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Abstract

Land use regression (LUR) models have been used to model concentrations of mainly traffic related
air pollutants (nitrogen oxides (NOy), particulate matter (PM) mass or absorbance). Few LUR models
are published of PM composition, whereas the interest in health effects related to particle
composition is increasing.

The aim of our study was to evaluate LUR models of polycyclic aromatic hydrocarbons (PAH),
hopanes/steranes and elemental and organic carbon (EC/OC) content of PM, s.

In 10 European study areas PAH, hopanes/steranes and EC/OC concentrations were measured at 16—
40 sites per study area. LUR models for each study area were developed based on annual average
concentrations and predictor variables including traffic, population, industry, natural land obtained
from geographic information systems.

The highest median model explained variance (R?) was found for EC — 84%. The median R? was
51% for OC, 67% for benzo[a]pyrene and 38% for sum of hopanes/steranes, with large variability
between study areas. Traffic predictors were included in most models. Population and natural land
were included frequently as additional predictors. The moderate to high explained variance of LUR
models and the overall moderate correlation with PM2s model predictions support the application of
especially the OC and PAH models in epidemiological studies.

Keywords:
EC, OC, PAH, Land Use Regression model, PM2.5, Spatial variation
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INTRODUCTION

Many studies have documented adverse health effects of exposure to ambient air pollution 3.
Particulate matter (PM) with diameters smaller than 10 or 2.5 um (PMio, PM2 5, respectively) is the
most used parameter for assessment of air quality in epidemiological studies. However, PM is a
chemically complex mixture and it has been suggested that observed adverse health effects depend
on PM chemical composition *°. Epidemiological studies have started to assess chemical composition
of particles, but few studies have assessed the relationship between specific organic components and
long-term adverse health effects. In the recently published studies from the US National Particle
Components Toxicity (NPACT) Initiative on health effects of particle composition, the focus was on
elemental composition supplemented with elemental and organic carbon measurements *’. Limited
availability of measurements with a sufficient spatial resolution and models of organic components of
particles have contributed to the small number of studies that have assessed health effects of organic

PM components.
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One approach, which has been used in air quality studies, is to quantify elemental (EC) and organic
carbon (OC) as more generic indicators of air quality. EC is a highly polymerized dark fraction which
IS resistant to oxidation at temperatures below 400°C 8. EC is used as an indicator for traffic diesel
emissions and correlates highly with black smoke (BS), black carbon (BC) and PM absorbance 2.
EC has been linked in epidemiological studies with short and long-term health effects 3. OC in
contrast is a mixture of organic compounds such as aliphatic and aromatic hydrocarbons and acids.
OC has been included in epidemiological studies less often than elemental carbon. There is evidence
of OC associations with short-term adverse health effects #*>. Recently long-term exposure to OC
was associated with heart disease and pulmonary mortality *¢ and cardiovascular mortality ©.
Polycyclic aromatic hydrocarbons (PAH) are persistent organic components formed during
incomplete combustion processes. Sources include: domestic, transportation, industrial, and
agricultural processes. Domestic emissions arise from burning wood, coal, oil and garbage for heat
and waste disposal. Road and maritime transportation can be significant sources of PAH depending
on engine type and age, and fuel used. Industrial PAH emissions originate mainly from metal and
steel production, the petrochemical industry and power generation. PAH from agriculture derive
mainly from open biomass burning . PAH has been associated with various adverse health effects
1819 hut has not been evaluated in the major cohort studies on long-term air pollution exposure and
mortality / lung cancer. The EU limits the annual average concentration of benzo[a]pyrene (B[a]P) as
a proxy for all PAH in ambient air to 1 ng/m?® 2

Hopanes and steranes are components present in crude oil. They have been used as markers for motor
vehicle exhaust particles in the atmosphere. Hopanes and steranes are also present in lubricating oil
used by both gasoline- and diesel-powered motor vehicles, and are also found in diesel fuel 2.
Hopanes and steranes have been associated with lung toxicity %2, but have not been used as exposure
metrics in epidemiological studies.

Land use regression models are used to describe spatial variation of the annual concentration of a
pollutant, often as a tool for exposure assessment in epidemiological studies **. Most modeled

pollutants are PM» s, PMio and comg\(&lggﬁastronrg]ﬁfl l?Sf’fgcted %%%];ﬁc (NOx, PM absorbance,

rago nviro
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EC)*%, Few LUR models have been developed for pollutants for which traffic is not a major source.
Recently, LUR models were developed for the elemental composition of PM2s and PM1o in 20
European study areas 6. Three North American studies presented LUR models for wood smoke 2”24,
Within the framework of NPACT, LUR models for EC and OC were developed. LUR models for
PAH concentrations were developed in an American study .

Within the framework of two European projects: ESCAPE (European Study of Cohorts for Air
Pollution Effects) and TRANSPHORM (Transport related Air Pollution and Health impacts -
Integrated Methodologies for Assessing Particulate Matter) concentrations of NOx, NO2, PM2s,
PM10, PM2 5 absorbance and elemental composition of PM2s and PMzo. were measured in 20
European study areas. The spatial variation and LUR models for these pollutants have been published
242631 The ESCAPE LUR models have been used to assess exposure for epidemiological studies 32.
Additionally specific organic components (EC/OC, PAH and hopanes/steranes) were measured in 10
of the areas. The spatial variation of concentrations within and between the ten European study areas
was published .

The aim of this paper is the development and evaluation of LUR models for EC, OC, PAH and
hopanes/steranes. A second aim was to assess the correlation of the predictions of the new models

with the already published model predictions for PM2sand NOx.
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METHODS

Sampling campaign and analyses. The ESCAPE sampling campaign including the organic
component characterization was described previously®***, Briefly, the monitoring campaign was
conducted in 10 study areas across Europe between October 2008 and April 2011 (Table 1, online
supplement figure S1) and common standardized procedures were used across the study areas. Maps
of the study areas can be found in the supporting information of Eeftens et al. 3. At each sampling
site, three two-weekly samples were collected over a period of one year. Samples were taken during
three different seasons: winter, summer and intermediate season — either spring or autumn.
Monitoring was performed using the Harvard impactor, which collects PM2s and PM1o on separate
Teflon filters using an air flow of approximately 10 L/min. For extended PM2 s characterization two
additional samples were collected: one on a Teflon coated glass fiber filter (T60A20, Pallflex) for
analysis of organic components (PAH, hopanes/steranes) ** and one on a quartz filter
(QMA,Whatman) for EC/OC, oxidative potential and levoglucosan quantification. In most study
areas, PM concentrations were measured at 20 monitoring sites. In Catalonia 40 sites were measured
and in The Netherlands organic components were measured at 16 of the 40 ESCAPE sites because of
lack of additional sampling equipment. In each study area, NOx only measurements were conducted
at 20 locations (40 in Catalonia and the Netherlands). Sampling sites were divided into three groups
according to traffic intensity: street sites (S), urban background (UB) and regional background (RB),
using common criteria. One reference site, located in an urban or rural background location
depending on the study area, was established to measure continuously for 2-week periods during a
full year to adjust for temporal variation. This site was used in the calculation of the temporally
adjusted annual average concentrations.

Annual averages were calculated after adjusting for temporal variation measured at the continuous
reference site. For each of the three sampling periods, the ratio of the concentration measured in that
period from the overall annual mean at the reference site was used as adjustment, following

previously published procedures .
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160  Table 1. Description of study areas

Country Study area Sampling period Sites Site types
RB UB S

Norway Oslo 05.02.2009 - 29.01.2010 19 2 9 8
Finland Helsinki/Turku 27.01.2010-26.01.2011 20 2 10 8
Denmark Copenhagen 19.11.2009-17.11.2010 20 3 6 11
United Kingdom London/Oxford 26.01.2010-18.01.2011 20 1 12 7
The Netherlands Rotterdam, Amsterdam, Groningen, Amersfoort 17.02.2009 —19.02.2010 16 4 4 8
Germany Munich/Augsburg 01.03.2009-05.11.2009 20 5 6 9
France Paris 04.01.2010-04.01.2011 20 4 9 7
Italy Rome 27.01.2010-26.01.2011 20 2 8 10
Spain Catalonia (Barcelona, Girona, Sabadell) 14.01.2009 - 14.01.2010 40 4 13 23
Greece Athens 21.04.2010-27.04.2011 20 1 12 7

161

162

163  Analytical methods. Analytical methods were previously described *. Briefly, quartz filters were
164  used for EC/OC analyses, which were completed via a thermal-optical analyzer (Sunset Laboratory,
165  Inc., Oregon, USA). The EUSAAR?2 protocol was used for the temperature settings **. T60AZ20 filters
166  were extracted via an accelerated solvent extraction method (ASE) with toluene. Extracts were

167  fractioned into three fractions via a silica column. This separated hopanes/steranes from PAH and
168  PAH derivatives. 16 EPA PAH and 13 hopanes/steranes were analyzed via gas chromatography in
169  combination with mass spectrometric detection (GS/MS) in electron impact mode (GC/MS El,

170  Agilent 6890/5973N). From the 16 EPA PAH measured, eight particle-related PAH were quantified,
171 as our sampling system did not quantitatively capture semi-volatile PAH well. Y PAH was

172 determined as the sum of eight particle-related PAH: benzo[a]anthracene, chrysene,

173 benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-c,d]pyrene,

174  dibenzo[a,h]anthracene and benzo[g,h,i]perylene. For budgetary reasons, hopanes/steranes were only
175  measured in four study areas.

176

177  GIS predictor data. The description of available geographical information system (GIS) predictor
178  variables has been presented in detail ***. The predictor variables chosen for LUR development

179  describe potential emission sources like traffic, industry or population density. The values of

180  predictor variables were determined for each sampling site using GIS. Geographic data were obtained

181  from two sources: central and local.%%t?glr%%% sFélt%Slrllzc ﬁ'c{g&:rrfr??(grmation on roads with a road
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classification (EuroStreets version 3.1), land use (CORINE land cover 2000), altitude (SRTM 90m
Digital Elevation Data), and population (enhanced EEA population density data using CORINE land
cover 2000). If available, local GIS data were collected on road network with linked traffic
intensities, land use, population density and altitude. Each variable was calculated in several circular
buffers from the sampling site (e.g. 25, 50, 100). Traffic variable buffers started at 25m because
significant variation has been found at small distances from roads. Land use variable buffers started
at 100 meter as these variables may represent variability in urban background concentrations.
Variables with at least 5 non-zero values were used in model development. A detailed description of
predictor variables including the buffer sizes and the a priori specified direction of effect on the

pollutant concentration are presented in online supplement table S1.

LUR model development. LUR models for all study areas were developed centrally at IRAS. We
followed the method used in the ESCAPE study Briefly, adjusted annual average concentrations of
pollutants and predictor variables were used for LUR development. A supervised stepwise method
was used to obtain the linear regression model with the highest adjusted explained variance (R?).
First, all predictor variables were offered separately and the variable with the highest R? having a
slope in the a priori specified direction was selected. Next variables were added to the model one by
one based on the highest adjusted R? if it improved model’s adjusted R? with at least 1% and had the
same effect direction as decided a priori.

The following diagnostics were used for the final model check: significance of individual variables
(p-value <0.1), collinearity test (variance inflation factor (VIF) lower than 3) and influential
observation test (Cook’s D value lower than 1) and Morans’I — spatial autocorrelation of the model
residuals. If an influential observation determined by a too high Cook’s D value was caused by
extreme measured concentrations, we additionally developed LUR models without the observation.
An outlier was defined as a concentration higher than the 75 percentile plus four times the
interquartile range: ¢, > P75 + 4*(P75-P25), where P75 — 75" percentile, P25 — 25" percentile.

The performance of the final model was evaluated with leave-one-out cross validation (LOOCYV).

Each site was sequentially left out flonrthe Hods M Wiife THEGREIGAEd variables were left unchanged.
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Predicted pollutant concentration were compared with measured concentration at the excluded site.
This procedure was repeated for all sites included in the model development.

We developed LUR models for EC, OC, > PAH, B[a]P, chrysene and ) hopanes/steranes. As
individual PAHs correlated with each other very highly in all study areas we developed LUR models
for only two individual PAHs: B[a]P and chrysene in addition to ZPAH.

B[a]P is used in air quality guidelines as a surrogate for all PAH?’. Chrysene was chosen because of
its relatively high concentrations in comparison with other PAH, its higher correlation with traffic
markers (Table S2) 3.

To further assess the added value of the organic components to characterize the air pollution mixture,
the correlation of LUR model predictions with predictions of the already published LUR models for
fine particles was calculated. We selected PM2 s and PM: s absorbance. The correlation was calculated
at the (20 — 40) NO; measurement sites in each area which were not used for model development but

did have GIS predictor variables.

RESULTS

Measured concentrations of pollutants. Substantial variability was found in measured
concentrations of EC, OC, XPAH, B[a]P, chrysene and ) hopanes/steranes within and between study
areas (Figure 1, Table S2). The highest concentrations of EC and OC were found in southern Europe
and the lowest in northern Europe. PAH concentrations exhibited a different trend in Europe, with
similar concentrations in southern and northern Europe. For all components higher concentrations
were measured at street locations in comparison to urban background and regional background

locations .

Land use regression modelling. The final models of EC, OC, Y PAH, B[a]P, chrysene and
> hopanes/steranes are presented in Tables 2 to 4 and Supplementary information tables S4, S5 and
S6. Figures S2 to S7 show predicted versus measured concentrations.

ACS Paragon Plus Environment
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EC models. In all 10 study areas LUR models could be developed (Table 2). Explained variance
was high in all areas, ranging from 73% for Catalonia to 95% in Oslo and the Netherlands (median
87%). The median LOOCV R? was 80%. Differences between R? and LOOCV R? was lower than
11% in all study areas indicating that models were stable. In all models traffic related variables were
used, mostly describing local traffic (nearest road or buffer <100m). In 8 of the 10 models, traffic
intensity was included, sometimes in combination with road length variables. The Rome model
contained only traffic variables, but all other models included non-traffic predictors such as
population or address density often in large buffers (1000 or 5000m). In Helsinki, Rome and Paris
single street sites were very influential because of very high EC concentrations which were identified
as outliers (Figure 1). Models are presented without the outliers.

OC models. In all study areas LUR models for OC could be developed (Table 3). In general
explained variance of OC LUR models was lower than for EC models. The explained variance varied
from 27% in Rome to 81% in London/Oxford (median 59%). The difference between model R? and
LOOCV R? was larger than for EC indicating less stable models. In 8 models traffic variables were
used, of which 2 models contained only traffic predictors (Rome, London). Most models contained
non-traffic predictors particularly natural land and population / address density variables, often in
smaller buffers than for EC. In Copenhagen and Helsinki/Turku, models with a single non-traffic
predictor were identified.

B[a]P models. In two locations -Copenhagen and Helsinki/Turku- LUR models could not be
developed due to influential sites which were not identified as outliers (Table 4). The median model
R? was 67%, with a range from 31% (Munich/Augsburg) to 87% (London/Oxford). In all 8
developed models traffic variables were used. Three models included only traffic predictors (Munich,
Rome and Athens). In five models, population or natural land use were additionally included.

2PAH models. In general, XPAH model performance and structure was very similar to B[a]P
models (Supplemental Information Table S5). Because of the same sites as in the case of B[a]P
models it was not possible to develop models in Helsinki/Turku and Copenhagen. For the eight

YPAH models a moderate median R? of 65% was found.
ACS Paragon Plus Environment
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Chrysene models. Chrysene models were slightly better than B[a]P models (Table S5). Fewer
areas had low cross-validation R? compared to B[a]P. Models could be developed for 9 study areas.
Only for Copenhagen it was not possible to build a LUR model due to an influential site. The median
explained variance of the chrysene models was 71%. In Helsinki/Turku and Athens models with only
one variable were developed with the low R2. In eight models, traffic variables were included. Only
in Paris three non-traffic variables were used. The better performance compared to B[a]P is likely
due to the larger impact of traffic on chrysene.

2hopanes/steranes models. Xhopanes/steranes models were developed in all four study areas
with measurements available (Supplemental Information Table S6). The models had the lowest
explained variance of all modeled components (median R? = 43%). In Oslo and Catalonia, models
with low R? (<30%) were developed including one non-traffic variable. In The Netherlands, the
model with the highest R? was developed — 78%. The model included one traffic variable, population
and they coordinate indicating lower concentrations in the north. The Munich/Augsburg model

included two traffic variables and a coordinate indicating higher concentrations in the east.

Additional analyses

Most models explained more variation for street than for urban background locations (figures S2 —
S7). The average model R? was 19% higher at street sites. Averaged over the five pollutants
measured in 10 areas, the models with the lowest R were found in Helsinki and Copenhagen and the

models with the highest R? in London and Paris (Table S7).

Comparison of LUR PM component model predictions and LUR predictions from
PMzs, PM2s absorbance models. Correlations between predictions of the newly developed LUR
PM component models with already published model predictions for PM2.s, PM2 5 and absorbance at
monitoring sites not used in model development are shown in Table5. Correlations varied with study
area and component, e.g. in London most correlations were high and in Munich correlations with

PM: s model predictions were very low. Moderate to hilgh correlations were found between the EC
ACS Paragon Plus Environment
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289  and PAH models and PM; s absorbance. OC correlated less with PM» s absorbance, but showed a

290  moderately high correlation with PMz 5.
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Table 2. Description of land use regression models for EC (pg/m?)

Study area LUR model n R?%) LOOCVR?(%) RMSE Measured concentration
(ug/m?) (ug/m?)

Oslo 0.915 + 3.444 x 1012 x TRAFLOAD_1000 + 8.185 x DISTINVMAJORL1 - 0.0342 x SQRALT 19 95 92 0.141 0.99[0.18 - 2.16]

Helsinki/Turku 0.738 - 2.383 x 10" x URBNATURAL_1000 + 0.000293 x ROADLENGTH_100 + 0.000595 x 19 79 68 0.087 0.81[0.32 - 2.38]
ROADLENGTH_50

Copenhagen 0.526 + 0.0002764 x MAJORROADLENGTH_300 + 3.622 x 10 x TRAFMAJORLOAD_100 - 1.805 X 20 87 78 0.146 0.98[0.49 - 1.72]
107"x URBNATURAL_1000

London/Oxford 0.692 + 0.000237 x INTMAJORINVDIST + 0.000143 x HEAVYTRAFMAJOR + 43.793 x 19 85 77 0.131 1.32[0.57 - 5.84]
DISTINVMAJORC2 + 1.111 x 10 x HDRES_5000

Netherlands 0.583 + 0.00116 x ROADLENGTH_50 + 3.114 x DISTINVMAJOR1 + 9.992 x 1077 x POP_5000 16 95 90 0,103 1.21[0.68 - 2.07]

Munich/Augsburg  0.821 + 0.00572 x MAJORROADLENGTH_50 + 0.0000139 x TRAFNEAR + 7.699 x 107 x POP_5000 20 86 81 0.265 1.45]0.71 - 2.87]

Paris 0.689 + 3.968 x 10" x TRAFLOAD_50 + 9.750 x 10®x POP_1000 + 3.422 x 10®¥x INDUSTRY_5000 19 95 91 0.215 1.82[0.44 - 8.08]

Rome 1.582 + 3.313 x 107" x TRAFMAJORLOAD_50 + 0.000330 x MAJORROADLENGTH_300 20 75 65 0.430 2.26 [1.40 - 3.99]

Catalonia 1.579 + 0.000521 x INTMAJORINVDIST1- 2.343 x 108 x NATURAL_5000 + 2.536 x 107 x 40 73 66 0.604 2.15[0.72 - 5.50]
HDRES_1000

Athens 0.125 + 9.366 x 10" x TRAFLOAD_25 + 2.820 x 107" x PORT_5000 + 0.0108 x DISTINVNEARC?2 + 20 93 91 0.207 1.62 [0.81 - 3.69]
0.00001837 x TRAFMAJOR + 1.683 x 108 x HDRES_5000

Median 87 80

Description of variables used in the models: DISTINVMAJORI Inverse distance to the nearest major road (local road network), major road — road with intensity > 5,000 mvh/24h, DISTINVMAJOR2

Inverse distance to the nearest major road squared (local road network), DISTINVMAJORCI Inverse distance to the nearest major road (central road network), DISTINVMAJORC2 Inverse distance to the
nearest major road squared (central road network), INTMAJORINVDIST1 Product of traffic intensity on nearest major road and inverse of distance to the nearest major road, DISTINVNEARC?2 Distance to
the nearest major road squared (central road network), INTINVDIST Product of traffic intensity on nearest road and inverse of distance to the nearest road, HEAVYINTINVDIST2 Product of Heavy-duty
traffic intensity on nearest road and inverse of squared distance to the nearest road, heavy duty traffic — trucks. TRAFLOAD Total traffic load of all roads in a buffer (sum of (traffic intensity * length of all
segments), TRAFNEAR Traffic intensity on nearest road, TRAFMAJOR Traffic intensity on nearest major road, ROADLENGHT Road length of all roads in a buffer, MAJORROADLENGTH Road length
of major roads in a buffer, TRAFMAJORLOAD Total traffic load of major roads in a buffer (sum of (traffic intensity * length of all segments), HEAVYTRAFMAJOR Heavy-duty traffic intensity on nearest
major road, URBNATURAL Urban green area, NATURAL Semi-natural and forested areas, UGNL Combined urban green and natural land, PORT Port, HDRES High density residential land, LDRES Low

density residential land, POP Number of inhabitants, INDUSTRY Industry area, SQRALT Squared altitude, BUILDINGS L Area of buildings, YCOORD, XCOORD, XPLUSY Coordinate variables
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5 Table 3. Description of land use regression models for OC (pg/m?)
/

Study area LUR model n R?>%) LOOCVR?(%) RMSE  Measured concentration
(ug/m?) (ng/md)
Oslo 0.732 - 0.00000573 x NATURAL_300 + 0.00683 x ROADLENGTH_50 + 2.429 x INTMAJORINVDIST 19 59 34 0.621 1.65[0.32 - 3.60]
Helsinki/Turku 1.393 - 0.00000580 x URBNATURAL_300L 20 42 32 0.362 1.08 [0.21 - 2.25]
Copenhagen 0.410 + 0.00000488 x BUILDINGS_L_300 20 35 25 0.441 1.45[0.70 -2.75]
London/Oxford 0.886 + 109.599 x DISTINVMAJORC?2 + 0.000181 x HEAVYTRAFMAJOR 20 81 74 0.326 1.39[0.63 - 3.69]
Netherlands 0.480 + 4.798 x 107 x LDRES_1000 + 0.00397 x ROADLENGTH_25 16 80 71 0.279 1.78 [0.63 - 2.54]
Munich/Augsburg  -112.391 - 0.406 x SQRALT + 0.000224 X INTINVDIST + 0.0000126 x XPLUSY 20 59 39 0.506 2.66 [1.22 - 4.33]
Paris 0.894 + 0.000314 x MAJORROADLENGTH_500 + 0.0000278 x LDRES_100 20 79 69 0.528 2.23[0.44 - 5.89]
Rome 3.396 + 3.3128 x 107 x TRAFLOAD_50 20 27 10 0.778 3.70 [2.73 - 5.82]
Catalonia 2.602 + 0.00360 x INTMAJORINVDIST2 - 8.237 x 107" x NATURAL_1000 40 44 30 0.895 2.76 [0.62 - 6.41]
Athens 0.812 + 0.00177 x MAJORROADLENGTH_100 + 0.000896 x ROADLENGTH_100 +5.199 x 10°x 20 77 68 0.472 3.53[1.24 - 5.52]
TRAFLOAD_500

Median 59 37

3

)

)

|

)

3 Table 4. Description of land use regression models for B[a]P (ng/m?®)

l
Study area LUR model n R?(%) LOOCV R?(%) RMSE Measured concentration

(ng/m®)  (ng/m?®)
Oslo 0.158 + 9.402 x 10® x TRAFLOAD_1000 - 0.00848 x SQRALT 19 70 57 0.0713 0.14[0.01-0.42]
Helsinki/Turku* - 20 0.78 [0.03-0.42]
Copenhagen* - 20 0.21 [0.05 - 0.80]
London/Oxford 0.0666 + 0.0000350 x INTMAJORINVDIST - 2.165 x 10°x URBGREEN_5000 + 20 87 78 0.0251 0.09[0.00 - 0.31]
0.0000131 x MAJORROADLENGTH_500

Netherlands 0.143 + 0.000695 x MAJORROADLENGTH_50 - 4.151 x 10°x UGNL_5000 16 64 39 0.0489 0.14[0.04 - 0.31]
Munich/Augsburg**  0.108 + 0.000255 x MAJORROADLENGTH_100 20 31 14 0.0501 0.13[0.04 - 0.28]
Paris** 0.0108 + 0.0000250 x MAJORROADLENGTH_500 + 0.00000144 x LDRES 100-7.793 20 87 66 0.0400 0.14[0.03-0.47]

x 10°°x URBGREEN_5000 + 3.208 x 10 x LD&%%—%%Qggon Plus Environment
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Rome 0.111 + 2.169 x DISTINVMAJORL1 + 0.000174 x MAJORROADLENGTH_100 20 77 69 0.0548 0.19 [0.06 - 0.49]
Catalonia 0.0752 + 0.0000311 x INTMAJORINVDIST1 + 1.115 x 107 x HDRES_500 40 39 29 0.0732 0.17 [0.02 - 0.37]
Athens 0.176 + 1.363 x 10® x TRAFMAJORLOAD _25 + 7.517 x 10 x 19 38 18 0.0574 0.25[0.11-0.76]
TRAFMAJORLOAD_500
Median 67 48
* no model possible due to an influential site
** 100 high Cook's D value
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Table. 5 Correlations (R?) between predicted values of PM component and LUR PM, s and PM_sabsorbance at
the NOy only sites not used for model development in each study area

Component  EC oC >PAH  B[a]P Chrysene ZXhopanes/steranes
Oslo PM2.5 0.60**  0.36**  0.54**  0.55** 047**  0.34**
PM2.5abs 0.31* 0.06 0.30* 0.30* 0.14 0.28*
Helsinki/Turku PM2.5 0.18 0.07 NM NM 0.27* NA
PM2.5abs 0.24* 0.25* NM NM 0.47** NA
Copenhagen PM2.5 0.49**  0.67** NM NM NM NA
PM2.5abs 0.83**  0.26* NM NM NM NA
London/Oxford PM2.5 0.85**  0.60** 0.66** 0.84** 0.64** NA
PM25abs 0.73** 0.86** 0.84** 0.68** 0.81** NA
Netherlands PM2.5 0.18* 0.02 0.21** 0.35** 0.26** 0.11
PM2.5abs 0.42**  0.06 0.11* 0.23**  0.15* 0.18*
Munich/Augsburg PM2.5 0.00 0.07 0.00 0.00 0.03 0.39**
PM2.5abs 0.54**  0.00 0.59**  0.59**  0.86** 0.25*
Paris PM2.5 0.59**  0.69** 0.61** 0.60** 0.13 NA
PM2.5abs 0.92**  0.43** 0.36** 0.36** 0.09 NA
Rome PM2.5 0.49** 0.79** 0.91** 0.85** 0.10 NA
PM2.5abs 0.68**  0.85** 0.71** 0.70**  0.23* NA
Catalonia PM2.5 0.71** 047** 0.50** 0.50** 0.50** 0.19**
PM2.5abs 0.91**  0.56** 0.72** 0.72** 0.72**  0.30**
Athens PM2.5 0.56**  0.47**  0.46** 0.27* 0.17 NA
PM25abs 0.67** 0.38** 0.36** 0.56** 0.51** NA
Median PM2.5 0.53 0.47 0.52 0.53 0.22 0.27
PM2.5abs 0.68 0.38 0.48 0.58 0.37 0.27

NA - Zhopanes/steranes not measured

NM — no model possible for organic component

**p value< 0.01
* p value < 0.05
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DISCUSSION

We developed LUR models for PAH, EC, OC and Xhopanes/steranes in ten study areas across
Europe. LUR models were developed with high (EC), moderate (OC, > PAH) and low
(Zhopanes/steranes) explained variance. For EC explained variance of the models was high in all
study areas. For the other components large differences were found in levels of explained variance.
Correlations between predictions of the newly developed LUR PM component models with model
predictions for PM» s, PM, s absorbance varied between components and areas. EC and PAH model
predictions correlated moderately to highly with especially PM2 s absorbance. OC model predictions

correlated highest with PM» s model predictions.

EC models. The explained variability for EC was the same (R?=87%) as the R? reported previously
for PM_ s absorbance for the same study areas 2> and higher than for the NOx and PM2s models
(R?=80% and 74%, respectively). EC model predictions correlated high with the PM. s absorbance
model predictions (median R? 0.68 and 0.72, respectively). Predictor variables were similar though
not identical as in the absorbance models. The high correlations between absorbance and EC model
predictions is consistent with those of the measurements 3. Traffic-related pollutants can be modeled
effectively with land use regression models, because availability of traffic intensity and-or road
category and length data representing source strength is relatively good (e.g. compared to wood
burning); traffic emissions are emitted at low height and traffic emission factors are relatively
homogeneous (e.g. compared to industrial emissions). In our study, we further overrepresented traffic
sites (35-50% of the all sites) because of prior evidence that motorized traffic was an important
source of intra-urban spatial variation. Previous studies have also generally reported high explained

variances for models for EC or surrogates of EC 23, In some areas more moderate explained variances

18

ACS Paragon Plus Environment



Environmental Science & Technology Page 20 of 30

371 were reported, e.g. in Vancouver, attributed to the impact of difficult to characterize wood burning
372 emissions =,

373

374 OC and PAH models. The lower explained variance of the OC and PAH (XPAH, B[a]P, chrysene)
375  models compared to EC is probably due to the contribution of less well characterized sources in

376  addition to traffic to OC and PAH concentrations. In the NPACT study, cross-validation R? values
377  for the spatial part of intra-urban spatiotemporal models were higher for EC than for OC (0.81 versus
378  0.56 for the six cities combined). One PAH LUR model was previously reported for daily PAH

379  concentrations in Fresno, California®. The spatiotemporal model included length of highway in a
380  500m buffer, proximity to roads and neighborhood use of gas for heating as spatial variables, in

381  addition to temporal weather data. The authors reported an index of agreement (which can range

382  from 0 to 100%) of 67% suggesting overall good fit of the PAH models.

383  In most of our models traffic variables were included but OC and PAH have multiple sources

384 including wood burning and industrial emissions . OC further includes both primary and secondary
385  organic components ¥, Land use regression models cannot represent atmospheric formation

386  processes well, hence the secondary component of OC was not accounted for. We did not have

387  detailed information on sources such as wood burning and industrial emissions available. Non-traffic
388  sources were represented by more general variable such as: population density or industrial land use.
389  The available industrial land use data does not include type of industry, e.g. steel and metal industry
390  which is one of the PAH sources. The limited number of monitoring sites in the direct neighborhood
391  of industry further contributed to the limited inclusion of industry in our models. For most study

392  areas, industry was present within 5000 m buffers for the majority of sites, but in buffers of 2000m
393  and smaller no industry was present for a large fraction of sites. Consistently, in the three models
394  with industry, the 5000 m buffer was included. Identification of large industrial point sources and

395  better databases incorporating type of industry and stack height of emissions may be needed.
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We previously observed lower explained variance of LUR models for elements with significant non-
traffic sources (e.g. potassium, silica, sulfur) compared to elements for which traffic is the dominant
source (copper, iron) 26. The moderate explained variance was attributed as well to lack of variables
describing specific sources of the elements but also to low intra-urban contrasts in elemental
concentrations 2. The latter explanation did not apply to our OC and PAH observations. The three
previous LUR studies on modeling of wood smoke also recognized the problem of obtaining good
data on the spatial distribution of wood burning emissions #-%., In the Seattle and VVancouver studies,
neighborhood data from property databases was used 2’22, In the Montreal study, chimney density
was used as a proxy for wood burning #. The three studies reported only moderate levels of
explained variance — 57% in Seattle 238 58% in VVancouver 2”26 and 40% for the global model in

Montreal 2°.

Representation of traffic predictors

The most common representations are road length and traffic intensity (load) in buffers and distance
to a (major) road. We also used the product of traffic intensity and inverse distance, because this
combined variable better represents the processes of emission and dispersion than separate traffic
intensity and distance variables . The combined variables were included in only few models,
possibly due to insufficient quality of the variables derived from GIS e.g. distance *.

Several LUR models included both traffic intensity and road length variables, though typically not at
the same scale. Because of concern about the completeness and quality of traffic intensity data, we
offered both traffic load and road length in model development. Traffic load is more specific. The
inclusion of traffic intensity in many models suggests quality was sufficient in most study areas.
Road length represents traffic emissions but also emissions related to population, which may explain

that mixed models performed reasonably well for urban background sites as well.
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422

423 Differences between study areas

424  We found substantially larger differences in model R? between study areas for OC and PAH

425  compared to EC. Model performance and structure may differ because of variability in measured
426  concentrations, size and complexity of the study area, completeness and quality of predictor

427  variables, quality of geo-coding and availability of predictor variables representing the major source
428  of a component.?#?%, On average, the models with the lowest R? were found in Helsinki and

429  Copenhagen. The lack or poor performance of models for PAH and OC may be due to a smaller
430 influence of motorized traffic emissions relative to other sources. No difference in measured PAH
431  concentrations between street and urban background locations was found in these two cities only .
432 The OC models for these two cities were the only models without traffic predictors. As discussed
433 before, sources other than traffic were less well represented by variables used during LUR models
434  development. The high R? in London and Paris may be due to the larger diversity in the study areas
435  incorporating two very large cities and smaller towns. The moderate model R? for Catalonia could be

436  due to the limited availability of traffic intensity data for the cities outside Barcelona 2*.

437
438 Performance at street and background sites

439  The generally better performance of models for street compared to urban background locations is

440 likely due to the higher contrast of concentrations at street locations and better representation of the
441  source. The overall model is affected heavily by the street locations. In studies with more sampling
442 sites, investigators have built models separately for the background and local scale Z. Relatively poor
443 models for particularly the urban background sites were often related to models with a single

444  predictor; models with predictors with a sizable (>50%) number of zero values e.g. natural land in
445  small buffers; models with predictors largely restricted to major roads such as traffic load in 50 meter
446  buffers. We included predictors with at least five non-zero observations, but could have been more
447  restrictive.
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Hopanes/steranes models. Although traffic is the main source for hopanes/steranes, we found
relatively low level of explained variance (median R? = 38%). The low model R2 might be caused by
low within study area contrast in hopanes/steranes concentrations, as indicated by the relatively low
street to urban background ratio of 1.31 at the monitoring sites . In Catalonia where the
concentration contrast was highest, traffic related variables were not included in the

> hopanes/steranes model, possibly because the traffic variables we used do not describe motor oil
emission. Taken together, hopanes /steranes do not contribute much to additional characterization of

human exposure of particulate matter air pollution.

Strengths and limitations. The advantage of our study was the standardization of every stage of
the project. Annual averages of the pollutants used for LUR models development were obtained
according to standardized protocols across all study areas. LUR models were developed centrally
according to a standardized protocol. This allowed us to obtain comparable LUR models in ten
European study areas for various pollutants

Care must be taken if using some of the poorer LUR models in health studies, for example by
incorporating the cross validation R? in a sensitivity analysis. Also use of models with high R?, but
giving predicted values which correlate highly with other pollutants (e.g. EC vs PM25s or NOx) must
be evaluated carefully in order to distinguish health effects caused by the pollutant of interest.

A limitation of our study was the lack of specific GIS variables for especially industry or wood
smoke. More specific GIS data for these sources are difficult to obtain. We evaluated source-specific
emission data in some areas, but these did not explain variation over the available GIS variables,
probably because of a too-large spatial scale.

A further limitation of our study was the small number of sites available in the study areas for the
LUR model development. It has been reported that small number of site selected for LUR models

development can cause overestimation of results of models validation used in our study (LOOCV)
22
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3940 Since we had only one measurement per season we could not develop reliable models for each
season.

Application in epidemiology. Though EC model performance was good in all areas, predictions
of the EC models correlated highly with the predictions from the PM. s absorbance models which
have already been applied in ESCAPE epidemiological studies. In most study areas, the squared
correlation was above 0.5 (~R=0.7), used as a rule of thumb to determine whether the independent
effect of two pollutants can be assessed “. Though application of model predicted EC in
epidemiological studies likely will result in similar associations with health as the model predicted
PM2.5 absorbance, there may be some benefit of applying EC models to compare with previous US
studies that have used EC as a metric ¢. Furthermore, as EC to absorbance concentration ratios varied
across study areas (Supplementary information Table S8), effect estimates could be more
homogenous between studies, if EC is associated more closely with health than PM2 s absorbance.
Model performance was moderate for OC and the correlations of OC model predictions with the
prediction of mostly traffic-related PM2 s absorbance were moderate overall. Correlations of OC with
PMas were higher, but still moderate and highly variable across study areas. In six areas the squared
correlation was below 0.5. Depending on the locations of cohort studies, OC may be a useful
additional indicator. In the NPACT study, some associations between OC and cardiovascular

morbidity were found ®.

Performance of PAH models was also moderate and their predictions correlated on average
moderately with PM> s absorbance and PM: s predictions with very high variation of the correlations
across study areas. Application in epidemiological studies will depend on the locations of cohorts.
PAH have been implicated as causal agents for lung cancer and non-malignant respiratory disease

and not merely as another indicator for traffic tailpipe emissions *°.
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Supporting information

Additional information containing: (1)Map with 10 European study areas, (2) description of predictor
variables, (3) Spearman correlation between B[a]P , chrysene and traffic and wood smoke markers,
(4) mean and contrast of annual averages of organics components for 10 European study areas, (5)
description of land use regression model for > PAH, (6) description of land use regression model for
chrysene (7) description of land use regression model for Zhopanes/steranes, (8) average of the model
R2 and LOOCV R2 for EC, OC, B[a]P, ZPAH and chrysene per study area, (9) linear regression between
EC and PM2.5absorbance for 10 study areas, (10) graph of measured vs modelled concentration of

presented pollutants. This material is available free of charge via the Internet at http://pubs.acs.org
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