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a b s t r a c t

The estimation of benzo(a)pyrene (BaP) concentrations in ambient air is very important from an envi-
ronmental point of view especially with the introduction of the Directive 2004/107/EC and due to the
carcinogenic character of this pollutant. A sampling campaign of particulate matter less or equal than
10 microns (PM10) carried out during 2008–2009 in four locations of Spain was collected to deter-
mine experimentally BaP concentrations by gas chromatography mass-spectrometry mass-spectrometry
(GC-MS-MS).

Multivariate linear regression models (MLRM) were used to predict BaP air concentrations in two
sampling places, taking PM10 and meteorological variables as possible predictors. The model obtained
with data from two sampling sites (all sites model) (R2 = 0.817, PRESS/SSY = 0.183) included the significant
nternal validation
xternal validation

variables like PM10, temperature, solar radiation and wind speed and was internally and externally
validated. The first validation was performed by cross validation and the last one by BaP concentrations
from previous campaigns carried out in Zaragoza from 2001–2004. The proposed model constitutes a first
approximation to estimate BaP concentrations in urban atmospheres with very good internal prediction
(Q 2

CV = 0.813, PRESS/SSY = 0.187) and with the maximal external prediction for the 2001–2002 campaign
(Q 2 = 0.679 and PRESS/SSY = 0.321) versus the 2001–2004 campaign (Q 2 = 0.551, PRESS/SSY = 0.449).
ext

. Introduction

Benzo[a]pyrene (BaP) is a complex chemical, belonging to
he family of Polycyclic Aromatic Hydrocarbons (PAH), which is
eleased widespread into the air. Most of the PAH are emitted
s products of fuel thermal processes and they are released from
nthropogenic activities involving the devolatilization of coal, oil,
ood, diesel and gasoline [1]. Major sources of PAH are mobile

ources and industrial activities although minor natural sources
lso include volcanoes and natural fires. PAH, once released to the
tmosphere, can be transported long distances in air. This is the
eason why possible adverse health and wildlife effects can take
lace even in places remote from the emission source.

BaP may cause cancer and genetic damage affecting the blood,
he immune system, the reproductive system and the unborn child
2–5]. All these harmful effects on human health have supported the

nclusion of BaP in the ninth position of the 2007 CERCLA (Compre-
ensive Environmental Response, Compensation, and Liability Act)
6] Priority List of Hazardous Substances, which compiles the 275

ost toxic compounds. This list includes substances that are most
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commonly found at facilities on the National Priorities List (NPL)
which are determined to pose the most significant potential threat
to human health. In the EU, BaP is on the final list of 11 substances
identified as “priority hazardous substances” under the proposed
Water Framework Directive [7] and it is also included in the list I
of dangerous substances [8]. As an organic compound, it is listed as
a candidate substance for selection, assessment and prioritisation
under the Convention for the Protection of the Marine Environment
of the North-East Atlantic (OSPAR) and Helsinki Conventions [9].
In addition, BaP is included as indicator for the purposes of emis-
sion inventories under the United Nations Economic Commission
for Europe (UN-ECE) Persistent Organic Pollutants Protocol [10].
Therefore, different legislations are led to reduce pollution to levels
which minimise harmful effects on human health, paying particu-
lar attention to sensitive populations. With regard to BaP, the aim
is to achieve air concentrations lower than 1.0 ng/m3 in the PM10
according to Directive 2004/107/EC [11] and to establish a mon-
itoring and information support system for the protection of the
air quality. Some countries, like the United Kingdom, have even

adopted more restricted air quality standards for BaP (annually
mean standard for BaP of 0.25 ng/m3).

Although there is bibliography related to PAH in air [12–18],
conventional sample preparation relies on tedious and time-
consuming procedures so that the models development, which

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:marisol@icb.csic.es
dx.doi.org/10.1016/j.jhazmat.2010.04.085
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llows estimating and predicting PAH concentrations, would be
dvantageous. Up to now, scarce bibliography has been found
elated to BaP and PAH predictions in the atmosphere [19,20].

The aim of this paper is to summarize the results of the monitor-
ng of BaP concentrations in four locations of Spain with different
nthropogenic activities for the warm and cold seasons. Because
his pollutant is mainly associated with the particle phase, a study
f the PM10 concentrations was also carried out. Finally, BaP con-
entrations were predicted based on meteorological conditions and
M10 concentrations by applying multivariate linear regression
odels (MLRM) to the obtained data. These estimations were val-

dated, not only internally by cross validation but also externally
ith BaP concentrations obtained experimentally from previous
easurements carried out in Zaragoza during 2001–2004.

. Materials and methods

.1. Sampling program

Four monitoring sites were chosen as representative of Aragón
rea in an attempt to cover all the main types of anthropogenic
ctivities as well as biogenic sources. The first one was the city of
aragoza ZGZ, located in the North-East of Spain, (41◦39′49.38′′N;
◦53′16.68′′W) in which traffic pollution and industrial activities
re present and previously detailed in other publication [21]. The
econd place was the city of Monzón (Huesca) MON (41◦53′59′′N;
◦10′47′′E) (more than 17,000 inhabitants in 2009), the second
iggest city in the Huesca province whose economy is mainly
ased on the industry related to food, construction, chemicals
s well as service sector. The third one was Monagrega (Teruel)
NG (40◦56′23′′N; 00◦19′15′′W), a regional background station

ituated 7.6 km from a power station (Teruel 1050 MW) in East
irection 135◦. Finally, the fourth one was Torrelisa (Huesca) PIR
42◦27′36′′N; 0◦10′48′′E) localized in the Pyrenees Mountain and
onsidered as representative of biogenic sources.

The sampling was carried out by using a GUV-15H Graseby
ndersen High-Volume air sampler with volumetric flow con-

rolled system (1.13 m3/min) provided with a PM10 cut off inlet
t 10 �m to capture PAH in the particle phase (PTFE-coated, glass-
bre filters, 0.6 �m pore size) during 24 h. Samples were taken in
he warm season from 23-05-2008 until 03-08-2008 during con-
ecutive days starting in ZGZ, PIR, MNG and MON and in the cold
eason from 13-01-2009 until 24-03-2009 in ZGZ, MNG, MON and
IR, respectively. More details regarding the sampling procedure
nd filter treatment have been previously published [12].

.2. Extraction and analysis

The PM10 concentrations were determined by gravimetric anal-
sis and BaP concentrations were measured according to the
rocedure previously published by GC–MS–MS with the internal
tandard method [12,13]. Briefly, filters were extracted by Soxhlet
fter the addition of a surrogate standard (BaP-d12). Extracts were
hen evaporated in a rotary evaporator, processed through a silica
el column and concentrated by N2 stream until GC–MS–MS anal-
sis. Before injection to the GC–MS–MS, p-terphenyl was added as
nternal standard.

.3. Quality control and quality assurance

Analyses of four samples of an appropriate standard reference

aterial (SRM 1649a, urban dust) provided by the National Insti-

ute of Standards and Technology (NIST) were carried out in order to
heck the analytical accuracy and precision. Measured values were
omparable to certified values with relative errors lower than 4%
or BaP.
s Materials 180 (2010) 648–655 649

The detection (LOD) and quantification (LOQ) limits for BaP
were calculated as the concentrations equivalent to multiply by
three and by ten the standard deviation of the blank filters, respec-
tively (0.006 ng/m3; 0.020 ng/m3). The mean surrogate recovery
was higher than 90% for the four sampling places therefore BaP con-
centrations reported in this work were not corrected for recovery
efficiency.

2.4. Meteorological variables

The meteorological variables recorded for each sampling place
and providing information regarding photooxidation, long-range
atmospheric transport and gas-particle partitioning were: tem-
perature (◦C), relative humidity (%), solar radiation (W/m2), UV
radiation (W/m2), pressure (mbar), rainfall (mm), wind speed (m/s)
and season (warm season is considered from 21st March to 21st
September and cold season is considered from 22nd September to
20th March). In Zaragoza, the meteorological data were provided
daily by the Estación Experimental de AULA-DEI (CSIC) whereas the
data for the other three places were provided hourly by the Aragon
Government (DGA). In PIR and because there were not available
data for all dates, data were obtained by the SIAR network [22].

2.5. Statistical tools

The SPSS Version 15.0 statistical package was used as statisti-
cal tool: (a) to measure the correlation between two variables (the
considered variables were: PM10 and BaP concentrations and the
meteorological variables) by using Pearson correlation coefficients,
(b) to test for significant differences in seasonal air concentrations
(PM10 and BaP) by using a parametric test (Student’s t-test of inde-
pendent samples for each sampling place) and (c) to run MLRM in
order to find the best-fit model between the estimated and the
experimental BaP concentrations according to PM10 concentra-
tions and meteorological variables.

2.5.1. Model development
Individual models were built for each sampling place by con-

sidering the stepwise (forward and backward) model, in which
the choice of predictive variables is carried out by an automatic
procedure [23–25]. The BaP concentrations were taken as depen-
dent variable whereas the PM10 and the meteorological variables
were taken as independent variables. The variable season was addi-
tionally considered into the possible models because statistically
variations were observed for BaP concentrations in two of the sam-
pling places. Usually, this stepwise procedure takes the form of a
sequence of F-tests (Fisher’s ratio). An F-test is based on the null
hypothesis. The test calculates the value of F and then compares
it with the critical F values available in statistical tables according
to freedom degrees and a confidence level. The null hypothesis is
rejected if the F calculated from the data is greater than the critical
value of the F distribution for a particular confidence level. In this
work, only those variables showing a significant correlation with
the BaP (p < 0.05) were considered as potential predictors for the
best-fit models. Because in PIR and MNG most of the BaP concen-
trations were below the detection limit, both sites were excluded
of the dataset.

The model acceptability was determined using several criteria
[26]:

- Dataset used to obtain the model contained at least five times

more components than the amount of model variables used.

- The model had got good performance. This can be expressed as
coefficient of determination (R2) although unfortunately a high R2

value does not guarantee that the model fits the data well. There
are many statistical tools for model validation, but the primary
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tool for most modeling applications is graphical residual analysis.
The following assumptions about the residuals were also veri-
fied: They must be independent (and thus random), they should
be of normal distribution and they must have a constant vari-
ation across the X values. Other parameters giving information
over the model are the mean bias error (MBE), which indicates
whether the observed concentrations are over or under estimated
and the mean absolute error (MAE). The MAE and the low root
mean square error (RMSE) measure residual errors and give a
global idea of the difference between the observed and modeled
values [27–30]:

MBE =
∑

(ŷ − y)
n

(1)

MAE =
∑∣∣ŷ − y

∣∣
n

(2)

where ŷ is the BaP value estimated by the model, y is the observed
BaP value and n is the number of samples.

.5.2. Validation of a model
The validation of a model is mainly used in settings where the

oal is prediction, and one wants to estimate how accurately a pre-
ictive model will perform in practice. This is the reason why one
f the most important considerations for obtaining a model is to
alidate that model. The validation of the model was performed by
wo methods: internal validation and external validation.

The internal validation was carried out by cross validation,
hich involves partitioning a sample of data into complementary

ubsets, performing the analysis on one subset (called the train-
ng set), and validating the analysis on the other subset (called the
alidation set or testing set) [31,32]. Correlation coefficient of the
egression between experimental and estimated data obtained by
ross validation is known as cross-validated correlation coefficient
r Q 2

CV parameter.
The cross validation parameter, Q 2

CV is mentioned in the equa-
ion:

2
cv = (SD − PRESS)

SD
(3)

here the PRESS (predictive residual sum of squares) and SD or SSY
the sum of squared deviations of the dependent variable values
rom their mean) values are obtained as:

SY = SD =
∑

(y − ymean)
2

(4)

RESS =
∑

(y − ŷ)
2

(5)

here y = the experimental BaP value, ymean = the mean of the
xperimental BaP values, ŷ = the value of BaP predicted by the
odel and n = number of samples.
A model is considered to be significant when Q 2

CV > 0.3. A
2
CV = 0.5 is considered as good and a Q 2

CV > 0.9 as excellent.
o be a reasonable QSAR or QSPR model (quantitative structure-
ctivity relations and quantitative structure-property relations),
he PRESS/SSY ratio must be smaller than 0.4. A PRESS/SSY
alue < 0.1 is considered to be indicative of an excellent model [33].

Once the model was validated internally, an external valida-
ion was performed in order to determine the “realistic” predictive
ower of the model. In this work, the external validation was per-

ormed on an independent set of data that had undergone strict
uality assurance measures, a set of 87 samples corresponding
o two previous PAH samplings carried out in Zaragoza during
001–2004 [12,13] by applying the best-fit MLR model. The pre-
ictive power of the regression model developed (training set)
s Materials 180 (2010) 648–655

was estimated on the predicted values by the external Q2 which
is defined [34]:

Q 2
ext = 1 −

pred∑

i=1

(yi − ŷi)
2

pred∑

i=1

(yi − ȳtr)
2

(6)

where ytr is the mean value of the dependent variable for the
training set, yi and ŷi are defined above (Eq. (2)). According to the
current OECD guidelines (Organization for Economic Co-operation
and Development), Q 2

ext for external validation should be calculated
with SD referring to the training set activity mean.

3. Results and discussion

3.1. PM10 concentrations

Because PM10 is a regulated pollutant [35,36], firstly a study of
the evolution of the PM10 concentrations for each sampling point
was performed. A representation of the seasonal variations of PM10
for each sampling point during the two sampling periods (warm
and cold seasons) is shown in Fig. 1. It is also reflected the mean
PM10 concentrations for each sampling campaign as well as the
daily and the annual limit values according to Directive 2008/50/EC
[36].

For the warm season, the PM10 concentrations followed the
decreasing order: MON > ZGZ > MNG > PIR with mean values of
32.81, 21.23, 17.18 and 10.17 �g/m3, respectively whereas for the
winter season, the order was the following: MON > ZGZ > PIR > MNG
with mean values of 36.59, 30.06, 18.78 and 6.70 �g/m3, respec-
tively. In both seasons, the highest PM10 concentrations were
obtained for MON and ZGZ in the cold period. The highest PM10
concentrations were also obtained in the cold season for PIR. Nev-
ertheless, MNG followed a different trend in the PM10 evolution
with the highest concentrations during the warm season.

In general, it has been reported in the literature that PM10 con-
centrations during the cold period are typical from urban profiles
[37–39] affected by anthropogenic emissions joined to the high
atmospheric stability and reduced mixing of air on cold season. This
is the case of ZGZ and MON. Nevertheless, previous samplings car-
ried out in Zaragoza [21,40,41] found higher PM10 concentrations
in the warm season, mostly due to African episodes and resus-
pension processes, low precipitations and higher solar irradiation
which favoured the particulate matter accumulation. This trend has
also been observed in urban background stations in Madrid [42], in
rural areas close to Zaragoza [43] and in some control pollution sta-
tions, which did not follow the typical trend of industrialized urban
areas [39], in Cataluña.

The mean PM10 concentrations for each sampling point are
shown in Table 1 for the two seasons. The exceedance percent-
ages of the daily (50 �g/m3) and the annual (40 �g/m3) limit
values of PM10 as well as the upper (35 �g/m3) and the lower
(25 �g/m3) assessment thresholds of daily PM10 according to
Directive 2008/50/EC [36] are also shown in Table 1. For the cold
season, ZGZ and MON exceeded both, the lower and the upper
assessment thresholds, whereas in the warm season, only MON
exceeded the lower assessment threshold of PM10. It is notewor-
thy that during the 16–18 of January 2009, some rural areas close

to the city celebrate the San Antón festival by burning bonfires that
implied an increase in PM10 concentrations in ZGZ.

By considering the number of exceedances of the lower assess-
ment threshold, it is expected that the concentration of 25 �g/m3

will be exceeded in MON and ZGZ more than 35 times in a calen-
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ig. 1. Temporal evolution of PM10 (�g/m3) and average value for each sampling p
ell as the upper and lower assessment thresholds of PM10 are also shown.

ar year according to the Directive 2008/50/EC [36]. In MON this
robability is not depending on the season while in ZGZ, these
xceedances are mainly produced during the cold season. In this
ay, the fulfilling of the European Directives with regard to the

M10 is quite difficult in Aragón and this problem has already been
eported in bibliography [21,39,43,44] in Mediterranean coun-
ries in which the particulate matter of natural origin contributes
emarkably due to the influence of African episodes.

.2. BaP concentrations

One of the main objectives of this work is to assess the BaP con-
entrations in different localizations in Aragón with regard to the
ulfilling of the Directive 2004/107/EC [11] related to PAH in air.
ndependently of the sampling point, the highest BaP concentra-
ions were obtained in the cold season. This trend was already
bserved in different campaigns carried out in ZGZ where the
ow temperatures favoured the PAH accumulation [12,13,17]. In
ddition, there are additional anthropogenic activities which show
easonality, one of them is the residential heating that during warm
eason does not contribute to PAH formation. Zaragoza was the
ampling point with the highest BaP concentrations in both, warm
BaPmean = 0.089 ng/m3) and cold seasons (BaPmean = 0.500 ng/m3)
Fig. 2a and b), exceeding the guideline value of BaP (1.0 ng/m3)
stablished by the Directive 2004/107/EC [11] twice in the cold
eason (13%) as well as the upper (0.6 ng/m3; 27%) and the lower
ssessment thresholds (0.4 ng/m3; 33%). In fact, the mean BaP
oncentration during the cold season also exceeded the lower

ssessment threshold of BaP. Most of these BaP exceedances were
roduced during San Antón (bonfire festival), obtaining the maxi-
um BaP concentrations for those dates.
With regard to MON, this place also showed BaP concentrations

xceeding the quantification limit for all samples, with higher con-

able 1
ercentage and number of exceedances in brackets of the daily and the annual limit valu
ites during the cold and warm seasons. The average value of PM10 is also expressed for

ZGZ PIR

Cold Warm Cold

Daily limit value of PM10 20(3) 0 0
Annual limit value of PM10 27(4) 0 0
Upper assessment threshold of PM10 27(4) 0 0
Lower assessment threshold of PM10 40(6) 40(6) 14(2)
Average value of PM10 30.06 21.22 18.78
uring the warm and cold seasons. The daily and the annual limit values of PM10 as

centrations during the cold season (BaPmean = 0.223 ng/m3) versus
the warm season (BaPmean = 0.050 ng/m3) (Fig. 2c and d). Never-
theless, the guideline value of 1.0 ng/m3 and the upper and lower
assessment thresholds established by the Directive 2004/107/EC
[11] were not exceeded.

In PIR and MNG, the BaP concentrations were almost negli-
gible with values lower than the detection and/or quantification
limits for most of the samples (PIR: BaPmean cold = 0.020 ng/m3,
BaPmean warm = 0.013 ng/m3; MNG: BaPmean cold = 0.021 ng/m3,
BaPmean warm = 0.024 ng/m3). These minimum concentrations are
predictable by considering that PIR is localised in the Pyrenees
Mountain where the anthropogenic contributions are minimum.
Regarding MNG, a rural background area, minimum BaP concen-
trations were also detected despite the possible contribution of
anthropogenic sources related to a power station and to long-
range transport. For the four sampled places, ZGZ showed a higher
pollution level than MON. Both localizations showed urban profiles
with higher BaP concentrations during cold season in which local
anthropogenic activities were responsible for most of this pollu-
tant. This is expected by considering that the main PAH pollution
sources are related to big cities involving different anthropogenic
activities such as transport, industry, residential heating, etc.
However, the mean BaP concentration for the two periods was
0.284 ng/m3, lower than the lower assessment threshold of BaP,
0.4 ng/m3.

3.3. Meteorological conditions and seasonal behaviour of PM10
and BaP
One of the factors in addition to the anthropogenic activ-
ities that contributes to PAH behaviour is the meteorological
variables. A summary of the meteorological conditions as
well as the mean BaP and PM10 concentrations for the

es, lower and upper assessment thresholds of PM10 (�g/m3) for the four sampling
each season.

MNG MON

Warm Cold Warm Cold Warm

0 0 0 19(3) 0
0 0 0 38(6) 7(1)
0 0 0 53(8) 53(8)
0 0 1 87(13) 87(13)

10.17 6.70 17.18 36.59 32.81
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Fig. 2. Temporal evolution of BaP for ZGZ during the a) warm and

arm and cold period is shown in Table S1, Supplementary
ata.

In order to evaluate possible differences between warm and cold
easons for the two pollutants studied, PM10 and BaP, Student’s
-tests were used (Table S2, Supplementary data). A precondition
or this parametric test is to assess variance homogeneity through
he Levene’s test. If the significance from this test is less than 0.05,
hen variances are significantly different and the t-test result cor-
esponding to equal variances not assumed is considered. In case
hat the Levene’s test is not significant, it is assumed that vari-
nces are equal and the t-test result for equal variances assumed is
onsidered.

With regard to PM10, t-test showed that PM10 concentrations
ere statistically different (95%) for both periods for PIR and MNG

ndicating that the sources producing this pollutant followed a dif-
erent trend in both periods. These sources were not mainly local
ut also from long-range transport that was also contributing to
M10 levels. On the contrary, ZGZ and MON were mainly affected
y local pollution sources that did not undergo seasonal variations.

Pearson correlation coefficients were also studied in order to
etermine the correlation between two variables. In this case,
he correlations between the meteorological variables, PM10
nd BaP concentrations were studied for each sampling point
Table S3, Supplementary data). The meteorological conditions
avouring the accumulation of PM10 in ZGZ were the increase of
elative humidity as well as low wind speed and cold temperatures.
n MON, a negative effect on the PM10 concentration was observed

ith strong winds and high atmospheric pressure. It was observed
hat in MNG, the PM10 was positively correlated at 99% level of
ignificance with temperature, pressure and UV radiation and neg-
tively correlated at 99% level of significance with relative humidity
nd wind speed. A different influence of the temperature and the
elative humidity to the one found in ZGZ was obtained for MNG
n such a way that high temperature conditions, high ultraviolet

adiation and low relative humidity favoured the PM10 accumula-
ion mainly due to soil resuspension episodes. In this case, typical
onditions of summer and dry weather favoured the PM10 accu-
ulation in this place. The influence of the strong winds had the

ame effect than the one found in ZGZ and MON diluting the PM10
ld seasons and for MON during the c) warm and d) cold seasons.

concentrations. In PIR, PM10 was only negatively correlated at 95%
level with rainfall.

With regard to BaP, t-tests demonstrated that statistically sig-
nificant differences were observed for the BaP concentrations in
ZGZ and MON for both seasons (Table S2, Supplementary data).
These seasonal variations of pollutants can be due to several rea-
sons. On the one hand, the anthropogenic activities related with
industrial activities seem to have less variation along the year.
Emissions related to traffic and in particular to the increase in
domestic heating during the cold period, increase the emissions
related to combustion processes and BaP. On the other hand, the
atmospheric conditions are also different in winter and summer
and this can favour the higher concentrations of pollutants. There-
fore, during cold season, low temperatures, low solar radiation, low
ozone concentration and low dispersive capacity are favourable
conditions for BaP condensation and adsorption onto the partic-
ulate matter, avoiding its photochemical degradation and other
chemical reactions.

Pearson correlation coefficients between the BaP concentration
and the meteorological variables were studied for ZGZ and MON
(Table S3, Supplementary data). For both places, there was a pos-
itive correlation statistically significant at 99% level between the
BaP and the PM10 concentrations reflecting that sources produc-
ing these pollutants were the same. The relative humidity was
also positively correlated with the BaP. Authors as Gustafson and
Dickhut [45] also observed that during the rainy season the high
relative humidity favoured the PAH concentration on the particu-
late matter due to PAH deposition effects. In 1996, Harrison et al.
[46] reported positive correlations of PAH with the humidity, in
particular, for PAH released by combustion sources such as traffic
emissions.

The meteorological variables which were negatively correlated
with the BaP concentrations were the temperature, the solar radia-
tion, the UV radiation (only for MON) and the wind speed (only for

ZGZ). In winter season, the number of solar radiation hours is lower
which implies an increase in the PM10 and BaP concentrations. In
addition, the high relative humidity, typical from foggy days and
calm winds also favour the accumulation of these pollutants. There-
fore, human exposure to atmospheric pollution should be avoided
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Table 2
Regression results for airborne BaP (ng/m3) by applying the best-MLR model to each data set (95th percentile confidence limits).

Coefficient Variable ZGZ MON All sites

A Intercept −5.660 (−7.129, −4.192) 110.488 (82.637, 138.338) 118.358 (82.052, 154.663)
B Ln PM10 0.798 (0.405, 1.192) 0.697 (0.276, 1.118) 0.700 (0.433, 0.966)
C Ln T −19.984 (−25.124, −14.844) −21.296 (−27.937, −14.655)
D Ln Radiation −0.365 (−0.733, 0.002) −0.388 (−0.738, −0.037)
E Ln Wind speed −0.742 (−1.148, −0.337) −0.227 (−0.456, −0.002)
F Season 1.375 (0.989, 1.761)

N 30 31 61
0.877 (0.890) 0.796 (0.809)
0.300 0.451
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Table 3
Cross validation parameters resulting from applying the all sites MLR model to ZGZ,
MON and 13 random data and the MON MLR model to ZGZ and two sites data set.

ZGZ MON 2 SITES 13 DATA

N 30 31 61 13
All sites model

Q 2
CV 0.798 0.848 0.813

RMSE 0.498 0.336 0.415
MAE 0.378 0.265 0.327
MBE −0.002 0.024 0.145
PRESS/SSY 0.202 0.152 0.187

MON model
Q 2

CV 0.760 0.802
RMSE 0.565 0.449

tially, outliers and influential points were removed from the data
set by considering standardized residuals greater than three stan-
dard deviations units. A total of twelve points were rejected, most
of them corresponding to summer dates in which experimen-
tal BaP concentrations were much lower than the predicted by
R2(R2 adjusted) 0.794 (0.815)
RMSE 0.505

oefficients are significant at p < 0.05.

uring these meteorological conditions in order to reduce harmful
ffects on human health.

In MON, the same meteorological conditions previously named
or ZGZ also favoured the BaP accumulation. The only difference
as related to the ultraviolet radiation in which the increase of

uch radiation influenced decreasing the pollutant concentration.
IR and MNG showed minimum BaP concentrations lower than the
etection and/or quantification limits for most of the sampled dates
nd these correlations did not show any statistical meaning.

.4. MLR model

Because the sampling and analysis of PAH implies different steps
hich consume time, it is important to develop methods capable

o estimate BaP concentrations based on real measurements. One
f the simplest ways to predict concentrations of pollutants is by
sing statistical models. In this case and with the aim of predicting
aP concentrations, a multiple linear regression (MLR) model was
pplied to the experimental BaP data by using SPSS software based
n PM10 concentrations and meteorological variables.

Results of applying the best-MLR model to each individual place
ZGZ, MON) and to data from the two sampling sites (all sites model)
re shown in Table 2 where N is the number of data points. The mod-
ls were run both with and without transformation of variables
with the exception of the season and rainfall variables) by natural
ogarithmic transformation obtaining a higher R2 and significance

ith the transformation. The variable temperature (◦C) was mod-
fied to K. The PM10, the temperature, the solar radiation and the

ind speed were the significant variables considered in the all sites
odel. When models were obtained for each individual site, ZGZ

nd MON, some of these variables were not significant. With regard
o statistical parameters obtained for each model, it was found that
2 coefficients were quite similar for the three models with the
ighest one for MON and the lowest RMSE also for MON. For the
hree MLR models, all the BaP concentrations estimated by each

odel were within the 95th percentile confidence interval.

.5. Validation of the model

Firstly it was necessary to choose the best-fit model before doing
he whole validation. In order to reach this aim, the all sites model
nd the MON model, which showed the best parameters of fitting,
ere taken as the possible best-fit models. The model obtained
ith all sites (Ln BaP = 118.358 + 0.70*Ln PM10 − 21.296*Ln T −

.388*Ln Radiation − 0.227*Ln Windspeed) (Table 2) was applied
o predict the BaP concentrations for each individual place and Q 2

CV
ere obtained.
By applying this, the Q 2
CV was 0.798 for ZGZ and 0.848 for MON

btaining good cross validation (Table 3). Afterwards, the model
ith the highest R2 and lowest RMSE corresponding to MON (Ln BaP
110.488 + 0.697*Ln PM10 − 19.984*Ln T − 0.365*Ln Radiation)
as applied to ZGZ and to two sites data obtaining the following
MAE 0.443 0.338
MBE −0.131 −0.071
PRESS/SSY 0.240 0.198

parameters: Q 2
CV = 0.760 for ZGZ and Q 2

CV = 0.802 for the two sites
data. The application of the all sites model allowed obtaining a good
correlation coefficient slightly over-predicting the BaP concentra-
tions (MBE = 0.002) so that finally, cross validation was performed
by randomly selecting a set of 13 data from two sites data set (61)
and predicting the BaP concentrations obtained with the all sites
MLR model. The PRESS/SSY was 0.183 < 0.4 showing that all sites
MLR model was a reasonable model (Table 3).

Once the model was internally validated, an external valida-
tion was carried out by applying the all sites MLR model to a
set of 87 samples from previous PAH campaigns carried out dur-
ing 2001–2004 [12,13]. The linear regression analysis between
the experimental and the predicted values is shown in Fig. 3. Ini-
Fig. 3. Results of linear regression analysis between the experimental and predicted
Ln BaP obtained with the all sites model applied to 2001–2004 sampling data set.
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ig. 4. Results of linear regression analysis between the experimental and predicted
n BaP obtained with the all sites model applied to 2001–2002 sampling data set.

he model so that the final set data was 75. A Q 2
ext = 0.551 and

2 = 0.659 slightly higher than 0.5 was obtained with RSME = 0.666
nd PRESS/SSY = 0.449. By comparing these parameters with pre-
ious results regarding the all sites model and the cross validation
Table 3), it can be deduced that although Q 2

ext is higher than 0.3 and
t is a significant model, the PRESS/SSY is slightly higher than 0.4. In
ddition, a model with a good predictivity will show similar RMSE
alues for the training model, the cross validation and the external
alidation. Therefore, this model did not fulfil the requirements of
good external validation. However, it was able to predict more

han half of the BaP concentrations.
A new external validation was also carried out by consid-

ring only the data corresponding to the sampling 2001–2002
N = 32). The linear regression analysis between the experimen-
al and the predicted values by the all sites model is shown in
ig. 4. In this case, it was obtained that Q 2

ext = 0.679, R2 = 0.785
ith PRESS/SSY = 0.321 and RMSE = 0.667. The correlation coeffi-

ient slightly increased with a reduction in the PRESS/SSY fulfilling
he requirements for a good external validation. Because most of
he outliers corresponded to warm season in which, experimental
aP concentrations differed remarkably from the predicted con-
entrations, it could be deduced that the influence of the high
emperature during summer in both sampling places favoured
he volatilization and photodegradation of BaP. This difficulty in
redicting summer time concentrations was recently reported by
kyüz and Çabuk [19].

As mentioned in the introduction, there is not a lot of bibliog-
aphy regarding estimation of BaP or PAH concentrations by using
LR models [19,20]. In this way, this MLR model constitutes a first

tep in developing BaP predictions in urban locations with predom-
nance of anthropogenic sources using PM10 concentrations as well
s meteorological variables. In our case, the robustness of the model
as carried out by internal and external validation by considering
ifferent statistical indicators used to provide a general indication
etween the observed and the predicted data. More research should
e led in order to improve the method and to validate it with data
roceeding of other urban locations.

. Conclusions

The evolution of the PM10 and BaP concentrations in four loca-
ions of North-East of Spain (Aragón) during two sampling periods:
old and warm seasons, has been studied. Results allowed deduc-

ng that the highest PM10 concentrations were obtained in urban
reas with predominance of anthropogenic sources corresponding
o MON followed by ZGZ, independently of the season. High rela-
ive humidity, low winds and cold temperature, typical conditions
f winter season, are the meteorological conditions favouring the

[
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PM10 accumulation in ZGZ and MON. MNG followed a different
trend showing maximum PM10 concentrations in the warm period.

The highest BaP concentrations were obtained in ZGZ followed
by MON for both sampling periods, reaching the maximum con-
centrations during the cold season. Both locations corresponded to
urban locations with predominance of anthropogenic sources: traf-
fic and industry at which the domestic heating was added during
the cold period. A seasonal behaviour of BaP was obtained in ZGZ
and MON and the meteorological conditions favouring the BaP con-
centrations in both places were the ones obtained for the PM10. The
guideline value of BaP established by Directive 2004/107/EC [11] of
1.0 ng/m3 was only exceeded in ZGZ during the cold season for the
13% of the dates.

Regarding the model, a statistical model based on MLR was
studied to predict PAH concentrations in urban areas based on
data corresponding to two sampling sites in Aragón. This proposed
model had got good stability, robustness and predictivity when ver-
ified by internal and external validation, in particular when applied
to data from 2001–2002 sampling campaign. For the external val-
idation, those dates corresponding to warm season in which, low
experimental concentrations of BaP were obtained, seemed not to
fit very well to predicted values by the model developed. High tem-
peratures, favouring the volatility and photodegradation of PAH,
could explain the difficulty in predicting summer BaP concentra-
tions. Nevertheless, it could be concluded that this method could
be used as initial estimative tool to reduce the number of studies
in air pollution samplings.
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