due to variation in sampling



Table 4
Ratios between regional background and urban background concentrations, and
between street and urban background concentrations, for all study areas.

Study area NO2 NOx

Ratio
regional/urban
background

Ratio
street/urban
background

Ratio
regional/urban
background

Ratio
street/urban
background

Oslo 0.71* 2.09** 0.73* 2.28**
Umeå Region 0.26** 3.16** 0.18** 4.24**
Stockholm County 0.49** 1.86** 0.50** 2.35**
Helsinki/Turku 0.59** 1.55** 0.48** 1.71**
Copenhagen 0.69** 1.72** 0.64** 2.14**
Kaunas 0.66** 1.33** 0.62** 1.43**
Bradford 0.71** 1.22** 0.63** 1.52**
Manchester e 1.32** e 1.42**
London/Oxford 0.24** 1.50** 0.39** 1.81**
Netherlands/

Belgium
0.64** 1.36** 0.62** 1.63**

Ruhr area 0.90 1.41** 0.88 1.70**
Heidelberg 0.75* 1.34** 0.74* 1.44**
Erfurt 0.73* 1.48** 0.75 1.65**
Munich/Augsburg 0.79** 1.38** 0.81* 1.56**
Vorarlberg 0.68** 1.38** 0.65** 1.63**
Paris 0.30** 1.98** 0.30** 2.77**
Grenoble 0.44** 1.66** 0.41** 1.94**
Lyon 0.47** 1.93** 0.34** 2.51**
Marseille 0.46** 1.78** 0.38** 2.39**
Gyor 0.91 1.46** 0.89 1.87**
Basel 0.72** 1.24** 0.64** 1.35**
Geneva 0.71** 1.35** 0.67* 1.36**
Lugano 0.56** 1.09 0.53** 1.14
Turin 0.43** 1.71** 0.35** 1.85**
Pavia/Varese 0.75 1.59** 0.78 1.79**
Verona 0.65** 1.44** 0.70 1.63**
Rome 0.55** 1.48** 0.60** 1.71**
Asturias 0.42** 1.58** 0.41** 1.84**
Basque Country 0.72 1.38** 0.75 1.49**
Barcelona 0.33** 1.52** 0.32** 1.76**
Catalunya 0.42** 1.62** 0.41** 1.89**
Mid-East Spain 0.24** 2.12** 0.11** 2.43**
Granada e 2.30** e 2.34**
Huelva e 1.75** e 1.81**
Athens 0.44** 1.45** 0.38** 1.80**
Heraklion e 1.60** e 1.56**

*Significant difference between the site types on p < 0.10 level.
**Significant on p < 0.05 level.

Table 5
Correlation and ratio between NO2 and NOx (R-squared).

Study area Correlation
between
NO2 and
NOx (R2)a

Ratio NO2/NOx

All sites Regional
background

Urban
background

Street

1 Oslo 0.96 0.51 0.53 0.54 0.49
2 Umeå Region 0.97 0.57 0.81 0.56 0.42
3 Stockholm County 0.93 0.58 0.62 0.63 0.50
4 Helsinki/Turku 0.91 0.64 0.82 0.66 0.61
5 Copenhagen 0.94 0.65 0.78 0.72 0.58
6 Kaunas 0.91 0.62 0.68 0.64 0.60
7 Bradford 0.88 0.60 0.72 0.64 0.52
8 Manchester 0.91 0.58 e 0.60 0.56
9 London/Oxford 0.93 0.58 0.39 0.63 0.53
10 Netherlands/Belgium 0.94 0.63 0.70 0.68 0.56
11 Ruhr area 0.97 0.59 0.66 0.64 0.53
12 Heidelberg 0.97 0.62 0.66 0.65 0.60
13 Erfurt 0.92 0.65 0.66 0.68 0.62
14 Munich/Augsburg 0.95 0.59 0.60 0.62 0.55
15 Vorarlberg 0.83 0.55 0.64 0.60 0.51
16 Paris 0.93 0.57 0.63 0.64 0.46
17 Grenoble 0.93 0.60 0.70 0.64 0.55
18 Lyon 0.96 0.64 0.95 0.71 0.54
19 Marseille 0.94 0.58 0.80 0.66 0.49
20 Gyor 0.90 0.55 0.63 0.62 0.48
21 Basel 0.94 0.60 0.70 0.62 0.57
22 Geneva 0.88 0.53 0.56 0.53 0.53
23 Lugano 0.83 0.62 0.66 0.62 0.61
24 Turin 0.94 0.54 0.69 0.56 0.52
25 Pavia/Varese 0.96 0.53 0.55 0.57 0.51
26 Verona 0.95 0.47 0.47 0.51 0.45
27 Rome 0.94 0.60 0.59 0.65 0.56
28 Asturias 0.95 0.49 0.55 0.54 0.46
29 Basque Country 0.92 0.50 0.51 0.53 0.49
30 Barcelona 0.93 0.60 0.66 0.65 0.57
31 Catalunya 0.92 0.59 0.66 0.64 0.56
32 Mid-East Spain 0.98 0.71 0.67b 0.70 0.61
33 Granada 0.95 0.61 e 0.61 0.61
34 Huelva 0.97 0.65 e 0.67 0.64
35 Athens 0.81 0.51 0.62 0.55 0.44
36 Heraklion 0.92 0.72 e 0.71 0.73

a All p-values were below <0.0001.
b In Mid-East Spain two regional background sites were selected. However, at one

site the NO2 and NOx concentrations were close to the detection limit
(NO2 ¼ 1.9 mg m�3, NOx ¼ 0.6 mg m�3) and therefore not used for the calculation of
the ratio.
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performance of the Ogawa badge, though the lack of a consistent
pattern across Europe or concentration level argues against this.
Ogawa measurements were highly standardized across areas. The
difference in Ogawa/monitor ratios between areas may explain
a small part of the patterns of concentrations between study
areas as these are substantially larger.

A similar North-South gradient across Europe was also observed
for PM2.5 and PM10 (Hazenkamp-von Arxa et al., 2004; Eeftens
et al., submitted for publication). However, city size is also clearly
visible in the NO2 pattern. NO2 concentrations in the moderately
sized cities of Heraklion, Crete, Gyor and Kaunas were similar to
those in the Northern large cities of Helsinki, Stockholm and Oslo,
whereas the PM10 and PM2.5 concentrations were substantially
lower in the Northern cities. This reflects the larger impact of long
range transported secondary aerosol on the PM2.5/PM10 levels and,
in contrast, the predominant role of local source emissions on the
NOx concentrations. Another example is that NO2 concentrations in
London exceeded concentrations in the Netherlands and the Ruhr
area whereas the PM2.5 and PM10 concentrations showed the
opposite pattern.

With regard to the comparison of the NO2 and NOx concentra-
tions across the study areas one should keep in mind that the study
areas are of substantially different size and type (which is given by
the different distribution of the existing study cohorts). Some study
areas consist of one single city, some include more rural and/or
suburban locations and some others cover whole regions (Cata-
lunya) or even countries (the Netherlands/Belgium). Also the
included cities differ regarding their size from small cities like
Umeå to the largest European metropolitan areas such as Paris or
London. Because of those differences also the number of regional,
urban background and street sites in each study area is different.

4.4. NO2 to NOx ratio

The major sources of NO2 and NOx are motorized road traffic,
industry, shipping and heating. Nitrogen oxides are emitted as NO
andNO2. In the atmosphereNO reactswith ozone to form secondary
NO2. The observed NO2 to NOx ratio varied between study areas and
site types within study areas. The typically higher ratios observed at
urban background sites reflect enhanced transformation of NO to
NO2 through equilibrium reactions with ozone at those sites. The
relatively modest difference between traffic and urban background
sites may reflect the increase in primary NO2 emissions close to
street sites. Recent studies reported evidence of increasing NO2 to
NOx ratios from road traffic emissions due to an increase in primary
NO2 emissions observed in several urban areas in Europe. Primary
NO2 emissions have therefore gained importance compared to the
ozone/NOx equilibrium (Keuken et al., 2009; Mavroidis and
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Chaloulakou, 2011). This increase have been attributed to the more
common use of diesel-fuelled vehicles, since they emit a higher
fraction of NO2 compared to gasoline-fuelled vehicles (Grice et al.,
2009; Anttila et al., 2011; Carslaw et al., 2011). In addition, the
after-treatment devices (such as an oxidation catalyst) imple-
mented for reducing particulatematter emissions by diesel vehicles
contribute to increasing fraction of primary NO2 in NOx (Williams
and Carslaw, 2011; Mavroidis and Chaloulakou, 2011). For diesel-
fuelled vehicles equipped with catalytic diesel particulate filters,
primary NO2 fractions of around 40e50% are reported (Carslaw
et al., 2007).

Significant variability of the fraction of primary NO2 in traffic
emissions across Europe was reported in the studies, but there is
less information on NO2/NOx concentration ratios.

Due to higher ozone levels and a higher percentage of diesel
vehicles in the car fleet, we expected higher NO2 to NOx ratio in
southern Europe. We did not find this, possibly because of more
street canyons within Southern European cities, in which poor
dispersion of ozone may become a limiting factor (Vardoulakis
et al., 2003). For Athens, it was suggested that the fraction of
primary NO2 is not increasing (as is the case for other urban areas in
Europe) as diesel passenger cars are not allowed there and particle
after-treatment technologies are not applied in Greece (Mavroidis
and Chaloulakou, 2011).

5. Conclusion

We found significant contrasts in annual average NO2 and NOx

concentrations between and especially within 36 study areas
across Europe. The within-area spatial variability contributed
significantly to the overall variance of NO2 and NOx concentrations
(60% and 70%, respectively). It was mostly determined by differ-
ences between street and urban background concentrations. The
street/urban background concentration ratio varied between 1.09
and 3.16 for NO2 and between 1.14 and 4.24 for NOx across all study
areas. Concentrations were generally lower in Northern than in
Southern Europe, but a clear impact of city size was also found. The
NO2/NOx ratio varied between 0.47 and 0.72 across study areas.

The substantial spatial variability of NO2 and NOx within one
given study area observed in this study indicates that future
epidemiological long-term studies might consider different
approaches of exposure assessment for better characterization of
the intra-urban contrasts, e.g. increasing of the number of moni-
toring sites or modelling of annual average NO2 and NOx concen-
trations across the study area. The use of traffic indicators such as
“living close to major road” as an exposure variable in epidemio-
logical studies results in different actual NO2 contrasts for different
study areas and makes the comparison of the studies difficult.

Competing interest

The authors declare they have no competing financial interest.

Acknowledgements

We would like to thank Kees Meliefste, Geert de Vrieze, Marjan
Tewis (IRAS, Utrecht University, The Netherlands) for the sampler
preparation, analysis and data management.

Furthermore, we thank all those who were responsible for air
pollution measurements, data management and project supervi-
sion in all study areas and especially:

Helsinki/Turku: Arto Pennanen, Tarja Yli-Tuomi.
Manchester: HaythamAlhamwi, Nuthchywach Sanguanchaiyakrit.
Munich/Augsburg: Thomas Kusch, Stephanie von Klot, Guido

Fischer, Mike Pitz, Jianwei Gu.
Rome and Turin: Francesco Forastiere, Daniela Raffaele, Marco
Gilardetti, Giovanna Berti, Ennio Cadum, Francesco Lollobrigida,
FrancescoTrioano, SimoneBucci, EleonoraZirro,PatrizioPasquinelli.

Spain: Maria Morataya, Jesus Martinez Moratalla, Angelica
Blanco, Vanessa Hernández, NereaMuniozguren, Paco “Farruquito”,
Felix Payo, Rocio Capelo, Jose Antonio Maldonado Perez, Ana
Esplugues, Marisa Estarlich, Ferran Ballester, Mario Murcia, Sabrina
Llop, Amparo Cases, Carmen Iñíguez, Daniel Armando Torres, Car-
men Freire, Marieta Fernández, Sara María Álvarez Avellón, Ana
Souto García, María Felicitas López Cima, Ana Fernández Somoano,
Patricia González Arriaga, Avelino Menéndez Crispín, Beatriz Lastra
Díaz, M. Cristina Arias Díaz, Adonina Tardón García, Mikel Ayerdi,
Maria Dolores Martínez López di Castillo, Enara Maíz González,
Aitana Lertxundi Manterola.

Switzerland: Sally Liu, Alessandro Marcon, Carlo Lombardo.
The research leading to these results has received funding from

the European Community’s Seventh Framework Program (FP7/
2007e2011) under grant agreement number: 211250.

The work for the Swiss areas (Basel, Geneva, Lugano) was done
with additional support of the Swiss Federal Office for the Envi-
ronment (FOEN) and SNSF Grant 324730_135673.

Last but not least we would like to thank Alexander von Eisen-
hart Rothe for his knowledgeably editing of the manuscript in
a very short time.
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.atmosenv.2012.07.080.
References

Airbase, 2007. The European Air Quality Database. http://acm.eionet.europa.eu/
databases/airbase (accessed 12 2011).

Anttila, P., Tuovinen, J.-P., Niemi, J.V., 2011. Primary NO2 emissions and their role in
the development of NO2 concentrations in a traffic environment. Atmospheric
Environment 45, 986e992.

Beelen, R., Hoek, G., Pebesma, E., Vienneau, D., Hoogh, K., Briggs, D., 2009. Mapping
of background air pollution at a fine spatial scale across the European Union.
Science of the Total Environment 407 (6), 1852e1867.

Beelen, R., Hoek, G., Vienneau, D., Eeftens, M., Dimakopoulou, K., Pedeli, X., Tsai, M.,
Künzli, K., Schikowski, T., Marcon, A., Eriksen, K., Raaschou-Nielsen, O., Stepha-
nou, E., Patelarou, E., Lanki, T., Yli-Tuomi, T., Declercq, C., Falq, G., Stempfelet, M.,
Birk, M., Cyrys, J., von Klot, S., Nádor, G., Varró, M. J., D _edel _e, A., Gra�zulevi�cien _e, R.,
Mölter, A., Lindley, S., Madsen, C., Cesaroni, G., Ranzi, A., Badaloni, C., Hoffmann,
B., Nonnemacher, M., Krämer, U., Kuhlbusch, T., Cirach, M., de Nazelle, A., Nieu-
wenhuijsen, M., Bellander, T., Korek, M., Olsson, D., Strömgren, M., Dons, E., Jer-
rett, M., Fischer, P., Brunekreef, B., de Hoogh, K. Development of NO2 and NOx
land use regression 1 models for estimating air pollution exposure in 36 study
areas in Europe – the ESCAPE project, submitted for publication.

Boogaard, H., Kos, G.P.A., Weijers, E.P., Janssen, N.A.H., Fischer, P.H., van der Zee, S.C.,
de Hartog, J.J., Hoek, G., 2011. Contrast in air pollution components between
major streets and background locations: particulate matter mass, black carbon,
elemental composition, nitrogen oxide and ultrafine particle number. Atmo-
spheric Environment 45 (3), 650e658.

Brook, R.D., Rajagopalan, S., Pope, C.A., Brook, J.R., Bhatnagar, A., Diez-Roux, A.V.,
Holguin, F., Hong, Y.L., Luepker, R.V., Mittleman, M.A., Peters, A., Siscovick, D.,
Smith, S.C., Whitsel, L., Kaufman, J.D., 2010. Particulate matter air pollution and
cardiovascular disease an update to the scientific statement from the American
Heart Association. Circulation 121, 2331e2378.

Brunekreef, B., Holgate, S.T., 2002. Air pollution and health. Lancet 360, 1233e1242.
Brunekreef, B., 2007.Healtheffects of air pollutionobserved in cohort studies inEurope.

Journal of Exposure Science and Environmental Epidemiology 17, S61eS65.
Carslaw, D.C., Beevers, S.D., Bell, M.C., 2007. Risks of exceeding the hourly EU limit

value for nitrogen dioxide resulting from increased road transport emissions of
primary nitrogen dioxide. Atmospheric Environment 41, 2073e2082.

Carslaw, D.C., Beevers, S.D., Tate, J.E., Westmoreland, E.J., Williams, M.L., 2011.
Recent evidence concerning higher NOx emissions from passenger cars and
light duty vehicles. Atmospheric Environment 45, 7053e7063.

Cyrys, J., Heinrich, J., Hoek, G., Meliefste, K., Lewne, M., Gehring, U., Bellander, T.,
Fischer, P., van Vliet, P., Brauer, M., Wichman, H.E., Brunekreef, B., 2003a.
Comparison between different traffic-related particle indicators: elemental
carbon (EC), PM2.5 mass, and absorbance. Journal of Exposure Analysis and
Environmental Epidemiology 13, 134e143.

http://dx.doi.org/10.1016/j.atmosenv.2012.07.080
http://dx.doi.org/10.1016/j.atmosenv.2012.07.080
http://acm.eionet.europa.eu/databases/airbase
http://acm.eionet.europa.eu/databases/airbase


J. Cyrys et al. / Atmospheric Environment 62 (2012) 374e390390
Cyrys, J., Stölzel, M., Kreyling, W.G., Heinrich, J., Wichmann, H.E., 2003b. Sources and
elemental composition of ambient particles in Erfurt, Germany. The Science of
the Total Environment 305, 143e156.

Cyrys, J., Pitz, M., Heinrich, J., Wichmann, H.E., Peters, A., 2008. Spatial and temporal
variation of particle number concentration in Augsburg, Germany. Science of
the Total Environment 401, 168e175.

EC, 1996. Council Directive 96/62/EC of 27 September 1996 on ambient air quality
assessment and management. EC Official Journal L 296 of 21.11.1996.

EC, 2008. Directive 2008/50/EC of the European Parliament and of the Council of 21
May 2008 on ambient air quality and a cleaner air for Europe. EC Official Journal
L 152 of 11.06.2008.

Eeftens, M., Tsai, M., Ampe, C., Anwander, B., Beelen, R., Bellander, T., Cesaroni, G.,
Cirach, M., Cyrys, J., de Hoogh, K., De Nazelle, A., de Vocht, F., Declercq, C., D _edel _e,
A., Eriksen, K., Galassi, C., Gra˛ulevi�cien _e, R., Grivas, G., Heinrich, J., Hoffmann, B.,
Iakovides, M., Ineichen, A., Katsouyanni, K., Korek, M., Krämer, U., Kuhlbusch, T.,
Lanki, T., Madsen, C., Meliefste, K., Mölter, A., Mosler, G., Nieuwenhuijsen, M.,
Oldenwening, M., Pennanen, A., Probst-Hensch, N., Quass, U., Raaschou-Nielsen,
O., Ranzi, A., Stephanou, E., Sugiri, D., Udvardy, O., Vaskövi, É., Weinmayr, G.,
Brunekreef, B., Hoek, G. Variation of PM2.5, PM10, PM2.5 absorbance and PMcoarse
concentrations between and within 20 European study areas e results of the
ESCAPE project. Atmospheric Environment, submitted for publication.

European Environment Agency, 2006. Indicator: Exceedance of Air Quality Limit
Values in Urban Areas. European Environment Agency, Copenhagen, Denmark.

Fattore, E., Paiano, V., Borgini, A., Tittarelli, A., Bertoldi, M., Crosignani, P., Fanelli, R.,
2011. Human health risk in relation to air quality in two municipalities in an
industrialized area of Northern Italy. Environmental Research 111, 1321e1327.

Gauderman, W.J., Avol, E., Lurmann, F., Kuenzli, N., Gilliland, F., Peters, J.,
McConnell, R., 2005. Childhood asthma and exposure to traffic and nitrogen
dioxide. Epidemiology 16 (6), 737e743.

Gehring, U., Heinrich, J., Kramer, U., Grote, V., Hochadel, M., Sugiri, D., Kraft, M.,
Rauchfuss, K., Eberwein, H.G., Wichmann, H.E., 2006. Long-term exposure to
ambient air pollution and cardiopulmonary mortality in women. Epidemiology
17 (5), 545e551.

Giannouli, M., Kalognomou, E.-A., Mellios, G., Moussiopoulos, N., Zissis, S., Fiala, J.,
2011. Impact of European emission control strategies on urban and local air.
Atmospheric Environment 45, 4753e4762.

Götschi, T., Sunyer, J., Chinn, S., de Marco, R., Forsberg, B., Gauderman, J.W., Garcia-
Esteban, R., Heinrich, J., Jacquemin, B., Jarvis, D., Ponzio, M., Villani, S., Künzli, N.,
2008. Long-term effects of ambient air pollution on lung function. Epidemi-
ology 19 (5), 690e701.

Grice, S., Stedman, J., Kent, A., Hobson, M., Norris, J., Abbott, J., Cooke, S., 2009.
Recent trends and projections of primary NO2 emissions in Europe. Atmo-
spheric Environment 43, 2154e2167.

Hagler, G.S.W., Baldauf, R.W., Thoma, E.D., Long, T.R., Snow, R.F., Kinsey, J.S.,
Oudejans, L., Gullett, B.K., 2009. Ultrafine particles near a major roadway in
Raleigh, North Carolina: downwind attenuation and correlation with traffic-
related pollutants. Atmospheric Environment 43, 1229e1234.

Hazenkamp-von Arxa, M.E., Götschi, T., Ackermann-Liebrich, U., Bono, R., Burney, P.,
Cyrys, J., Jarvis, D., Lillienberg, L., Luczynska, C., Maldonado, J.A., Jaen, A., de
Marco, R., Mi, Y., Modig, L., Bayer-Oglesby, L., Payo, F., Soon, A., Sunyer, J.,
Villani, S., Weyler, J., Künzli, N., 2004. PM2.5 and NO2 assessment in 21 European
study centres of ECRHS II: annual means and seasonal differences. Atmospheric
Environment 38, 1943e1953.

HEI Panel on the Health Effects of Traffic-Related Air Pollution, 2010. Traffic-Related
Air Pollution: a Critical Review of the Literature on Emissions, Exposure, and
Health Effects. In: HEI Special Report 17. Health Effects Institute, Boston, MA.

Heinrich, J.,Wichmann,H.E., 2004. Traffic related pollutants in Europe and their effect
on allergic disease. CurrentOpinion inAllergy&Clinical Immunology4, 341e348.

Hoek, G., Meliefste, K., Cyrys, J., Lewné, M., Bellander, T., Brauer, M., Fischer, P.,
Gehring, U., Heinrich, J., van Vliet, P., Brunekreef, B., 2002. Spatial variability of
fine particle concentrations in three European countries. Atmospheric Envi-
ronment 36, 4077e4088.

Hoek, G., Beelen, R., de Hoogh, K., Vienneau, D., Gulliver, J., Fischer, P., Briggs, D.,
2008. A review of land-use regression models to assess spatial variation of
outdoor air pollution. Atmospheric Environment 42, 7561e7578.

Hoek, G., Beelen, R., Kos, G., Dijkema, M., van der Zee, S.C., Fischer, P.H.,
Brunekreef, B., 2011. Land use regression model for ultrafine particles in
Amsterdam. Environmental Science & Technology 45 (2), 622e628.

Jacquemin, B., Sunyer, J., Forsberg, B., Aguilera, L., Bouso, L., Briggs, D., de Marco, R.,
Garcia-Esteban, R., Heinrich, J., Jarvis, D., Maldonado, J.A., Payo, F., Rage, E.,
Vienneau, D., Künzli, N., 2009. Association between modelled traffic-related air
pollution and asthma score in the ECRHS. European Respiratory Journal 34,
834e842.

Janssen, N.A.H., Hoek, G., Simic-Lawson, M., Fischer, P., van Bree, L., ten Brink, H.,
Keuken, M., Atkinson, R.W., Ross Anderson, H., Brunekreef, B., Casse, F.R., 2011.
Black carbon as an additional indicator of the adverse health effects of airborne
particles compared with PM10 and PM2.5. Environmental Health Perspectives
119 (12), 1691e1699.

Jerrett, M., Burnett, R.T., Ma, R., Pope, C.A., Krewski, D., Newbold, K.B., Thurston, G.,
Shi, Y., Finkelstein, N., Calle, E.E., Thun, M.J., 2005. Spatial analysis of air
pollution and mortality in Los Angeles. Epidemiology 116, 727e736.

Keuken, M., Roemer, M., van den Elshout, S., 2009. Trend analysis of urban NO2
concentrations and the importance of direct NO2 emissions versus ozone/NOx
equilibrium. Atmospheric Environment 43, 4780e4783.
Krzyzanowski, M. (Ed.), 2005. World Health Organization: Health Effects of
Transport-related Air Pollution. WHO, Bonn.

Laden, F., Schwartz, J., Speizer, F.E., Dockery, D.W., 2006. Reduction in fine partic-
ulate air pollution and mortality: extended follow-up of the Harvard six cities
study. American Journal of Respiratory and Critical Care Medicine 73, 667e672.

Lebret, E., Briggs, D., Reeuwijk van, H., Fischer, P., Smallbone, K., Harssema, H.,
Kriz, B., Gorynski, P., Elliott, P., 2000. Small area variations in ambient NO2
concentrations in four European areas. Atmospheric Environment 34, 177e185.

Levy, J.I., Clougherty, J.E., Baxter, L.K., Houseman, E.A., Paciorek, C.J., 2010. Evaluating
Heterogeneity in Indoor and Outdoor Air Pollution Using Land-use Regression
and Constrained Factor Analysis. In: Research Report 152. Health Effects Insti-
tute, Boston, MA.

Lewne, M., Cyrys, J., Meliefste, K., Hoek, G., Brauer, M., Fischer, P., Gehring, U.,
Heinrich, J., Brunekreef, B., Bellander, T., 2004. Spatial variation in nitrogen
dioxide in three European areas. Science of the Total Environment 332, 217e230.

Liu, L.J.S., Tsai, M.Y., Keidel, D., Gemperli, A., Ineichen, A., Hazenkamp-von Arx, M.,
Bayer-Oglesby, L., Rochat, T., Künzli, N., Ackermann-Liebrich, U., Straehl, P.,
Schwartz, J., Schindler, C., 2012. Long-term exposure models for traffic related
NO2 across geographically diverse areas over separate years. Atmospheric
Environment 46, 460e471.

Lonati, G., Pirovano, G., Sghirlanzoni, G.A., Zanoni, A., 2010. Speciated fine partic-
ulate matter in Northern Italy: a whole year chemical and transport modelling
reconstruction. Atmospheric Research 95, 496e514.

Mavroidis, I., Chaloulakou, A., 2011. Long-term trends of primary and secondary
NO2 production in the Athens area. Variation of the NO2/NOx ratio. Atmospheric
Environment 45, 6872e6879.

Minguzzi, E., Bedogni, M., Carnevale, C., Pirovano, G., 2005. Sensitivity of CTM
simulations to meteorological input. International Journal of Environment and
Pollution 24, 36e50.

Modig, L., Torén, K., Janson, C., Jarvholm, B., Forsberg, B., 2009. Vehicle exhaust
outside the home and onset of asthma among adults. European Respiratory
Journal 33, 1261e1267.

Monn, C., 2001. Exposure assessment of air pollutants: a review on spatial
heterogeneity and indoor/outdoor/personal exposure to suspended particulate
matter, nitrogen dioxide and ozone. Atmospheric Environment 35, 1e32.

Morgenstern, V., Zutavern, A., Cyrys, J., Brockow, I., Koletzko, S., Kramer, U.,
Behrendt, H., Herbarth, O., von Berg, A., Bauer, C.P., Wichmann, H.E., Heinrich, J.,
Gini And Lisa Study Group, 2008. Atopic diseases, allergic sensitisation and
exposure to traffic-related air pollution in children. American Journal of
Respiratory and Critical Care Medicine 177, 1331e1337.

Paatero, P., Aalto, P., Picciotto, S., Bellander, T., Castaño, G., Cattani, G., Cyrys, J.,
Kulmala, M., Lanki, T., Nyberg, F., Pekkanen, J., Peters, A., Sunyer, J., Forastiere, F.,
the HEAPSS study group, 2005. Estimating time series of aerosol particle number
concentrations in the five HEAPSS cities on the basis of measured air pollution
and meteorological variables. Atmospheric Environment 39, 2261e2273.

Pope, C.A., Burnett, R.T., Thun, M.J., Calle, E.E., Krewski, D., Ito, K., Thurston, G.D.,
2002. Lung cancer, cardiopulmonary mortality, and long term exposure to fine
particulate air pollution. Journal of the American Medical Association 287,
1132e1141.

Pope, C.A., Dockery, D.W., 2006. Health effects of fine particulate air pollution: lines
that connect. Journal of the Air & Waste Management Association 56, 709e742.

Puustinen, A., Hämeri, K., Pekkanen, J., Kulmala, M., Hartog de, J., Meliefste, K., Brink
ten, H., Kos, G., Katsouyanni, K., Karakatsani, A., Kotronarou, A., Kavouras, I.,
Meddings, C., Thomas, S., Harrison, R., Ayres, J.G., Zee van der, S., Hoek, G., 2007.
Spatial variation of particle number and mass over four European cities.
Atmospheric Environment 41, 6622e6636.

Roosbroeck van, S., Wichmann, J., Janssen, N.A.H., Hoek, G., Wijnen van, J.H.,
Lebret, E., Brunekreef, B., 2006. Long-term personal exposure to traffic-related
air pollution among school children, a validation study. Science of the Total
Environment 368, 565e573.

Rückerl, R., Schneider, A., Breitner, S., Cyrys, J., Peters, A., 2011. Health effects of
particulate air pollution e a review of epidemiological evidence. Inhalation
Toxicology 23, 555e592.

Sabaliauskas, K., Jeong, C.H., Yao, X., Jun, Y.S., Jadidian, P., Evans, G.J., 2012. Five-year
roadside measurements of ultrafine particles in a major Canadian city. Atmo-
spheric Environment 49, 245e256.

Sunyer, J., Jarvis, D., Gotschi, T., Garcia-Esteban, R., Jacquemin, B., Aguilera, I.,
Ackerman, U., Marco de, R., Forsberg, B., Gislason, T., Heinrich, J., Norbäck, D.,
Villani, S., Künzli, N., 2006. Chronic bronchitis and urban air pollution in an
international study. Occupational and Environmental Medicine 63, 836e843.

Tuch, T.M., Herbarth, O., Franck, U., Peters, A., Wehner, B., Wiedensohler, A.,
Heinzenberg, J., 2006. Weak correlation of ultrafine aerosol particle concen-
trations <800 nm between two sites within one city. Journal of Exposure
Science and Environmental Epidemiology 16, 486e490.

Vardoulakis, S., Fisher, B.E.A., Pericleous, K., Gonzalez-Flesca, N., 2003. Modelling air
quality in street canyons: a review. Atmospheric Environment 37, 155e182.

Velders, G.J.M., Diederen, H.S.M.A., 2009. Likelihood of meeting the EU limit values
for NO2 and PM10 concentrations in the Netherlands. Atmospheric Environment
43, 3060e3069.

WHO, 2006. Air Quality Guidelines Global Update 2005, Particulate Matter, Ozone,
Nitrogen Dioxide and Sulphur Dioxide. WHO Regional Office for Europe,
Copenhagen.

Williams, M.L., Carslaw, D.C., 2011. New directions: science and policy e out of step
on NOx and NO2? Atmospheric Environment 45, 3911e3912.


	Variation of NO2 and NOx concentrations between and within 36 European study areas: Results from the ESCAPE study
	1. Introduction
	2. Methods
	2.1. ESCAPE exposure assessment
	2.2. Study areas
	2.3. Site selection
	2.4. Sampling and analysis
	2.5. Sampling campaign
	2.6. Adjustment for temporal variation
	2.7. Quality control
	2.8. Data analysis

	3. Results
	3.1. Quality control
	3.2. Calculation of average NO2 and NOx concentrations
	3.3. Spatial variability within study areas
	3.4. Spatial variability across Europe
	3.5. NO2–NOx relationship

	4. Discussion
	4.1. Variability within study areas
	4.2. ST/UB ratio
	4.3. Contrasts across Europe
	4.4. NO2 to NOx ratio

	5. Conclusion
	Competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


