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Abstract. In this work, we propose characterizing the evolution of the NO2 levels in Portugal, by
using geostatistical approaches that deal with both the space and time coordinates and by establishing
different factors affecting the concentrations detected. We also discuss appropriate tools for modelling
the presence of a trend or a seasonal effect, together with specific approaches for estimation of the
space-time variability. The correlation structure of the NO2 levels can be approximated, enabling to
make use of the kriging techniques for prediction, without requiring data from a dense monitoring
network. Proceeding in this way, the spatio-temporal patterns of the NO2 data can be derived, as
well as the corresponding deviation errors. Among the potentialities of the information provided,
compliance with the regulations about the NO2 concentrations can be checked.
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1 Introduction

The NO2 is considered a primary pollutant, regarded for the estimation of the air quality index, whose
excessive presence may cause significant environmental and health problems. The EU legislation re-
garding environmental pollution was recently revised to incorporate the latest scientific and technical
developments, yielding the publication of the Directive 2008/50/EC on ambient air quality and cleaner
air for Europe. The EU First Daughter Directive (99/30/EC) sets an annual mean limit of 40 µg/m3,
together with an hourly limit of 200 µg/m3 that must not be exceeded on more than 18 occasions a year
[4].

The current research is focused on providing a procedure to characterize the spatial and temporal
evolution of the NO2 concentration levels through the use of geostatistical approaches. In particular, our
proposal is applied to data collected in Portugal from 2004 to 2012 in 88 monitoring sites (see Figure 1).
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Figure 1: Location and type of site of the stations in the area studied (Portugal).

At the same time, we aim to deal with the main environmental risks associated to the presence of
NO2, which are signalled for each of the monitored locations. The values observed show dependence on
the type of site (background, industrial and traffic) and the environment of the zone (urban, suburban and
rural) where each station is placed.

For the aforementioned purposes, we first model the trend of the NO2 data. Then, geostatistical ap-
proaches are applied to the resulting residuals with the aim of characterizing the space-time variability
and deriving the predicted values through the kriging tools. The former issue asks for the approximation
of spatio-temporal variograms, which are addressed by using various valid models, for both the detrended
and deseasonalised data obtained for the period 2004-2012. The results achieved for the different vari-
ogram models have been compared through a cross-validation approach, showing that the estimation of
the seasonality into the space-time variogram through a sum-metric model presents better values than
those derived for the other alternatives, based on the incorporation of the seasonal effect into the trend
estimation and/or on the use of different parametric variograms. The subsequent application of the krig-
ing approach enables the reconstruction of the space-time pattern followed by the NO2 concentrations as
well as the associated prediction error.

2 Methodology

Consider a random function
{

Z(s, t) : (s, t) ∈ Rd×R
}

, indexed in space by s ∈ Rd and in time by t ∈ R
[3]. Typically, the goal of the space-time analysis is to obtain a prediction of Z(·) at an unsampled point
(s0, t0), namely, Z(s0, t0), which requires the specification of the space-time dependence structure. How-
ever, sometimes, knowledge of the space-time dependence of Z itself is the aim of a study. For instance,
quantified space-time statistical dependencies may be instructive for the comparison or interpretation
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of the magnitude of variation in the spatial and/or temporal components. In addition, the information
provided by the spatio-temporal correlation can be essential to optimize the monitoring design itself [2].

Some random processes can be considered non-stationary in the mean, thus requiring a preliminary
characterization of the trend function involved. That is the case of the random variable here studied,
the NO2 concentrations, for which an exploratory analysis shows that is a continuous variable, with an
asymmetric distribution and a conditional variance that grows with its mean. So, we decide to use a
generalized linear model, whose response variable is gamma distributed, to estimate the expectation of
the response.

Denote the residuals by ε(s, t) = Z(s, t)− µ(s, t). We assume that the residuals are normally dis-
tributed with zero mean. With regard to the dependence structure of the residuals, it can be characterized
in terms of the the variogram γ, as γst(hs,ht) = 1

2Var [ε(s+hs, t +ht)− ε(s, t)], where hs,ht takes values
in Rd×R.

The theoretical variogram γst satisfies the conditionally negative definiteness condition, namely

n

∑
i=1

n

∑
j=1

aia jγst (si− s j, ti− t j)≤ 0, ∀n ∈ N, and for i = 1, · · · ,n,(si, ti) ∈ Rd×R, ai ∈ R

with
n
∑

i=1
ai = 0. This property must also be required from the variogram estimator in order to be valid for

its application to prediction through the kriging tools. An example of a valid model is the sum-metric
model:

γst(hs,ht) = γs(hs)+ γt(ht)+ γ(|hs|+α|ht |)

where α ∈ R and γs and γt are the corresponding variogram functions in space and time.

As the NO2 data reveals a cyclical or periodic component, this issue can be dealt with by using a
mean function model such as:

η(s, t) = α+β1X1(s, t)+β2X2(s, t)+ · · ·+βkXk(s, t)+βk+1 cos
(

2πt
f requency

)
+βk+2 sin

(
2πt

f requency

)
or by using a periodic autocorrelation function for the time component in the space-time variogram. In
this work, the latter two options for modelling the seasonality are considered as well as different space-
time variogram models.

When the trend function and the variogram of the residuals have been specified, the space-time in-
terpolation can be done in the usual way [1]. Prediction in both the spatial and the spatio-temporal
settings is addressed through the kriging approaches. In particular, a linear kriging technique is a regres-
sion procedure, which yields the best linear unbiased predictor at an unsampled point by computing a
weighted linear combination of the surrounding observations, under the basis that the prediction error is
minimized.
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