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1. INTRODUCTION

In most urban areas, as Porto, road traffic is the main source of
ambient air concentration of pollutants such as nitrogen dioxide (NOZ),
carbon monoxide (CO), benzene (CH,), and particles (Alpopi, 2010;
Keuken et al., 2004). In order to monitor this problem urban air quality
monitoring and forecast has become an important issue for many
environmental protection agencies around the world in the last decades
(Hordlek et al., 2005). To generate maps of concentrations means that
interpolating and extrapolating methods have to be used.

Spatial prediction techniques, also known as spatial interpolation
techniques, differ from classical modelling approaches in that they
incorporate information on the geographic position of the sample data
points (Cressie, 1993). The interpolation is the procedure of predicting
unknown values using the known values at neighbouring locations which
may be regularly or irregularly spaced. The values derived in this way are
not necessarily the true value; they are a mathematical “best guess” based
on the known values (Aranoff, 1995). Thus this method is necessary
when the ground truth data does not cover the whole area. Demers
(2005), classifies interpolation methods into linear and non-linear.

Usually, interpolation methods use the weighted average of nearby
data to calculate the estimates. The weights could be assigned according
to deterministic or statistical criteria. The quality of the interpolation
results depends on the accuracy, number, and distribution of the known
points used in the calculation and on how well the mathematical function
correctly models the phenomenon (Aranoff, 1995). Also, the pollutants
are governed by different mechanism, of acting on a different spatial
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scale: regional and local effects. Fluctuations in the concentration pattern
are mainly driven by meteorological phenomena; however, air pollution
can have a distinct local character due to local emission sources and their
temporal variability. In the dense urbanized region of Asprela in Porto,
the study area, the latter effects are significant. This is a sensitive area
with several universities and two hospitals, with high traffic density and
mobility problems, yet it does not have any air quality station within the
national network.

Among statistical methods, geostatistical kriging-based techniques,
including simple and ordinary kriging, universal kriging and simple
cokriging have been used for spatial analysis. In the deterministic
interpolation methods, inverse distance weighting method and its
modifications are the most often applied. Kriging and Inverse Distance
Weight (IDW) are the most commonly used methods when measuring
air quality (Wong et al., 2004; Horalek, 2005; Mesquita, 2010; Sanchez,
2009). Both methods estimate values at unsampled locations based on
the measurements at surrounding locations with certain assigned weights
for each measurement. However, while kriging requires the preliminary
modelling step of a variance-distance relationship, IDW does not
require this step. Many studies have compared IDW and kriging, and the
performance of kriging was generally better (Wong et al., 2004).

In this paper, two interpolation models have been used — IDW and
Ordinary Kriging — which can incorporate both the regional and local
aspects of the air pollution phenomenon. The main objective of this
study was to describe and analyse the relative performance of these
interpolation methods to predict the field concentration of air pollutants,
such as benzene (C H,) and nitrogen dioxide (NO,), in Porto’s Asprela
area. This work summarised below was performed twice, once in winter
2009 and once in summer 2010.

The outline of this paper is as follows. In Section 2 the methodology
is described in detail and in Section 3 and 4 model results are discussed
and validated. A conclusion is presented in Section 5.

2. MATERIALS AND METHODS

The present study focuses on the atmospheric concentration of C6H6
and NO2 in Porto’s Asprela area. These two pollutants are considered to
be good indicators for pollution caused by traffic. Hence, they can be
regarded as the most important emission source in the area. Measurement
of these pollutants was conducted in the scope of the CIVITAS ELAN



project (TREN/FP7TR/218954 - ELAN), co-funded by the European
Commission between September 2008 and September 2012.

Statistical analyses were done in two stages. First, a geostatistical
analysis was performed and then the distribution of data was described
using conventional statistics such as mean, maximum, minimum and
standard deviation (SD). In this second step the results were also
compared with the annual limit value for the protection of human health
defined in the Directive 2008/50/CE (5 ug.m* for C.H, and 40 pg.m?
for NO,). Although these limits are linked to annual averages and the
results are based on a relatively short measuring period (three weeks),
this approach represents a good indicator for the potential impact of the
air quality in Asprela (study area) on human health.

Regarding the first step, firstly the number of observation points
needed for a correct spatial representation of atmospheric concentrations
field in the area was defined. To do this, a statistic approach based on a
screen run of a numerical dispersion model was used.

Due to its ability to reproduce mesoscale atmospheric circulations
and photochemical production, the possibility to work with long data
series, as well as its speed of data processing, the air quality modelling
was performed using the TAPM model (Hurley, 2008). The model was
applied using a three level nesting technique with 25 x 25 points, centred
on the city of Porto (41°9°34, 94N, 8°37°19, 32”"W) and 25 vertical grid
levels, between 10 and 8,000 metres. The larger grid uses cells of 30 km
x 30 km, the intermediate grid, cells of 10 km x 10 km and the finer
grid, cells of 3 km x 3 km (Figure 1). The synoptic forcing was done
based on the ECMWTF data for 20006, a year that can be considered a good
approximation to the usual climatic conditions within the study region
(Fontes, 2010). The simulation of air quality was made using CO and NO,
UNECE emissions (Boavida et al., 2008) for the finer grid. Because the
UNECE emission inventory does not include C H, emissions the TAPM
was used to simulate, as a tracer of C.H,, the CO concentrations. Thus,
two types of air quality simulations were done, one in non-reactive mode
for CO concentrations, and another in reactive mode for NO,. In the
reactive mode simulation a value of reactivity pattern of VOC emissions
(Rsmog) of 0.0067 (Hurley et al., 2005) was considered. Additionally, in
order to get a refinement of the concentration field over the study area,
the output grid was processed to a sub-grid with cells of 300 m x 300 m.
The simulation was performed for both measuring periods (winter 2009
and summer 2010).
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Figure 1: Meteorological areas considered in the air quality simulation using TAPM
model in Metropolitan Area of Porto (MAO).

Using the estimate concentrations over the Asprela area (Figure
2), a CO average concentration of 241.86 + 13.80 ug.m* and a NO,
concentration of 18.43 + 0.51 ug.m= was predicted. Based on these
confidence intervals (S), the minimum number of observation points
for each pollutant was estimated, considering that the confidence level
(LC) has a significance level of 5% of the mean value (Eq. 1).
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This approach resulted in an estimate of about six observation

points for CO and two for NO, required for a representative description
of the study area.
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Figure 2: Air concentrations (ug.m?) estimated by TAPM model in the
Asprela area: i) CO; ii) and NO,,.

Based on these results two measuring periods were chosen (19
November — 16 December 2009 in winter and 28 June — 20 July 2010
in summer) using a diffusive sampler technique to monitor pollutants
(PASSAM, 2010). In order to control deviations and diffusive samplers
lost due to vandalism, 12 observation points were used. The diffusive
samplers were placed on poles at a height of 3 m and evenly distributed
within the area (Figure 3). Additionally, and in order to monitor the
background concentration, measurements were also done at the top
of four buildings of the city (height: 40—50 m): Antas tower, Burgos
building, JN building and CMP building. At these locations replicas were
used to control eventual deviations. Due to vandalism point number 4
of C,H, was lost during the measuring period.
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Figure 3: Location of the diffusive measurement points in the Asprela area (Porto).
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To estimate the spatial distribution of C H, and NO, during the
winter period, two interpolation methods were used: (i) a deterministic
method, the Inverse Distance Weighting (IDW), (ii) and a geostatistical
method, the ordinary kriging. These methods were implemented using
the ArcGIS 9.3 software.

The IDW is a method often used to interpolate data from air quality,
given its simplicity (Brigs et al., 2005; Keuken et al., 2005; Lindley
and Walch, 2005). To predict a value for any unmeasured location,
this method uses the measured values surrounding the prediction
location. Closest values have more influence on the predicted value
than those farther away, hence the name inverse distance weighted.
The surface calculated depends on the selection of a power value and
the neighbourhood search strategy. IDW is an exact interpolator, where
the maximum and minimum values in the interpolated surface can only
occur at sample points. The output surface is sensitive to clustering and
the presence of outliers. IDW assumes that the surface is being driven by
the local variation, which can be captured through the neighbourhood.

Zni=lw(di)zi
f(x,y)=[—2ni=lw(di) ] (Eq.2)

Where z, is an observed value i, d, is the distance between the estimated point and the
observed point i; w(d )=1/(d )" is the ponderation of the observation i; and p is the
power function.

The IDW predictions were performed varying the number of
power (0.5 and 3) and using different radiuses and neighbours.

The kriging method is similar to the IDW for considering the
measured values in the neighbourhood to predict the concentrations
in an unmeasured location. In ordinary kriging the weights depends
on the model fitted to the measurement points of the local distance
estimate, and the spatial relationships between the measured values
around the local forecast (Johnston et al., 2001). Ordinary Kriging
assumes the model:

Z(s)=u+e(s) (Eq. 3)

Where p is an unknown constant.

The performance of each evaluation technique was assessed
comparing the deviation of estimates using the cross-validation method.
To use this technique, a point was excluded and then the model was
applied to estimate the concentrations at this removed point. Therefore,



the comparison of the performance between the different interpolation
techniques was achieved using the average error (ME )(Eq. 4), the Mean
Absolute Error (MAE) (Eq. 5), the Root Mean Squared Error (RMSE)
(Eq. 6) and de Normalized Root Mean Squared Error (NRMSE) (Eq.
7), and the coefficient of determination (R?) (Eq. 8) (Mesquita, 2010):

ME=1/n3"_E-O, (Eq. 4)

ME=1/n3"_|E-O|(Eq. 5)

RMSE=V1/nY"_ (E-O)” (Eq. 6)

NRMSE-= RMGSE (Eq.7)
2 _(O-E)

R2=1-Z2 =~ 7 (EqQ.8
Znid(oi_oi)Z( a )

Where: E = Estimated value; O = Observed value; n = Number of cases; O = Mean of
observed values.

All of these parameters have to be equal or close to zero, except the
R? where the optimal value is 1.

To verify if the selected map can be considered from the legal
point of view, the value of uncertainty was also calculated according to
Directive 2008/50/EC:

Observed value - Modelled value

Uncertanty= (Eq.9)

Limit value

The results were compared with the uncertainty of estimation, for
both pollutants, defined by Directive 2008/50/EC, 100% to C.H, and
75% to NO,,.

3. RESULTS AND DISCUSSION

Table 1 presents the results of the statistical analysis using cross-
validation to the best interpolation map, by pollutant and interpolation
method. The specifications are presented in Table 2. The comparison
between the two methods of spatial distribution, IDW and ordinary
kriging, shows that ordinary kriging is the best method to simulate the
C.H, but the differences to the IDW method are small. In the case of
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the NO, concentrations the IDW gives better results. This might be the
case because of the different patterns of field concentrations for the
study pollutants (different emission and reactivity pattern) and/ or due
to the lack of one of the C.H, control points (which was lost due to
vandalism).

CeH; NO,
[DW Ordinary kriging IDW | Ordinary kriging
ME -0.0241 -0.0001 0.0164 6.8310
MAE 0.22 020 0.09 274
RMSE 0.30 0.29 0n 369
NRMSE 0.24 0.23 0.002 0.078
All values ~0.00 0.09 0.99 0.7
R? Excludingthe bestandthe |  0.55 0.32 099 078
WOrse case
Uncertanty ~4.36% 4.00% 0.22% 6.85%

Table 1: Results of statistical analysis using cross-validation.

C,H, NO,

IDW Ordinary IDW Ordinary

kriging kriging

£ IDW Output
g Power 3 - 1
& Search radius Variable - Variable
Urdir]ary Method - Spherical - Gaussian

. igig Lagsize : 500 : 500
'% Major range - 1000 - 1000
g Partial til : 15 : 15
. Nugget . 30 . 30

Radius number of points 6 12 16 12

Table 2: Selected specifications by pollutant and method.



Figure 4 and 5 show the two best maps resulting from different
simulations for C .H, and NO, respectively using the IDW method and
ordinary kriging for the winter measuring period. Figure 6 and 7 show
the same results for the summer measuring period.

Although for all measuring periods the C.H, maps record always
low concentrations, the NO, map shows some areas with some critical
points (hotspots). This is the case of sample 5 and 6 during the winter
season (Figure 5) and sample 2 and 6 during the summer season
(Figure 7) where the concentration values are high and are the main
concern of the area. Due to this situation the IDW method can pick up
these fluctuations better than the ordinary kriging method. Although
the whole area is characterized by the presence of roads and car parks,
this critical point (sample 4) was located in an area surrounded by
vegetation and a sports park with low direct emission of pollutants.
Due to the one measuring point that was destroyed by vandalism the
C.,H, concentrations for this point were lost, but the records of NO,
concentrations confirm that this is an area with less pollution. This fact
can be decisive to show, in future measuring campaigns, that the IDW
method may be the best interpolated method for the Asprela area.
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Figure 4: Average C .H, concentrations (ug.m-® in the Asprela area from 19/11-
16/12/2009 using different interpolation methods: i) IDW, ii) Ordinary kriging.
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Figure 5: Average NO, concentrations (ug.m?) in the Asprela area from 19/11-
16/12/2009 using different interpolation methods: i) IDW, ii) Ordinary kriging.
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Figure 6: Average C H, of air concentrations (ug.m?) in the Asprela area from 28/06-
21/04/2010 using different interpolation methods: i) IDW, ii) Ordinary kriging.
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Figure 7: Average NO, of air concentrations (ug.m*?) in the Asprela area from 28/06-
21/07/2010 using different interpolation methods: i) IDW, ii) Ordinary kriging.

Once the best map for each pollutant had been validated and
selected, the spatial analysis of the results took place as summarised in
the next chapter.

4. DATA ANALYSIS

At a height of 3 m, the observed average concentrations of C .H, are
1.25+0.23 ug.m*and 47.22 +4.18 ug.m* of NO, in the winter period and
1.08 + 0.06 ug.m* of C .H, and 44.98 + 3.66 ug.m™ of NO, in the summer
period. For the two pollutants the minimum values were recorded
close to the “Estrada da Circunvalacido” and the maximum values were
recorded in the south close to the A3/ A4 motorway where the volume
of traffic increases and traffic speed decreases causing an emissions
increase. In the winter period the background average concentrations
(observations in the top of the buildings) are 1.02 + 0.11 ug.m= of C H,
and 34.86 * 1.45 ug.m™ of NO,, 18.4% and 26.2% lower than the average
values recorded at 3 m respectively. Otherwise, in the summer period
the background average concentrations (observations in the top of
the buildings) are 1.07 + 0.10 pg.m* of C.H, and 41.70 + 2.02 pg.m"
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* of NO,, 0.6% and 7.3% lower than the average values recorded at 3
m respectively, which may show a stronger atmospheric stratification
situation during the winter measuring period when compared with the
measuring period in summer.

The uncertainty of the estimates for both pollutants in winter is
below the limits defined in Directive 2008/50/EC, 100% for C H, and
75% for NO, (Table 1). Thus, these maps are representative for the
study area and are a good indicative tool to evaluate the results from
the legal point of view. The comparison of C H, results with the human
health protection value of 5 pg.m= defined by the Directive 2008/50/
EC shows that, during the study periods, at all monitoring points, the
C,H, concentrations are lower than this limit value. Even considering
the 23.0% of uncertainty of the C H, measurement method (PASSAM,
2010) the measured concentrations never exceed the average annual
limit value for human health protection. On the other hand, the average
NO2 concentrations are in the whole study area higher than the
average annual limit value for human health protection defined by the
Directive 2008/50/EC (40 ug.m?3). However, considering the 18.7% of
uncertainty of measurement method (PASSAM, 2010) for NO,, 25% of
these control points may not exceed the mentioned limit value.

5. CONCLUSIONS

The methods of spatial analysis used in this study do not render
possible the definition of an optimal interpolation method for the
winter and summer measuring period in the Asprela area. However, the
analysis indicates that, in general, the IDW method should be the best
method to be used for the study area. In order to confirm this, other
tests have to be done for other periods and pollutants. Furthermore,
other methods such as ordinary cokriging or multiple linear regression,
using auxiliary variables to adjust the spatial interpolation, could be
tested in order to minimize errors.

The results for both measuring periods show that, when compared
with the Directive 2008/50/EC average annual limit values for the
human health protection, the C_H, concentrations are very low (lower
during the summer when compared with the winter values), while the
NO, concentrations present some values above that limit, in particular
during the winter period. Even considering the uncertainties of the
measurement methods, the C H, recorded concentrations are never
above the annual average limit value for human health protection.
Nevertheless, the NO, recorded concentrations are above the annual



average limit value for human health protection at most of the control
points of the analysed area during both measuring periods.
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