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Abstract: Atmospheric pollution is affected by different individual pollutants (IP) and climatic factors
(CF). In this work, the formulation of the Rasch model is proposed to get representative measures of
atmospheric pollution in two urban locations, Badajoz and Cáceres, and one rural site, the Monfragüe
Park (Southwest Spain). After applying the Rasch methodology, the ranking of all days was obtained
according to their atmospheric pollution level and the influence on the environmental deterioration
of each IP and CF (NO2, NO, SO2, O3, CO, benzene, PM10, precipitation, relative humidity, solar
radiation, air temperature, and barometric pressure). The most influential items on atmospheric
pollution are the O3 and the CF, mainly the lack of precipitation and those related to ozone generation
(air temperature and solar radiation). Other IP exert a lower influence at both urban locations, being
irrelevant at the Monfragüe Park. Unexpected behaviors of the CF or IP can be also analyzed.
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1. Introduction

Monitoring studies of atmospheric pollution have become more important in the recent years,
from local to planetary scale, because of the changes in human activities and their effects on climate
and public health. The progressive degradation of nature, because of pollution, has as a consequence
that people are demanding a less aggressive way of life for the environment, claiming clean industries,
ecological produces, etc. Moreover, citizens demand to their governing class different measures to
benefit the environment where they live, with the aim of favoring a better life quality.

The main air pollutants related to adverse effects are carbon monoxide (CO), nitrogen oxides (NOx,
consisting of NO and NO2), ozone (O3), sulfur dioxide (SO2), volatile organic compounds (VOCs,
including, for example, benzene and toluene), and particulate matter (usually considering PM10, i.e.,
particulates with diameters lower than 10 µm). CO and NO are generated during the incomplete
combustion of carbon-containing fuels, and NO2 during more complete combustion conditions, mainly
from traffic emissions, industrial activities and fuel-fed heating. Some VOCs are released as a result
of human activity; for example, from evaporation of liquid fuels, vehicle exhaust, and from solvents
in paints, which are known as anthropogenic sources. Moreover, significant amounts of VOCs are
also emitted from vegetation, including urban forest and landscapes, agricultural crops, and natural
communities. The VOCs emitted by plants are known as biogenic sources. Consequently, the total
VOCs volume in the atmosphere is the sum of anthropogenic and biogenic VOCs. O3 is a secondary
pollutant produced by photochemical reactions of primary pollutants, NOx and VOCs, collectively
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called ozone precursors, enhanced by favorable meteorological conditions (high temperatures and
strong solar radiation). The production and changes in the concentration of O3 are critically dependent
on the levels of precursors. The O3 cycle starts with the emissions of NOx into the atmosphere from a
variety of biogenic and anthropogenic sources. The NO is rapidly converted in the atmosphere by the
existing O3 into NO2 and O2. In the presence of sunlight, the NO2 is photo-dissociated back into NO
and atomic oxygen (O). Finally, the O recombines with O2 to form O3. There are other species in the
atmosphere that convert NO to NO2 without destroying ozone. These are primarily VOCs, also called
reactive hydrocarbons. The main atmospheric reactions of this class of compounds are complex and
involve hydroxyl radicals and organic radicals.

Particulate pollutants have various natural and anthropogenic sources, and mainly originate
from mineral dust and fuel combustion in motor vehicles. Since coal and petroleum often contain
sulfur compounds, their combustion generates SO2, which is also a precursor to particulates in the
atmosphere and acid rain. The many environmental and health effects of these air pollutants has been
described by the World Health Organization in its air quality guideline [1].

It is known that atmospheric pollution is a very complex variable, which is affected by different
chemical and physical individual pollutants. Researchers are making efforts to better analyze the
pollutants and their relationships, to identify their sources, and to characterize their temporal and spatial
patterns. The main objective of these works is to drag out useful results for the design of remediation
strategies and reduction of emissions. Different multivariate approaches have been used to study
the atmospheric pollution. One of the most popular methodology has been the principal component
analysis (PCA), which has been utilized, for instance, to establish seasonal variations, dependence
with meteorological conditions, or source apportionment studies [2–4]. However, an important
drawback of PCA is the fact that factors do not often have straightforward interpretation [3]. Other
alternative methods to PCA are the positive matrix factorization (PMF) [5], the multilinear engine
(ME) [6], and multivariate curve resolution alternating least squares (MCR-ALS) [7], which have been
utilized for the analysis of the factors contributing to atmospheric pollution, such as climatic variables
(precipitation, air temperature, relative humidity, etc.) or different individual pollutants.

Recently, the Rasch model has been proposed as a technique to obtain a measure of atmospheric
pollution considering several individual pollutants [8] and it has been also used to consolidate several
measures of ozone levels into an overall variable to simplify the interpretation of ambient ozone in a
medium-sized urban area [9]. With the formulation of the Rasch model as a measure technique [10],
more information can be obtained than using the aforementioned methods. Thus, the influence
of each individual pollutant on the environmental deterioration for a particular area, anomalies in
any data at every sample location or relationships between different factors is analyzed using a
probabilistic approach.

The Rasch model have been successfully used in many studies, proven their practical utility
in different cases related to the environment [8,9,11–13]. As far as we know, there is no previous
application of this useful methodology in this field. The present work is focused on extending and
promoting the use of the Rasch model for the investigation and evaluation of atmospheric pollution in
different locations, considering not only the main individual pollutants but also meteorological variables
which exert an important influence on the contamination of the atmosphere. Some meteorological
factors generate increased pollutants concentrations during episodes of high atmospheric stability
and low wind speeds because of restricted dispersion [14]. It has been also reported that some
pollutants exhibited a significative correlation with some climatic variables, usually positive with
temperature [15] and inverse with precipitation [16]. However, other climate factors, as relative
humidity and solar radiation, also affect some pollutant levels [2]. Moreover, stable atmospheric
conditions increase the importance of urban-derived pollutants for urban air pollution levels, because
of the low dispersion [17,18].

Although a Rasch analysis can also provide detailed evidence of anomalies (through the misfiting
analysis) with respect to the operation of any particular variable which may over or under discriminate
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relative to the summary discrimination of all variables, and anomalies with respect to the statistical
independence of the variables, this analysis is not shown. Additional information about this issue can
be obtained, for instance, in Moral et al. [9].

The objectives of this study are to: (1) Analyze the use of the Rasch model as a measurement tool
to estimate with a rational basis a representative value of the atmospheric pollution in urban and rural
sites; (2) utilize the Rasch methodology to find out how each individual pollutant and meteorological
variable has an influence on the atmospheric pollution level; and (3) compare the pollution patterns in
each location.

2. Materials and Methods

2.1. Study Sites

With the aim of analyzing different sites, the research was conducted in two urban and one rural
locations in the Autonomous Community of Extremadura, in southwestern Spain (Figure 1). The urban
sites are the two most populous cities of this region: Badajoz (around 150,000 inhabitants) and Cáceres
(around 95,000 inhabitants). The rural site is the Monfragüe National Park. Extremadura (latitude
between 37◦57′ and 40◦29′ N, longitude between 4◦39′ and 7◦33′ W) is one of the largest regions
in Europe, with a surface area of approximately 41,600 km2. Extremadura shows a great contrast,
with wide agricultural and forest areas, and is considered to be one of the most important ecological
enclaves in Europe. The main source of primary pollutants is the vehicle traffic because industry is not
important in the region. Some small industrial activities can also contribute to air pollution.
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Figure 1. Location map of Badajoz, Cáceres and the Monfragüe National Park, with reference to the 
Autonomous Community of Extremadura and Spain. 

The climate of Extremadura is characterized by a variation in both temperature and 
precipitation, typical of a Mediterranean climate. However, this feature is modified by the interior 
location of the region and by oceanic influences that penetrate the peninsula because of its proximity 
to the Atlantic. Mean annual precipitation reaches less than 600 mm in the majority of the areas of the 
region, even less than 400 mm in the center of the Guadiana valley, but it can reach much more than 
1000 mm in the northern (Gredos) and eastern (Guadalupe) mountainous areas. One of the most 
important characteristic of the precipitation is its intra-annual variability. There is a dry season, from 
June to September, and a wet season, from October to May (80% of the precipitation falls between 
these months). Extremadura is a semiarid region, where the water balance is negative. 

Figure 1. Location map of Badajoz, Cáceres and the Monfragüe National Park, with reference to the
Autonomous Community of Extremadura and Spain.

The climate of Extremadura is characterized by a variation in both temperature and precipitation,
typical of a Mediterranean climate. However, this feature is modified by the interior location of the
region and by oceanic influences that penetrate the peninsula because of its proximity to the Atlantic.
Mean annual precipitation reaches less than 600 mm in the majority of the areas of the region, even
less than 400 mm in the center of the Guadiana valley, but it can reach much more than 1000 mm
in the northern (Gredos) and eastern (Guadalupe) mountainous areas. One of the most important
characteristic of the precipitation is its intra-annual variability. There is a dry season, from June to
September, and a wet season, from October to May (80% of the precipitation falls between these
months). Extremadura is a semiarid region, where the water balance is negative.



Appl. Sci. 2019, 9, 4009 4 of 13

2.2. Data Collection and Treatment

Extremadura has six atmospheric pollution monitoring stations (five in medium and small-sized
urban sites and one in a rural location), operated by the Department of Environment of the Extremadura
Government, which are continuously measuring some air pollutants and meteorological variables
(http://xtr.gobex.es/repica/index.html), providing measurements every minute. The procedures are
established by Spanish legislation (Real Decreto 1073/2002). Pollutants measurements were saved in
hourly period and data were collected from 1 January to 31 December 2016. Eight pollutants (NOx, NO,
NO2, O3, SO2, PM10, CO, and benzene) and five climatic variables (precipitation, relative humidity,
solar radiation, mean air temperature, and barometric pressure) were considered. Their mean daily
value was computed and they were incorporated in a database. In consequence, the final data set is a
matrix with 13 columns and 365 rows.

Next, it was necessary to obtain a measurement of the atmospheric pollution using different
individual pollutants and climatic factors, with different units. This important problem may be solved
with the application of a measured technique based on the Rasch model [19], using the WINSTEPS
v. 3.69 computer program [20]. To do that, first, a transformation of the pollutants and the climatic
factor measures to common categories was performed and data were incorporated in the cells of the
matrix. Five categories or levels were established; in consequence, measures were categorically coded
according to a plan where each pollutant and climatic variable was rated on a scale (1–5) for each
day. The minimum and maximum values of the scale were assigned to the maximum and minimum
values of each pollutant and climatic factor and other intermediate values for all different days were
obtained through interpolation Thus, a measure assigned to level 1 indicates the lowest contribution
to atmospheric pollution and, on the contrary, a measure assigned to level 5 indicates the highest
contribution to atmospheric pollution. With 13 pollutants and climatic factors taken into account,
the highest possible raw score for the days in 2016 is 65 (the most potentially polluted) and the lowest
possible score is 13 (the least potentially polluted). Considering all days, the highest possible raw
score for pollutants and climatic factors is 1825 (the most influential on atmospheric pollution) and the
lowest possible score is 365 (the least influential on atmospheric pollution).

With respect to the data distribution, the Rasch model has certain distinctive and interrelated
features [10]: it is concerned principally with the measurement of individuals (considered days in this
study), rather than with distributions among populations, and it is concerned with establishing a basis
for meeting a priori requirements for measurement and, consequently, do not invoke any assumptions
about the distribution of levels of a trait in a population.

The main outputs of the program are explained in this work; the empirical hierarchy of the
pollutants and climatic factors, which is illustrated using variable maps and related to all days, with
each reported in logits, the statistics to show how well the data fit the model, and, moreover, the way
to study the unexpected values.

2.3. The Rasch Model

The Rasch probabilistic model is well known for its efficiency and precision of transforming
categorical item responses to objective scale measures. Moreover, it also has an interesting capacity
to consolidate data that is already reported sometimes in several scale metrics. This model can
synthesize and consolidate seemly disparate data into a uniform analytical framework. In this case
study, the purpose of this procedure is to transcend several heterogeneous measures and consolidate
them into an overall variable that simplifies interpretation of air pollution exposure.

The data are arranged in matrix form, where the rows are the days, in 2016, and the columns the
pollutants and climatic factors, and each cell reflects the category. In consequence, one possible way of
obtaining a ranking is summing the categories by rows or by columns, i.e., to sum the categories of all
pollutants and climatic factors for each day, and of all the days for each pollutant and climatic factor.
However, these sums establish separate rankings for the days and the pollutants and climatic factors,
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and the procedure does not discriminate between ranking days in terms of pollutants and climatic
factors and, conversely, these in terms of days.

The Rasch model uses the traditional sum of the item ratings as a starting point for estimating
response probabilities. This model is based on the simple idea that some items, in this case study
pollutants and climatic factors, are more important to subjects, in this case days, than other items.
The Rasch model constructs a line of measurement with the items placed hierarchically on this line
according to their importance to subjects and the validity of a given test is assessed through examination
of this item ordering, evaluating whether all items work together to measure a single overall variable.

In order to determine how well each item contributes to the atmospheric pollution measurement,
chi-square fit statistics, known as infit and outfit mean-square (Infit and Outfit MNSQ), ratios of
observed residual variance to expected residual variance, where expectations are 1, should be computed.
Infit is an information-weighted or inlier-sensitive fit statistic that focuses on the overall performance
of an item or subject, and outfit is an outlier-sensitive fit statistic that picks up rare events that have
occurred in an unexpected way. Usually, items that fall between the infit and outfit limits of 0.6 and 1.5
are accepted and those with values beyond these thresholds are removed [19,20].

Some previous works [8,11] can be revised to obtain more information about the mathematical
formulation of the Rasch model. The different contribution of the eight pollutants and five climatic
variables, previously indicated, to determine a measure of atmospheric pollution at each location was
achieved through the stages shown in Figure 2.
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3. Results and Discussions

3.1. Data Response to the Model at Each Site

After processing the matrix of categorical values by the WINSTEPS program, the first information
to be considered is if the data fit the model reasonably by analyzing the infit and outfit statistics.
Consequently, according to the infit and outfit MNSQ values contained in Table 1 (between 1.09
and 1.23), there is a clear evidence about the agreement between the data and the model. Moreover,
the mean standardized (ZSTD) infit and outfit, which are the sum of squares standardized residuals
given as a Z-statistics [21], are expected to be 0; in this case study, they both are near zero for samples
(days) at the three locations (Table 2). However, when items are considered, better results are obtained
for Monfragüe, with values near zero, than for Badajoz or Cáceres (Table 1), denoting that the data
fit the model better in the rural site than in the urban locations, despite in all cases the overall fit is
acceptable. The same is apparent when the standard deviation of the infit MNSQ is analyzed for days.
This is also an index of the overall misfit and a value below 2 is considered acceptable [22]. There
are no important misfits in this case study because their values are 0.63, 0.74, and 0.81 (Table 2), also
indicating an acceptable overall fit of the data.
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Table 1. Overall model fit information; summary of all 13 individual pollutants and climatic variables
(items) for the three locations: sum of points of the common scale (total score), days or items taken into
account (count), logit position of the days and items along the straight line that represents the latent
variable, atmospheric pollution (measure), and standard error of measurement (model error). Infit and
outfit MNSQ are mean-square fit statistics to verify if items fit the model; infit and outfit ZSTD are
standardized fit statistics to verify if items fit the model.

Total Score Count Measure Model Error
Infit Outfit

MNSQ ZSTD MNSQ ZSTD

Badajoz

Mean 788.4 332 0.00 0.10 1.23 −1.4 1.09 −1.4
Standard Deviation 336.1 0 1.70 0.10 0.78 5.6 0.62 5.1

Maximum 1633.0 332 3.88 0.41 2.93 9.9 2.84 9.9
Minimum 338.0 332 −3.88 0.05 0.47 −9.9 0.49 −9.3

Cáceres

Mean 699.1 304 0.00 0.08 1.23 −1.1 1.20 −0.9
Standard Deviation 305.3 0 1.36 0.05 0.79 5.3 0.87 4.7

Maximum 1488.0 304 2.57 0.22 3.15 9.9 3.79 9.9
Minimum 325.0 304 −3.27 0.05 0.46 −8.7 0.50 −7.9

Monfragüe

Mean 772.8 333 0.00 0.10 1.16 −0.2 1.09 −0.3
Standard Deviation 380.8 0 1.81 0.06 0.48 5.4 0.48 5.2

Maximum 1619.0 333 2.65 0.22 1.91 9.9 1.98 9.9
Minimum 355.0 333 −3.72 0.05 0.53 −8.6 0.54 −8.0

Table 2. Overall model fit information; summary of all 365 days in 2016 for the three locations: sum
of points of the common scale (total score), days or items taken into account (count), logit position of
the days, and items along the straight line that represents the latent variable, atmospheric pollution
(measure), and standard error of measurement (model error). Infit and outfit MNSQ are mean-square
fit statistics to verify if items fit the model; infit and outfit ZSTD are standardized fit statistics to verify
if items fit the model.

Total Score Count Measure Model Error
Infit Outfit

MNSQ ZSTD MNSQ ZSTD

Badajoz

Mean 30.9 13 −0.75 0.31 1.01 −0.1 1.03 0.1
Standard Deviation 5.7 0 0.53 0.05 0.63 1.1 1.29 0.9

Maximum 44.0 13 0.32 0.68 6.40 4.7 9.90 7.8
Minimum 17.0 13 −3.18 0.27 0.26 −2.4 0.23 −1.1

Cáceres

Mean 29.9 13 −0.68 0.30 1.01 −0.2 1.16 0.1
Standard Deviation 5.1 0 0.50 0.06 0.74 1.3 1.40 1.3

Maximum 42.0 13 0.24 0.59 5.51 5.0 9.90 7.5
Minimum 17.0 13 −2.81 0.26 0.15 −2.8 0.18 −1.6

Monfragüe

Mean 30.2 13 −1.04 0.34 1.01 −0.2 1.07 0.0
Standard Deviation 5.1 0 0.59 0.04 0.81 1.4 1.33 1.2

Maximum 41.0 13 0.14 0.56 7.04 5.6 9.90 6.7
Minimum 18.0 13 −3.02 0.31 0.12 −3.2 0.13 −2.0

The next step is to analyze the internal consistency of data, in the sense that expected results with
the Rasch model will be accurate if measures of the items are properly performed, without significant
errors. Thus, there is a reliability statistics, which is expected to be close to 1. Acceptable values would
be over 0.7 [23]. In this study, reliability of days was 0.66 for Badajoz and Monfragüe, and 0.61 for
Cáceres; for pollutants and climatic factors, they were 0.99 for all locations. In spite of computing
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statistics lower than the suggested limit for days, they are very close to the recommended values;
moreover, the fact that item reliabilities are very high is indicative of the adequate consistency of data,
and probably measures do not have significant errors.

It is also necessary to verify how the assignment scale has been utilized [20]. There is no
general rule to initially define the correct number of categories. Following the experience in previous
works [12,13], five categories were chosen. After analyzing some parameters, it was clear that this
number was appropriate for the three locations. Thus, according to Table 3, the “observed average”
and the “structure calibration” increase by category value, all infit and outfit MNSQ values are between
0.6 and 1.5, and the “observed average” values are very close to the “sample expected” ones, as it is
recommended [22].

Table 3. Response scale use: number of times the category was selected considering all days and items,
pollutants and climatic factors (observed count), mean value of logit positions modelled in the category
(observed average), optimum values of the average logit positions for the data (sample expected),
and logit calibrated difficulty of the step representing the transition points between one category and
the next (structure calibration). Infit and outfit MNSQ are mean-square fit statistics to verify if items fit
the model.

Category Observed
Count (%)

Observed
Average

Sample
Expected

Infit
MNSQ

Outfit
MNSQ

Structure
Calibration

Badajoz

1 41 −1.97 −2.00 1.11 1.06 None
2 20 −0.82 −0.73 0.74 0.93 −0.47
3 14 −0.30 0.28 1.04 1.14 −0.16
4 10 0.20 0.16 0.71 0.63 0.25
5 15 1.68 1.66 1.08 1.76 0.39

Cáceres

1 43 −1.66 −1.64 0.96 0.98 None
2 22 −0.66 −0.71 0.80 0.65 −0.47
3 12 −0.25 −0.26 0.95 1.29 0.16
4 8 0.09 0.15 0.86 0.88 0.39
5 15 1.30 1.30 1.11 2.19 0.48

Monfragüe

1 45 −2.52 −2.53 1.01 1.03 None
2 19 −0.88 −0.89 1.00 0.97 −0.83
3 11 −0.23 −0.09 0.99 1.14 0.10
4 9 0.45 0.45 0.73 0.94 0.31
5 16 1.52 1.48 1.01 1.46 0.41

3.2. Analysis of the Rasch Measure: Atmospheric Pollution

One of the main outputs of the Rasch model is the denominated variable map. In this particular case,
all pollutants and climatic variables and days are displayed in the same scale (Figure 3). In consequence,
the relative distribution of the days is provided in the upper half of the continuum, according to the
associated atmospheric pollution, which has been achieved by means of the 13 pollutants and climatic
variables taken into account, and, similarly, these items are provided in the lower half of the diagram,
classified according to the influence on atmospheric pollution.

The item that obtained the highest measure in all three studied locations, and is to the right in
the continuum (Figure 3), is the CO (their measures were 3.88, 2.57, and 2.65, in Badajoz, Cáceres
and Monfragüe, respectively; see Table 4). This means it is the less common item, i.e., its influence
on atmospheric pollution is the lowest. The same is apparent in Table 4 because its raw score is
consequently the lowest. At the other extreme, the lack of precipitation (it is represented as rainfall in
Figure 3, Tables 4 and 5) is situated (their measures were −3.88, −3.27, and −3.72, in Badajoz, Cáceres
and Monfragüe, respectively; see Table 4), with the highest score, being the more common item because
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this climatic variable affects all days, i.e., it is the most influential item on the atmospheric pollution in
all locations.

After analyzing the variable maps (Figure 3) and the distribution of all items, important differences
are apparent between the urban sites and the rural one. As it could be expected, because it is a
National Park, Monfragüe is not affected by many individual pollutants. Only ozone has an important
impact at this location, and SO2 has a minor influence (probably generated from processes of organic
decomposition, although the concentrations were always very low). With respect to the climatic
variables, besides the lack of precipitation (which is the most influential factor on atmospheric pollution
as it was previously indicated), the other four factors are important during many days, and they are
close to tropospheric ozone, indicating their influence on this pollutant.Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 14 
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Figure 3. Variable maps for the three locations. The straight line represents the latent variable:
atmospheric pollution. Days in 2016 (each black point is 4 days and each grey point is 1 to 3 days)
are represented above the line according to their atmospheric pollution measure: to the right those
when higher atmospheric pollution level occurred; to the left those when lower atmospheric pollution
level occurred. Individual pollutants and climatic factors are below the line: to the right those with
lower influence on atmospheric pollution (rare); to the left those with higher influence on atmospheric
pollution (frequent). Rainfall represents the lack of precipitation, RH is the relative humidity, SR is the
solar radiation, TMP is the mean air temperature, PRB is the barometric pressure, and BENZ is benzene.
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Table 4. Influence of each pollutant and climatic factor on the atmospheric pollution. Total score is
the sum of the points of the common scale for each item considering all days in 2016; measure is the
atmospheric pollution level.

Item
Badajoz Cáceres Monfragüe

Total Score Measure Total Score Measure Total Score Measure

CO 338 3.88 325 2.57 355 2.65
NO 372 2.03 345 1.91 390 1.68
NOx 476 0.85 479 0.53 520 0.43

Benzene 577 0.36 418 0.92 363 2.34
PM10 585 0.33 623 −0.02 534 0.36
NO2 674 0.04 568 0.15 359 2.48
SO2 745 −0.16 654 −0.11 697 −0.29

Barometric pressure 863 −0.45 604 0.03 1042 −1.18
Temperature 964 −0.68 839 −0.56 979 −1.03

O3 991 −0.74 941 −0.78 1154 −1.45
Relative humidity 1010 −0.78 867 −0.62 989 −1.06

Solar radiation 1021 −0.81 937 −0.77 1046 −1.19
Rainfall 1633 −3.88 1488 −3.27 1619 −3.72

Table 5. Guttman scalograms for all individual pollutants and climatic factors (13) and days in 2016
considered. Only some days, those with higher and lower atmospheric pollution level, are shown for
each location.

Day Rainfall Solar
Radiation

Relative
Humidity O3 Temperature Barometric

Pressure SO2 NO2 PM10 Benzene NOx NO CO

Badajoz

159 5 5 5 5 5 1 3 3 4 4 2 1 1
206 5 5 5 5 5 5 2 4 4 1 1 1 1
237 5 5 4 5 5 5 2 5 3 1 2 1 1
... ... ... ... ... ... ... ... ... ... ... ... ... ...
18 5 1 1 1 1 1 2 1 1 2 1 1 1
132 1 2 1 2 3 1 1 1 1 1 1 1 1

Cáceres

25 5 3 2 3 1 5 3 1 5 4 3 3 4
200 5 5 5 5 5 3 4 1 3 2 1 1 1
231 5 3 3 4 3 2 5 5 4 3 2 1 1

... ... ... ... ... ... ... ... ... ... ... ... ...
68 3 2 1 1 2 2 1 1 1 1 1 1 1
73 3 2 1 1 2 1 1 1 1 1 1 1 1

Monfragüe

206 5 5 4 5 5 5 3 2 2 1 1 2 1
207 5 4 4 5 5 5 3 3 2 1 1 2 1
261 5 4 3 5 4 3 3 3 4 4 1 1 1
... ... ... ... ... ... ... ... ... ... ... ... ... ...
38 3 3 1 1 1 1 1 1 2 1 1 1 1
42 1 3 1 2 1 2 2 1 1 1 1 1 1

In both urban locations, ozone is the most influential pollutant on the environmental deterioration.
Similarly to Monfragüe, the climatic variables which influence ozone generation are around it, denoting
their relationship. However, some others individual pollutants exert a limited influence on urban
atmospheric pollution, as SO2, PM10, and NO2, mainly produced from motor vehicles and other fuel
combustion processes.

In general, it was apparent that the considered climatic factors (except precipitation) are aggregated,
close to tropospheric ozone, and the individual pollutants are distributed along the line. However,
some of them, located to the right in the continuum, have very low score, denoting their low influence
on the atmospheric pollution. In consequence, a ranking of all the considered items have been obtained
as an output of the Rasch model. According to the order established after processing all data, CO is
the pollutant with higher measure, followed by NO, NOx, and benzene in the urban sites, and NO2,
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benzene, NO, NOx, and PM10 in the rural location, but their influence on atmospheric pollution is
lower than the other pollutants and climatic factors.

Another ranking of all days according to their Rasch measure can be obtained. Figure 3 displays a
continuous distribution of days, with most of them aggregated. However, some days, located to the
left in the continuum, have very low score, suggesting their low atmospheric pollution. Conversely,
the days located to the right in the continuum are those in which high atmospheric pollution occurred.

It is important to denote that the pollutants levels at the three locations were usually very low and
consequently, the atmospheric pollution level was also very low. This fact is reflected in the variable
maps: the mean Rasch measure for days is lower than the mean Rasch measure for pollutants and
climatic factors (Figure 3). The separation between both Rasch measures is greater at the rural site,
Monfragüe, than at the urban locations, and, in turn, the separation was greater at Badajoz than at
Cáceres (see Tables 1 and 2). That means Caceres is the location where there were more days in which
the probability to find high atmospheric pollution was more important, followed by Badajoz (despite
this city has more population and, consequently, the number of motor vehicles is considerably higher),
and as it could be expected, Monfragüe has very low probability to find high atmospheric pollution.

Figure 4 shows the mean atmospheric pollution level, the Rasch measure, for each month
during 2016. Higher values are evident for both urban locations and, in turn, the Rasch measure
was considerably higher in Cáceres during many months, basically in spring and summer, when
atmospheric pollution was more important because of the increasing contribution of the ground-level
ozone. During summer, atmospheric pollution levels in the three sites were more similar, coinciding
with maximum solar radiation, mean air temperature, and, in consequence, higher contribution of
the tropospheric ozone. In contrast, in winter, when the ozone levels are lower, other individual
pollutants generated in urban areas, as NO2, PM10, or benzene, acquire a highest relative level, because
of the increased emissions from heatings or heavier traffic in cities compared to the vacation period,
as it has been also observed in other locations [24]; in consequence, atmospheric pollution levels are
considerably higher in the urban sites than in the rural one.
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and the one rural (Monfragüe) locations, in 2016.

As it was previously mentioned, ozone is the only individual pollutant which exerts an important
influence during a large number of days in Monfragüe, and, additionally, this number of days is greater
than in Badajoz or Cáceres (Figure 3). The existence of higher ozone concentrations in rural areas, with
low anthropogenic activities, than in urban areas has been also reported in other regions [25]. One of
the main reasons of this fact is the impossibility to generate the titration effect of NO emissions because
this ozone precursor is not as important in rural areas as it is in urban ones [24]. Moreover, although
most emissions of ambient air pollutants are from local or regional sources, under certain atmospheric
conditions ozone precursors can travel long distances. Thus, in this case, Madrid, the most important
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city in Spain, is located around 250 km to the east of Monfragüe, and, in its surroundings there is one
of the most important industrial areas of Spain. Emissions of NOx into the atmosphere from a variety of
anthropogenic sources, mainly traffic and industrial activities, from the area around Madrid can reach the
Monfragüe Park in some days. In consequence, many of the ozone episodes in this area occur with a wind
flow from the southwesterly direction coming from a region with strong emissions of NOx as Madrid.

Another useful output from the Rasch model is the Guttman scalogram [26]. It is a complementary
tool to display all days according to their level of atmospheric pollution. As it can be seen in Table 5, days
are sorted in a descending order, by their level of atmospheric pollution. Simultaneously, the Guttman
scalogram shows all individual pollutants and climatic factors arranged in the order indicated in the first
row (Table 5), enabling to show their influence on the latent variable during each day.

The Guttman scalogram has the advantage that a single variable is considered to analyze the
individual behavior of each day. In the same way, the individual pattern of each individual pollutant
or climatic factor can be studied. Pollutants and climatic factors located to the left in Table 5 had
higher influence on atmospheric pollution than those located to the right. Thus, a hierarchical order is
obtained and the unexpected scores for some items can be easily visualized. For instance, CO, NOx,
benzene, and NO scores are usually low for the days with higher atmospheric pollution in Monfragüe
(Table 5). However, an unexpected high score for benzene on day 261 was detected. Inversely, day 38,
located in the bottom of the ranking, where scores of pollutants are very low, had an unexpected high
value for SO2.

Any other days can be analyzed in a similar way, detecting the particular item in which a low
or high value exists with respect to the pattern of the surrounding days. For example, in Monfragüe,
day 206 (19 August), which is placed at the top of the scalogram (Table 5), had the highest scores for some
items (precipitation, ozone, relative humidity, solar radiation, mean air temperature, and barometric
pressure); it was the day when the highest atmospheric pollution occurred. If it is compared with
days 207 (20 August) and 261 (19 October), which also had the maximum total score but are the
second and third in the ranking, it is observed that they all had the maximum score for two items,
precipitation and barometric pressure, but for the other items the scores were different. Days 207 and
261 had a lower score in ozone and solar radiation, two of the main items which affect atmospheric
pollution in Monfragüe; consequently, they are after day 206. Those days at the top in Table 4 had high
atmospheric pollution (higher Rasch measure). In contrast, those days at the bottom had low scores for
all items; they were the days with the lowest atmospheric pollution (lower Rasch measure). The last
in the Guttman scalogram is day 42 (19 February); in consequence, it was the day when the lowest
atmospheric pollution took place.

In Badajoz, according to the Guttman scalogram, the days when the highest atmospheric pollution
was generated had higher scores for the same items (precipitation, ozone, relative humidity, solar
radiation, mean air temperature, and barometric pressure) than the rural site (Monfragüe), but the
participation of SO2 and NO2 in the environmental deterioration was also important during some
days, usually located at the top of the scalogram, with high scores.

In the other studied urban location, Cáceres, the days with highest atmospheric pollution
correspond to the highest scores for some of the same relevant items in Badajoz (precipitation, ozone,
relative humidity, solar radiation, and mean air temperature), under the influence of barometric
pressure, SO2 and PM10 are important factors for the atmospheric pollution level during some of
the days situated at the top of the scalogram. Curiously, day 25 (25 January) was when the highest
atmospheric pollution occurred, despite the relatively low scores in some of the main items, particularly
the mean temperature and solar radiation (and, in consequence, ozone), but high scores in other
individual pollutants as NO, NOx, and CO which had usually very low scores during the year.

4. Conclusions

The successful formulation of the Rasch model to define a measure of atmospheric pollution,
integrating different measurements of individual pollutants (CO, SO2, NOx, NO2, NO, O3, PM10,
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and benzene) and climatic factors (precipitation, relative humidity, solar radiation, mean air temperature,
and barometric pressure), is the novel aspect of this work. Moreover, this probabilistic and objective
model, based on the data, can detect the influence of each pollutant or climatic variable on the
environmental deterioration and the pollution measurement for each day.

After applying the Rasch method, it was highlighted how climatic variables are the main items
affecting the atmospheric pollution in the three study locations, with the lack of precipitation being the
most important factor. Most of the considered individual pollutants do not influence significantly the
atmospheric pollution, which is probably due to the low levels measured in the locations. Only ozone
is important in all sites and, particularly, in the rural one, despite it is a National Park. In consequence,
measures to reduce air pollution in both cities, Badajoz and Cáceres, should be addressed to reduce the
emissions of ozone precursors from traffic, restricting the use of vehicles with internal combustion
engines and promoting the use of less polluting vehicles such as those with electric motors. In the
Monfragüe Park, the transport of ozone precursors from other areas made it difficult to propose local
measures to reduce the episodes of air pollution.

An additional output of the Rasch model is the Guttman scalogram, which constitutes a useful
tool to detect unexpected values of any pollutant or climatic factor during each day, or, inversely,
the individual pattern of each pollutant or climatic factor during all considered days. Usually these
unexpected values are due to local transitory circumstances, such as episodes of intense rainfall or,
in contrast, the occurrence of days with Saharan dust intrusion that occurs in summer, increasing the
level of particulate matter.

The use of the Rasch model as a measurement tool constitutes a logical and objective way to
define a coherent variable (atmospheric pollution level as the Rasch measure) and it is a powerful
tool to better know the interrelationships between all different variables or factors which can affect
complex processes as the dynamics of environmental contamination. Since georeferenced information
was used, it can be implemented in a geographical information system (GIS) to generate different types
of maps. In the future, the combination of the Rasch model and GIS capabilities can be a powerful tool
to develop an appropriate environmental and managing policy.
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