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Abstract

The air quality monitoring points set up at the existing 10 tunnels (a total of 20 tunnel entrances) on Formosa Freeway in Northern Tai-
wan were used in Lhis study to investigate the correlation among various types of air pollutants measured at these 20 tunnel entrances via
a multivariate statistical analysis. This study aimed to determine the main factors that affect the extent of air pollution along the Formosa
Freeway and its vicinity, and explored the interrelationships among various air pollutants to reflect the differences among the air pollu-
tants found along the Formosa Freeway in Northern Taiwan, as well as to establish an evaluation mode for types and charactevistics of air
pollutants after their quantification. Two main factors were obtained from the factor analysis: the “photochemical reaction pollution fac-
tor” and the *vehicle fuel factor.” Cluster analysis is used to classify air quality in Formosa Freeway in Northermn Taiwan into five clus-
ters to present different characteristics and pollution degrees of air quality in this study. The more that the air pollutants and samples are
used when performing a factor analysis, the more effective the validity and reliability of the factor analysis! This research results can
seive as a reference for those involved in the review of air quality management effectiveness and/or the enactiment of management con-
trol strategies. In addition, it is also a good method to use in an air quality management program and it is expected that the results can
serve as a reference for the management to prevent and control air pollution in the future.

Keywords: Formosa Freeway. Multivariate Statistical Analysis; Reliability and Validity; Tunnel.

Based on the reasons mentioned above, the air quality monitoring
points set up at the existing 10 tunnels (20 tunnel entrances) on
Formosa Frceway in Northern Taiwan were uscd in this study to

1. Introduction

With the economic growth in Taiwan and the completion of vari-
ous major construction projects, environmental protection and
economic growth should be suressed for long-term development
benelits. Among the inlrastructures in Taiwan, the construction of
freeways is the most common. especially transporl plans concern-
ing frecways connecting Northern and Southern Taiwan. As these
freeways pass through scveral countics and citics, it is very im-
portant to explore the impact of the increase in emissions of vari-
ous air pollutants on the air quality in all the countics and cities
along the route

Alr pollution is a well-known environmental problem associated
with urban arcas around the world. Various monitaring programs
have been used to detenmine air quality by generating vast
amounts of data on the concentration of cach of (he previously
mentioned air pollutant in different parts of the world. The large
data seis ofien do -not-convey- air--quality-status to-the- seientific
community, govermment officials, policy makers, and in particular
to the gencral public in a simple and straightforward manner. This
problem is addressed by determining the Air Quality Index (AQI)
of a given area. AQI, which is also known as the Air Pollution
Index (API) [Murena,2004] or Pollutant Standards Index (PSI)
[EPA, 1994]. has been developed and disseminated by many
agencics in the U.S. Canada, Europe, Australia, China, Indonesia,
Taiwan, ctc [Caimcross et al., 2007; Cheng ct al,, 1999).

investigate the correlation among various types of air pollutants
measured at these 20 tunnels from January 2016 10 December
2017, via multivariate statistical analysis. This study aimed to find
the main factors that affect the extent of air pollution along the
Formosa Freeway and its vicinity. In addition, this study per-
formed a cluster analysis to find the differences among the air
poliutants found along the Formosa Fi eeway in Northern Taiwan,
as well as to establish an evaluation mode for types and chmac(er-
istics of air pollutants after their quantification,

2. Methodology

A multivariate analysis is based on statistics, and can be used to
analyze the observation data with (wo or more variables at the

same time. This_method.makes_complicated prablems or.phenom-

cna into a reasonable and systematic collation, judging, evaluating
and forecasting their features by using the statistical lincar algebra
of multivariate space. Since the 19" century, this method has been
widely applied in various fields, such as sociocconomics, behav-
ioral sciences and biostalistics, and recently has gradually been
applied to cnvironmental scicnces. The main purpose of cmploy-
ing multivariate analysis is to investigaic the status quo in order to
control information. The analysis has broad applications, mainly
in management science, such as marketing, business management,
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international business, accounting, economics and industrial engi-
neering, but most frequently in marketing research. The reason
that best-selling products earn their fame lies in a cautious and in-
depth multivariate statistical analysis.

2.1. Factor analysis

In factor analyses, each variable, i.e. x1~Xp, in a set of p variables
is decomposed into g common lactors, i. e. {i~fy (q=p), which are
linearly combined with special factors €.

The model of factor analyses can be represented by:

X1=w+ it Cafet. +lofite
X2=po+ (21fi+la2fo+. 4+ (2qfrter
Xi=pit Ly fi+liafa+ .. Hligfatei
Xp=ppt Lo fi+lpafot.. .+ lpofgtep (1)

Where: i, {4 are common factors contained 1n each variable xi; ¢
is special factor contained only is the i variable (xi); (5 is the
loading of i"" factor to the j'™ common factor (f).

2.2. Cluster analysis

Cluster analysis is an exploratory data analysis tool for solving
classification problems. Its objective is 10 sort cases into groups,
or clusters, so that the degree of association is strong between
members of the same cluster and weak between members of dif-
ferent clusters. Each cluster thus describes, in terms of the data
collected, the class to which its members belong; and this descrip-
tion may be abstracted through use from the particular to the gen-
eral class or type. Hiérarclical agglomerativé clustering is the
most common dpproach as it provides intuitive similarity relation-
ships between any one sample and the entire dataset. It is typically
illustrated by a dendrogram (iree diagram) [Einax et al., 1998:
McKenna, 2003]. The dendrogram provides a visval summary of
the clustering processes, presenting a picture of the groups and

———————theirproximitywith-a-dramatic-reduction-n-dimensionality-o fHthe--

onginal data. Additinally, cluster analysis helps in groupmg ob-
jects (eases) into classes (clusters) on the basis ol similarities with-
m a class and dissimilarities berween different classes. The elass
characteristics are not known in advance but maybe determined
from the analysis. The results of CA help in interpreting the data
and indicate patterns [Vega et al.. 1998; Tobiszewski et al.,, 2010].

2.3. Discriminant analysis

Discriminant analysis is a method used to distinguish the type
(group) of a sample (an interviewee) in a multivariate statistical
analysis. It exhibits sifiilarity to a cluster analysis, where similar
samples (interviewees) aré classified into one category (group).
However, it differs from a cluster analysis in that information on
classification in a cluster analysis cannot be obtained in advance.
Discriminant analysis is based on ihe sample data used to infer
one or a set of (diseriminant) functions under the condition that
the classification of research subjects is known. Meanwhile, a
discriminant rule js specified 10 determine the category of the
sample to be discriminated, in grder to reach a minimum mis-
judgment. rate. The common criteria used in a multi-parameter
analysis ‘are: 1) Fisher Discriminant Rule: it is based on Fisher’s
linear discriminant function, and is usually used for two sets of
discriminant problems. The criteria vequire significant differences
in the mean values of each group’s variables. 2) Bayes Discrimi-
nant Rule: it is based on the prior probabilities of each population
lo minimize the average loss of misjudgment to discriminale, and
is usually used for muliiple scts of discriminant problems. This
method requires that all groups of variables and three assumptions
be satisfied: the multivariate normal distribution, the equal vari-

ance matrix of each group, and significant differences in the mean
values of each group’s variables.

2.4. Research methodology

2.4.1. The selection of air pollutants

Air pollutants chosen by this study were based. on-a total of: 520
entrics in the complete air quality monitoring data, which were
collected from 10 tunnels (20 tunnel entrances) along the Formosa
Freeway in- Northern Taiwan between January 2016 and Decem-
ber 2017, using an air quality monitoring vehicle by an environ-
mental moniloking corporation in Taiwan. The relevant locations
of the 10 tunnels (20 tunnel entrances) chosen by this study are
shown in Figure 1; they are in New Taipei City, Taipei City, and
Taoyuan City in Taiwan.

2.4.2. The selection of air pollutant factor model analysis

To highlight the integrity and diversity of air pollutants, six major
air pollutants detected by the air quality monitoring vehicle in the
atmosphere were used for the factor analysis; they included sus-
pended solids (particulate matter less than 10 micrometers in di-
ameter, PMo), nitrogen dioxide (NO2), sulfur dioxide (SOz), total
hydrocarbons (THC), carbon monoxide (CO), and ozone (O3). The
objective of the analysis was to identify the main factors that may
affect the air quality of the Formosa Freeway in Northern Taiwan,
and to find the interrelationships and differences among air pollu-
tants.

3. Results and discussion

3.1. Results of the factor analysis
3.1.1. The selection of factors

In calculating the results of the factor analysis, this study mainly
used varimax rotation to conduct orthogonal rotation to explain
the number characteristics of the factors. According to the analysis
results; there were two factars with eigenvalues greater than 1, as
shown 1n Table | and Figure 1. The cumulative variance of these
two common factors was 58.157%, and the cigenvalues of Lhese
two common factors were 2.456 and 1.523, respectively. There-
fore, this study chose these two factors to explain the major factors
that afTect the air quality in this region.

3.1.2. The determination of factors

Through the above-mentioned nuriiber of eigenvalues that were
greater than |, the number of the main factors could be determined.
The parameters among various factors could be chosen from the
number of the main factors of the component matrix after orthog-
onal rotation. Table 2 is the tible of the component matrix afier
the orthogonal rotation. The matrix after rotation could be used 1o
explain the characteristics of the two factors. Moreover, these two
faclors could be used 1o describe thie main factors that aflect the
air quality in this region, as well as their diffcrences.

3.1.3. An cxplanation of the factors

1) The first factor
The first factor was mainly composed of the four air pollutants:
THC, O3, NO2 and PMq; the total variance could reach 35.192%,
as shown in Table 1.
Table 2 shows that TIHHC had the highest loading level of 0.903
within the first factor. After the irradiation with ultraviolet rays,
the nitrogen oxides and hydrocarbons in the atmosphere under-
went a photochemical reaction and formed photochemical smog.
The hydrocarbons also underwent a photochemical reaction with
nitrogen oxides, resulting in strong oxidizing substances, such as
ozone (O3) and peroxyacety! nitrate (PAN), which arc sccondary
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pollutants. The ozone accounted for the highest amount of the
sccondary pollutants; it was the major component of photochemi-
cal smog. In addition, hydrocarbons are generally considered to be
produced by the thermal decomposition of organic matter contain-
ing hydrocarbons during the combustion process; incomplete
combustion and carbonization processes might also form hydro-
carbons. For this reason, home cooking, fuel use, garbage incin-
eration, and (ransportation exhaust emissions also generated hy-
drocarbons. Motor vehicles were the main source of PAH.

Table 2 shows that O3 also had a high loading level of 0.817 with-
in the {irst factor. In addition to the suspended particulates that
caused poor air quality in Taiwan, the main substance of pollutants
was ozon¢. In many busy cities, the concentration of ozone is very
high, and it sometimes forms the yellow-brown “photochemical
smog” mentioned above. The reason is thal when cars and scool-
ers burn gasoline, they produce nitrogen oxides, such as nitrogen
monoxide and nitrogen dioxide. The nitrogen dioxide reacts with
the oxygen under the sun, and releases o0zone and nitrogen monox-
ide. The ozone in tum interacts with the hydrocarbons released by
cars and produces photochemical smog, in (he pholochemical
reaction. The ozone is an important indicator of air pollution as it
conlributes significantly to air pollution.

Table 2 shows that NOz had a loading level of 0.747 within the
first factor. The main sources of NO2 were vehicle exhaust and
combustion in heavy industry. The pollutant produced in this as-
pect was mainly NO, which was then quickly oxidized by the
oxygen in the air to NO2. NOz2 is also the important indicator of air
pollution sources. However, in the absence of wind, NO tends to
accumulate in the atmosphere and produces photochemical oxida-
tion reactions; it was therefore one of the pollutants that formed
the photochemical smog. In this study, NOz emissions from vehi-
cles were a precursor of ozone formation, and the concentration of
NO:z in the atmosphere was generally low.

Table [2] shows that PMo had a loading level of 0.659 within the
first factor. PMio was an important indicator in distinguishing the
extent of air pollution. The suspended particulates in the atmos-
phere, especially those whose diameter is less than 10 pm, can
pencetrate deeply into human lungs and damage the respiratory
system. The suspended particulates can also atfect visibility due to
the scattering of sunlight. The phenomenon that is called “haze™ is
especially noticeable when the relative humidity is high. If the
concentrations of NOz and other irritating gases are too high, they
will form pholochemical smog with the suspended particulates,
which constitutes an important mechanism ol photochemical reac-
tion. In addition, Kumar et. al. (2009) argues that secondary aero-
sols derived from the photochemical reaction are the main reason
for high concentrations of PMasand PM o in Taiwan Consequent-
ly, the relationship between the emissions of pollutants in the at-
mosphere and the concentration of PM ¢ in the environment is no
longer causal; rather, the chemical reaction involved is more com-
plicated

Based on the results of analyzing the four air pollutants within the
first factor, the loading levels in descending order were THC, Os,
NO2 and PMio among which O3 and PM o were the major pollu-
tants that cause serious air potlution in Taiwan. Although THC is
not currently included in the air quality standards, there is a high
possibility that it would entail subsequent photochemical reactions
when its concentration is high, which then results in a high proba-
bility of producing the secondary pollutant, O3, The region under
investigition in this stady is Tocated atl the Fonmosa Freéway in
Northem Taiwan, wherce there is a large amount of vehicles com-
ing and going on a daily basis. When the car exhaust emissions
contain high concentrations of organic malier, they are more likely
to produce photochemical reactions at noon when the sunlight is
morce intense. As for NOg, although its concentration in the air is
not high and its contribution to air pollution is not as bad as that of
O3 and PMg, it is still one of the precursors of Q3. The four air
potlutants mentioned above are related to photochemical reactions.
and the findings of the analysis are the same as the results of Liao
(2004) el al’s air quality analysis of a steel mill in Kaohsiung,
Taiwan; in the analysis, they argued that O3, NOz, and PMo be-

longed 1o the same factor, and were closcly related to the photo-
chemical reactions in the atmosphere. Therefore, this faclor could
be called the “pholochemical reaction pollution factor.”
2) The second factor

The second factor was mainly composed of the two air pollutants:
CO and SOz; the total variance could reach 22.965%, as shown in
Table 1.

As shown in Table 2, CO had a loading level of 0.812 within the
sccond factor. The carbon monoxide came mainly from vchicle
exhaust. It is estimated that 86% of the carbon monoxide in the
atmosphere is emilled by cars and scooters, and a small part comes
from the incomplete combustion of fuels in factories and power
plants. Thercfore, it is mainly caused by the incomplete combus-
tion of fuels containing carbon. In addition, carbon monoxide is
also an important indicator of the air pollution source, and is the
most abundant pollutant in the air. In the study, the concenlration
of CO indirectly generated by fuel combustion increased due to
the acccleration and deceleration of vehicles entering and leaving
the tunnels, especially when they were close to the ground surface.
As shown in Table 2, SOz had a loading level of 0.737 within the
second factor. Sulfur dioxide is mainly generated by the combus-
tion of fossil fuels containing sulfur, and partly by the combustion
of fuels from cars and scooters. In this study, the exhaust gas emit-
ted by high-speed vehicles was the main source of SOz because the
monitoring sites were located on both sides of the Formosa Free-
way (Wang,1999). In addition to being harmful to plants and hu-
mans, SOz also causes the problem of regional acid rain.

From the above analysis results, it can be seen thal the main pollu-
tion source of CO and SOz is the combustion of vehicle fuels
These two kinds of pollutants conform less to the photochemical
reaction mechanism within the first factor, and their subsequent
reactions are not as complicated as those within the first factor.
Therefore, the second factor can be called the “vehicle fuel fac-

tor.”

3.2. Cluster analysis: the analysis of air pollution char-
acteristics

For the cluster analysis, this study adopts a two-staged clustering
algorithm to acquire approximate cluster results via hierarchical
methods and then different cluster numbers are tested with the K-
mean method. Finally, this study chose four clusters to distinguish
the differences in air quality of the region under investigation in
this study since they were the most suitable ones. The relationship
between clusters and factors is shown in Figure 2. Moreover, the
study restored he air pollutants in the four clusters to their origi-
nal monitoring values, as shown in Table 3. so that the impact of
air quality on each tunnel entrance would be more clearly under-
stood. The study also used the pollution standard index (PSI) an-
nounced by Taiwan’s Environmental Protection Agency (see Ta-
blc 4) to study the extent of pollution of various sub-indicator
values in various clusters, in order to precisely determine the actu-
al full extent of air pollution.
1) First cluster

Figure two shows that this clusler’s laclor score ranked the third
highest within the first factor (the photochemical reaction pollu-
tion factor), and ranked the highesi within the second factor (the
vehicle fuel factor). The average concentrations of CO and SOz in
this cluster were the highest among the four clusters, with CO
concentrations ranging from 0.5 to 6.3 ppb and SO: from 8 10 38
ppb. However, in PSI in Table 4, the corresponding sub-PS] val-
ues were not high; they were thercfore categorized as having a
moderate impact on human health, without a negalive impact on
human health. In addition, this cluster ranked he third highest
within the first factor. Except for three occasions where PMio
concentrations in PSI indicated a negative impact on human health
(among which the highest concentration was 289 pg/m?) and did
not meet the air quality standards, nonc of the remaining air pollu-
tants within the first factor showed any abnormally high concen-
trations. This cluster even showed a good impact on human health
in terms of O3 concentrations. Although the average concentration
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of THC in this cluster was the highest among others, it.should not
affect the immediate air quality since THC was not included in the
assessment of the sub-indicators in Table 4. Based on the above
analysis results, the cluster showed a relatively high concentration
of pollutants within the fuel factor and a relatively iow concentra-
tion of pollutants within the photochemical reaction pollution
factor. Therefore, this cluster could be summarized as the “moder-
ately polluted air cluster within the fuel factor.”
2) Second cluster
Figure [2] shows that this cluster’s factor score ranked the second
highest within the first factor (the photochemical reaction pollu-
tion factor), and ranked the third highest within the second factor
(the vehicle fuel factor). This cluster shawed similarity to the {irst
cluster in terms of PMio concentrations within the first factor,
which were high in several data, while the average concentration
of O3 was generally higher than that of the first cluster, and the
same as that of the third cluster. As for the second factor, the aver-
age concentration showed no abnormality among the four clusters,
and none of them had poor effects on human health, as shown in
Table 4. The difference between this cluster and the first cluster
was that the concentrations of two air pollutants in this cluster
were generally lower within the second factor than within the first
faclor; there was little difference between this cluster arid the third
and fourth clusters in terms of concentration range. Therefore,
compared with the first cluster, this cluster was less affected by
the fuel factor pollution. Also, in terms of the performance of the
concentrations of the four air pollulants within the first factor,
except for several data on PMio that showed higher concentrations,
the remaining pollutants did not show obvious abnormalities. This
cluster could be summarized as the “lightly polluled air cluster.”
3) Third cluster

Figure [2] shows (hat this cluster’s factor score ranked the highest
within the first factor (the photochemical reaction pollution factor),
and ranked the second highest within the second factor (the vehi-
cle fuel factor). The reason that this cluster’s factor score was
significantly higher than those of the other three clusters was be-
cause of the relatively high concentration of PMig. During the
monitoring process, cspecially in December 2017 (winter time),
Taiwan was affected by smog from China. The concentration of

pg/m?), reaching the level of having a hazardous effect on human
health, as shown in Table 4. As mentioned above, PM o belongs to
the first factor; the concentrations of THC, Os, and NO; simulta-
neously monitored on,the same day did not show relative increases
in the cluster. The rcason was that the PMio concentration would
be affected by the photochemical reaction time when it was gener-
ated, and would begin the photochemical reaction when the sun-
light was more intense. Therefore, the ozone concentration moni-
tored on that day had a delayed ¢ffect, and the O; concentration
was not high. Sccondly, dust stoms mainly came from the sand
and dust in the desert, which contributed littie to other pollutants
in the atmosphere. This fact could be verified with the monitoring
data on the third cluster in Table 2. In addition, the average con-
centration within the sccond factor in this cluster was lower than
that in the furst cluster. If considered from the perspective of a
single-pollutant sub-indicator, the concentrations of CO and SO:
in this cluster all reached the level of having a good impact on
human health. From the above analysis, it can be genezally con-
cluded that as.CO and S0 in the atmosphere are affected by their
own concentration characteristics, their concentrations have to be
high enough 10 reach the level of having an impact on human
health(Wang, 2009; Tobiszéwski et al., 2010). However, the re-
gion under investigation in this study is located along the Formosa
Freeway in Northem Taiwan, where there is no pollutant from
stationary sources, only from mobile sources. Therefore, the CO
and SO2 concentrations produced are gencrally not high. This
cluster could be summarized as the “severely photochemical pol-
luted air cluster.™
4) Fourth cluster

Figure [2] shows that this cluster’s factor scorc ranked the lowest
within the first factor (the pholochemical reaction pollution factor),

and ranked the lowest within the second factor (the vehicle fuel
factor). The concentrations of various air pollutants within either
the first factor or the second factor .in this cluster were almost
always the lowest among all: clusters. Taking PMio concentration
as an example, the maximum concentration in this cluster was
only 115 pg/m>. 1f considered from the perspective of a single-
pollutant sub-indicator iri Table 4, its impact on human health was
moderate, and less serious as that in the other three clusters. Tak-
ing the SOz within the second factor as an example, ils impact on
human health was also moderate, and not significant on the imme-
diate air quabity. If considered from the perspective of the distribu-
tion of monitoring times in this cluster, most of them were non-
holiday times. Due to the small number of vehicles on the Free-
way during this period, the pollution effect between the two fac-
tors was reduced, and the concentrations of air pollulants were
relatively low. This cluster could be summarized as the “good air
quality cluster.”

3.3. Discriminant analysis

Through various tests of the discriminant parameter combinations,
this study obtained a “discriminated cluster” based on the level
classified by a previous cluster analysis as the “actual cluster,” and
identified which cluster a monitoring vehicle belonged to by cal-
culating the probability of each monitoring vehicle that belonged
to each group in accordance with the discriminant function coeffi-
cients. A cross-analytical comparison between the “discriminated
cluster” and the monitoring vehicle values of the “actual cluster”
obtained from a previous cluster analysis made the difference
between them clear.

Table 5 shows the discriminant test results of four clusters via a
discriminant analysis, as well as the coincidence rate (i.e. the per-
centage of correct discrimination) between the “discriminated
cluster” obtained from discriminant function and the “actual clus-
ter” obtained from a cluster analysis. Each of the clusters showed
a high coincidence rate: the f{irst cluster reached 96.78%, the sec-
ond cluster 92.71%, the third cluster 93.55%, and the fourth clus-
ter 93.75%. The average coincidence rate was up to 94.01%. This
means that the four clusters could make accurate judgments, and

cem e mmem—PMyp—at-cach—tunnel-entrance-was—relatively—high—(p—to—703——the-misjudgmentrate-was-very-low:

4. Conclusion

In this study, the air quality monitoring points sct up at the exist-
ing 10 tunnels on thé Formosa Freeway in Northern Taiwan were
used to analyze the main factors that affect changes in concentra-
tions of six air pollutants in the same region, as well as the air
quality via a multivariate s;alisticﬁl method. Two main factors
were obtained from the analysis: the “pholochemical reaction
pollution factor” and the “vehicle fuel factor.” In the cluster analy-
sis, the region was divided into the “moderately polluted air clus-
ter within the fuel factor,” the “lightly polluted air cluster,” the
“severely photochemical polluted air cluster,” and the “good air
quality cluster”™; cach cluster represented the extent and character-

istics of air pollution in the region under investigation in this study.

The reason that this study used the data on several air pollutants
generated for a period of up to two years was mainly because
when mare samples were used in a factor analysis, the results were
more stable, and the validity and reliability of the factor analysis
could be effectively improved. Although the air pollutants emitted
by, the moving vehicle exhaust in the tunnel arc not significant for
the air quality in the neighboring areas, but it is expected that the
results can serve as a reference for the management to prevent and
control air pollution in the future.
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