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Abstract 
For the past couple of decades, the transportation sector has made efforts to preserve and im-
prove air quality for public health and sustainable growth between current and future generations. 
An easily understandable tool to measure the level of air pollution in the transportation sector by 
considering multiple air pollutants together might raise awareness about clean air to the public, 
practitioners, state policy planners, and the government. For this reason, this study develops an 
aggregate air quality index to help prepare decision makers, which could rank a state according to 
the different levels of multiple air pollutants. The index is developed for use with principal com-
ponent analysis and an algebra about a line segment, and then applied to the US transportation 
sector using data on five air pollutants (CO, NOx, PM, SO2, and VOCs) in 2008. This study finds that 
some states were less polluted or more polluted in terms of the index, although their GDP levels 
for a transport mode were similar to each other. Thus, this finding implies that the necessary ac-
tions for stricter air quality standards must be taken in their boundaries. 
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1. Introduction 
Transport modes emit air pollutants such as carbon monoxide (CO), nitrogen oxides (NOx), particulate matter 
(PM), sulfur dioxide (SO2), and volatile organic compounds (VOCs) into the air through fossil fuel combustion. 

 

 

*Corresponding author. 

http://www.scirp.org/journal/ajibm
http://dx.doi.org/10.4236/ajibm.2015.52007
http://dx.doi.org/10.4236/ajibm.2015.52007
http://www.scirp.org
mailto:judong.park@ndsu.edu
http://creativecommons.org/licenses/by/4.0/


J. Choi et al. 
 

 
54 

Such air pollution frequently exposes human health to acute and chronic diseases, and in the short- and long- 
terms might result in premature death and declines in life expectancy [1]. Further, it is reported by several re-
searchers that outdoor air pollution negatively affects the productivity of indoor workers [2]-[7]. 

Transportation is essential for economic growth at the local and national levels, but it is highly connected to 
environmental pollution, especially air pollution [8]. Gorham’s 2002 report [9] for the United Nations shows 
how much fossil fuel is being combusted by transportation: the transportation sector consumes 25 percent of to-
tal worldwide energy consumption and uses more than 50 percent of the total oil produced. Furthermore, annual 
demand for transport modes is projected to grow by 3.6 percent in developing countries and by 1.5 percent in 
developed countries [9]. Finally, it might be appropriate to recognize transportation’s air pollution emissions as 
one of the most serious sources of ongoing atmospheric pollution in the world. 

Daily air quality indices that evaluate the levels of air pollutants measured at monitoring stations have been 
developed by a number of researchers [10]-[22] to inform the public about how polluted their living areas are. 
However, the indices developed until now have a couple of limitations. First, mathematical models for develop-
ing air quality indices are based on daily air pollution data (to report daily levels of health concern to the public); 
this means that without any data measured per day, the model is useless. Second, air pollution data measured at 
monitoring stations generally represent the levels of overall air pollution in that area, and thus the model cannot 
be applied to any specific air emissions source, e.g., transportation, to suggest the degree of pollution by trans-
port mode in a state or city. 

Nonetheless, under the Clean Air Act1 the US Environmental Protection Agency (USEPA) has an obligation 
to provide national emissions inventory (NEI) data2. As a result, air pollution emissions data available to the 
public have been estimated by the USEPA in order to inform people and the authorities of an air pollutant con-
centration in an air emissions source every three years by state since 2002. 

By using air pollution data by transport mode (airline, rail, truck, and vessel) in 20083, this study develops an 
aggregate air quality index (AAQI) using principal component analysis (PCA) to measure the relative levels of 
air quality by transport mode in a state in the US. The model developed and findings have the advantage of be-
ing useful as an administrative tool for making air pollution regulations in the transportation sector at state and 
national levels and providing the authorities and people with easily understandable information about the levels 
of air quality by transport mode in a state. The second section of this study presents a literature review on 
changes to the development of air quality indices and the third section presents the methodology about develop-
ing an AAQI. The fourth section is the data. After the results are presented, the conclusions discuss the devel-
oped AAQI and air pollution changes by state based on the index. 

2. Literature Review 
Thom and Ott [10] in 1975 started to develop a uniform air quality index (AQI) through a detailed survey of the 
air pollution indices in the US and Canada, since at that time states and cities in the US used different daily in-
formational indices. Indeed, an index value in one state meant something entirely different in other states. How-
ever, following the Federal Interagency Task Force [11], a daily pollutant standards index (PSI) was developed 
to report daily air pollution levels to the public, because the index developed by Thom and Ott [10] was criti-
cized as being poor and confusing. In 1998, Hämekoski [12] introduced a PSI developed by the Federal Intera-
gency Task Force [11] to provide a simple AQI in order to inform the public of daily air quality in Finland. 

The USEPA [13] in 1999 adopted some revisions for the uniform AQI, which incorporates new breakpoints 
for ozone and PM, and changed its name from the PSI to the AQI. The AQI consists of sub-indices calculated 
for each pollutant, with the maximum index then selected between different indices to represent the level of air 
quality. Following Trozzi et al. [14], Sharma et al. [15] [16], Murena [17], Nagendra et al. [18], Wen et al. [19], 
and Eder et al. [20], the AQI developed by the USEPA was used in several countries for reporting daily air qual-
ity. On the other hand, Swamee and Tyagi [21] applied an ambiguity- and eclipsicity-free function to develop an 
overall AQI from the aggregation of air pollution sub-indices. 

The disadvantage of the AQI developed by the USEPA was that it only considered the levels of one pollutant 
at a time and thus the index could not identify if multiple air pollutants exceeded their daily air quality standards 

 

 

1The Clean Air Act was enacted in 1963 and revised in 1970 and 1990 to establish national air quality standards in the US [37]. 
2NEI is an estimate of air emissions from all air emissions sources from 2002 to 2011 every three years [42]. 
3The updated calculation methodology for data in 2008 was not consistent with 2002 and 2005, and air pollution data in 2011 were not 
available during the study period. 
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[22]. To address this limitation, a couple of methodologies have been developed by several researchers [22]-[25] 
to include the combined effects of major air pollutants. On the other hand, Longhurst [26] developed a simpli-
fied mathematical formula to measure an AQI for SO2 and particulates, while a time series regression analysis 
by Stieb et al. [27] [28] has been developed to illustrate the relationship between five air pollutants and mortality. 
Recently, Mohan and Kandya [29] and Mayer et al. [30] analyzed the effect of long-term air pollution, while 
Sowlat et al. [31] developed a computation method of artificial intelligence to assess the performance of a 
fuzzy-based AQI. 

Research using a PCA-based method have been noticed in recent years by several researchers [32]-[36] for 
developing composite sustainability indicators in a variety of fields. In 2006, Vyas and kumaranayake [32] tried 
to construct socio-economic status indices to measure household wealth, while Soler-Rovira [33] developed an 
environmental indicator for 36 countries for agricultural production in 2008. In 2009, Ali [34] suggested a prac-
tical way of developing Arab water sustainability index to promote more efficient water use within the Arab 
countries. On the other hand, Li et al. [35] constructed an overall sustainability performance indicator for the 
manufacturing industry to provide the industry and academia with an integrated methodology, and Hosseini and 
Kaneko [36] developed dynamic sustainability indicators at the macro level in 2011. Appendix A summarizes 
the literature on changes to the development of air quality indices. 

3. Methodology 
PCA is generally used for one sample without grouping among the observations, and the technique seeks to find 
the maximum of the variance of a linear combination of the variables [37]-[41]. The maximum of the variance 
of a linear combination of the variables is the first principal component, and the second principal component is 
perpendicular to the first principal component with the maximal variance of the linear combination of the va-
riables. This process keeps going until it finds p principal components, where p is the number of variables [40]. 

The principal components of the transformed variables are shown with the normalized eigenvectors ja  of 
the sample covariance matrix S of the sample of observation vectors , , ,1 2 ny y y  [40]: 
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According to Rencher and Christensen [40], the eigenvalues 1 2Λ ,Λ , ,Λ p
 are obtained from S, and 1Λ  is 

the biggest eigenvalue of S. The first principal component 1z  shows the largest sample variance, whereas the 
variance of the last principal component pz  is the smallest. Since the eigenvalues are equal to the variances of 
the principal components, the percentage of variance explained by the first k  principal components is as fol-
lows: 
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We only expect to substitute the variables 1 2, , , py y y  for the first principal component 
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which accounts for more than 80 percent of the total variance4 since the dependent variables of air pollutants 
emissions are highly correlated with each other [42]-[44]. If this case is established, then a concept of a line 
segment is introduced to develop an AAQI in the transportation sector: 1) list all measurements calculated from 
the first principal component on a line segment and then find the maximum and minimum measurements, which 
are the most polluted and the least polluted observations, respectively; 2) measure the length of the line segment 
between the maximum and minimum measurements; and 3) calculate a proportion for each measurement from 
the ratio of the length of the line segment between the minimum measurement and each measurement to the 
length measured in 2), and then multiply the calculated values by 100. The least polluted observation indicates 0, 
while the most polluted observation indicates 100. 

In Figure 1, this study illustrates a simple example to calculate an AAQI. Four measurements Z11, Z12, Z13 and 
Z14 are calculated from the first principal component representing the levels of multiple air pollutants. The  
length of the line segment for each measurement is as follows: 11 14 12Z Z = ; 11 12 4Z Z = ; and 11 13 8Z Z = . 

Therefore, the proportions of the four measurements are 0, 40.333
12
 
 
 

, 80.666
12
 
 
 

, and 1, respectively. The 

AAQIs for Z11, Z12, Z13 and Z14 finally are calculated as 0, 33.3, 66.6, and 100, respectively. 

4. Data 
An AAQI using PCA and the concept of a line segment was developed in Section 3 for multiple air pollutants. 
Under the Clean Air Act, the USEPA provides air quality standards for the five common air pollutants to sug-
gest air quality guidelines to state policy planners and industrial sectors and protect public health [42]. For this 
reason, the five air pollutants of CO, NOx, PM, SO2, and VOCs were used for the index. Since principal com-
ponents are not scale-invariant, all variables should be measured in the same units [3]; therefore, all variables 
measured in tons were utilized by each transport mode in the 53 states in the US These were obtained from the 
NEI of the USEPA in 2008, and were the latest estimated air pollutants available during the study period [48]. 

Table 1 shows the summary statistics for the data utilized in this study. The five air pollutants measured for 
each transport mode by state do not show any kind of heterogeneity since the coefficient of variation in each va-
riable calculated was less than 10 [45]. For the airline transport mode, Texas emits the largest air pollution for 
each air pollutant, while District of Columbia shows the least air pollution. On the other hand, Idaho emits the 
fewest air pollutants for vessel and Louisiana shows the largest air pollution in CO, NOx, PM, and VOCs, but 
Texas is the largest SO2 emission state. For rail, Nebraska contributes to the largest air pollution across the na-
tion for the four air pollutants, but Texas emits the largest SO2 emission as in the vessel case. For all five air 
pollutants, Rhode Island emits the least air pollution. For truck, California is the number one air pollu-
tion-emitting state for CO, NOx, and VOCs, while Texas is for PM and SO2. The least air pollution state for NOx, 
PM, and SO2 is Idaho, but that for CO and VOCs is Rhode Island. 

Figure 2 provides a geographic map showing the study area where the five air pollutants were emitted. The 
NEI provides them by state, but there are no data available for some states for the vessel, rail, and truck transport 
sectors: Arizona, Colorado, Montana, North Dakota, New Mexico, Nevada, South Dakota, Utah, Virgin Islands, 
Vermont, and Wyoming in vessel; and Hawaii, Puerto Rico, and Virgin Islands in rail and truck. 

5. Empirical Results 
Like most multivariate analyses where the data used follow the multivariate normal (or at least approximately 
multivariate normal) distribution [46], this study uses a multivariate analysis with PCA. Thus, the developed 
AAQI tests two statistical assumptions. The first assumption is of multivariate normality. In Figure 3, the scatter 
plot matrix on the left indicates that the original data do not suggest any normality and even each variable shows  
 

 
Z11(−5)           Z12(−1)   0         Z13(+3)          Z14(+7) 

Figure 1. Line segment to calculate an AAQI of the example. 

 

 

4Deciding on the number of components followed a recommendation of retaining sufficient components to account for at least 80 percent of 
the total variance [40]. 
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Table 1. Summary statistics for the five air pollutants emitted by the four transport modes. 

Airline 
Pollutant N. of Obs. Mean Std. Dev. Min. Max. CV 
CO (tons) 53 8268.350 9963.030 11.979 54029.810 1.205 
NOX (tons) 53 2277.850 3401.790 0.266 17043.920 1.493 
PM (tons) 53 180.919 211.983 0.272 1145.140 1.172 
SO2 (tons) 53 239.642 351.130 0.058 1866.450 1.465 

VOCs (tons) 53 625.677 1018.070 0.465 6144.000 1.627 
Vessel 

Pollutant N. of Obs. Mean Std. Dev. Min. Max. CV 
CO (tons) 42 2065.370 4053.190 0.005 23719.810 1.962 
NOX (tons) 42 12771.610 23159.440 0.027 132292.350 1.813 
PM (tons) 42 645.534 1074.950 0.001 5677.870 1.665 
SO2 (tons) 42 3403.410 5582.650 0.002 23870.760 1.640 

VOCs (tons) 42 342.995 564.392 0.001 3110.910 1.645 
Rail 

Pollutant N. of Obs. Mean Std. Dev. Min. Max. CV 
CO (tons) 50 2398.720 2082.860 8.592 10858.510 0.868 
NOX (tons) 50 16913.600 14342.040 87.267 74404.650 0.848 
PM (tons) 50 551.335 476.072 2.148 2484.400 0.863 
SO2 (tons) 50 215.729 273.284 0.607 1736.870 1.267 

VOCs (tons) 50 883.754 763.524 3.222 3760.480 0.864 
Truck 

Pollutant N. of Obs. Mean Std. Dev. Min. Max. CV 
CO (tons) 50 18677.270 20442.930 918.432 99166.890 1.095 
NOX (tons) 50 63501.130 69821.420 2577.990 363276.210 1.100 
PM (tons) 50 3524.960 3706.050 159.779 18699.870 1.051 
SO2 (tons) 50 92.377 92.783 3.666 467.146 1.004 

VOCs (tons) 50 4214.540 4634.510 225.378 24122.660 1.100 

Note: All air pollutants data come from the NEI in the USEPA [48]. 
 

 
Figure 2. Geographic map showing the study area where the five air pollutants were emitted. 
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a positive skew. On the other hand, after the transformation of the original data5, the right side in Figure 3 
shows the approximate normal distribution for each variable. The Q-Q plot for each variable does not show any 
distinct nonlinear relationship, not indicating a departure from the multivariate normality distribution [40]. 

The second assumption is that this study can only use one principal component to sufficiently represent the 
five air pollutants 1 2 3 4 5, , , ,y y y y y . To check this, the scree plots and proportion of variance explained by each 
principal component were tested (see Figure 4). The scree plots in all the transport modes reveal an evident nat-
ural break between the first and second principal components. Further, the proportion of the first principal com-
ponent calculated6 shows more than 90 percent in each transport, which is much higher than a recommendation 
of retaining enough components to account for 80 percent of the total variance [40]. Being able to use only a 
first principal component to explain most of the total variance provides a significantly practical and convenient 
tool to interpret multiple air pollutants. For example, in the original data in 2008 by airline transport, two states, 
Iowa and Idaho, emitted the five air pollutants of CO, NOx, PM, SO2, and VOCs as follows: 2679, 272, 59, 37, 
and 119 (tons) and 3975, 255, 91, 35, and 147 (tons), respectively. In terms of individual air pollutants, Idaho 
emitted more (less) air pollution in CO, PM, and VOCs (NOx and SO2) than Iowa, but practitioners, state policy 
planners, and the public might want to know the overall air quality level from this kind of conservative situation. 
The first principal component calculated from the normalized eigenvectors of the sample covariance matrix was 
used to address this problem. 

By using PCA and a little bit of algebra about a line segment with the transformed data, the first principal com-
ponent and the AAQI by state in the airline, vessel, rail, and truck transport sectors were calculated, as shown in 
Table 2 and Table 3. In addition, to compare the relative levels of air quality by state from the indices, the state 
GDP in each transport mode was added in these tables. Each state is ranked relative to all other observed values 
of states in the first principal component, from smallest to largest in order of magnitude. The rank of each state 
is denoted by its AAQI. The index increases from 0 to 100, and this indicates more air pollution when it ap-
proaches a higher index value. The index of a state showing 100 means the largest air pollution-emitting state of 
all. On the other hand, a state index indicating 0 implies that the state is the least air pollution-emitting state. 

 

 

Y1 

Y2 

Y3 

Y4 

Y5 

Y1 

Y2 

Y3 

Y4 

Y5 

Y1 Y2 Y3 Y4 Y5 Y1 Y2 Y3 Y4 Y5 

(A) Scatter plot matrix before the transformation (B) Scatter plot matrix after the transformation 

 
Figure 3. Tests for departures from multivariate normality in the data set before and after the transformation. 

 

 

5In an attempt to make the individual variables distributed more closely to a normal distribution and them distributed more closely to a mul-
tivariate normal distribution, the following variables were used in this study: * 2

1 1lny y= ; * 2
2 2lny y= ; * 2

3 3lny y= ; * 2
4 4lny y= ; and 

* 2
5 5lny y= . 

6The first principal component in airline: 93.4 percent; in vessel: 95 percent; in rail: 97.8 percent; and in truck: 97.3 percent. 



J. Choi et al. 
 

 
59 

 

4 

Scree Plot 

3 

2 

1 

0 
1 2 3 4 5 

Principal Component 

Ei
ge

nv
al

ue
 

4 

Scree Plot 

3 

2 

1 

0 
1 2 3 4 5 

Principal Component 

Ei
ge

nv
al

ue
 

5 

4 

Scree Plot 

3 

2 

1 

0 
1 2 3 4 5 

Principal Component 

Ei
ge

nv
al

ue
 

5 

4 

Scree Plot 

3 

2 

1 

0 
1 2 3 4 5 

Principal Component 

Ei
ge

nv
al

ue
 

5 

1 2 3 4 5 
Principal Component 

1 2 3 4 5 
Principal Component 

1 2 3 4 5 
Principal Component 

1 2 3 4 5 
Principal Component 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

Pr
op

or
tio

n 

Variance Explained 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

Pr
op

or
tio

n 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

Pr
op

or
tio

n 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

Pr
op

or
tio

n 

Variance Explained Variance Explained 

Variance Explained 

(A) Airline (B) Vessel 

(C) Rail (D) Truck 

Cumulative 
Proportion 

Cumulative 
Proportion 

Cumulative 
Proportion 

Cumulative 
Proportion 

 
Figure 4. The eigenvalues and proportion of variance explained by the first k principal components by each transport mode 
(k = 1, 2, 3, 4, 5). 
 

The AAQIs in Table 2 and Table 3 are on the ordinal scale; in other words, it is only possible to distinguish 
each state on the basis of the relative amounts of multiple air pollutants. For instance, in vessel transport in 
Table 2, the index of Iowa shows 34.01, while that of Kentucky is 70.55. This does not tell us whether the air 
pollution by vessel in Kentucky is twice more polluted than that in Iowa, but rather it is interpretable in the way 
that Kentucky shows worse air pollution in terms of considering multiple air pollutants than Iowa. In fact, in 
2008 Iowa emitted 151, 786, 27, 46, and 17 (tons) of CO, NOx, PM, SO2, and VOCs, respectively, whereas 
Kentucky emitted a considerable amount of air pollutants: 1847, 11370, 441, 594, and 300 (tons). 

In Table 2, the vessel and rail transport sectors are first analyzed. In vessel transport, Oklahoma is the least 
air pollution-emitting state, but Louisiana shows the largest air pollution. Indiana, Illinois, Missouri, North Car-
olina, West Virginia, and Tennessee account for a relatively low AAQI compared with their high GDP levels, 
whereas Alaska, Michigan, Wisconsin, and Washington hold high ranks in the AAQI compared with their low 
GDP levels. For rail transport, Delaware takes the lowest rank in the index and Nebraska accounts for the high-
est rank. Florida, Georgia, and Texas show relatively low air pollution against their high GDP level. Massachu-
setts, Maryland, Missouri, Oregon, and Pennsylvania in vessel transport, consisting of a similar GDP scale, are 
differently ranked in the AQI, and this happens to rail transport with Arizona, Colorado, Florida, Montana, 
Tennessee, and Washington. 

In Table 3, as this study expected based on the original data for the airline transport sector, where Texas was 
the largest air pollution-emitting state with respect to the five air pollutants, the Texas AAQI now reaches the 
highest. By contrast, Delaware holds the lowest rank in the AAQI. Connecticut, Minnesota, and New Jersey 
emit relatively low air pollution compared with their high GDP levels, while Alabama, Alaska, Massachusetts, 
Mississippi, Tennessee, and Wisconsin hold high ranks in the AAQI against their relatively low GDP levels. In 
truck transport, Idaho is ranked the least air pollution-emitting state, which even shows a relatively high GDP 
level. Truck transport was a little conservative to choosing the largest air polluting state with multiple air pollu-
tants in the original data between Texas and California, but California is chosen as the largest air pollution- 
emitting state and Texas is ranked right behind it. Florida, Georgia, Michigan, New Mexico, and North Carolina, 
showing relatively low GDP levels, hold a high rank in the AAQI, whereas Arkansas, Iowa, Nevada, Nebraska, 
North Dakota, and South Dakota are ranked low in the index compared with their high GDP levels. In airline, 
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Table 2. The first principal component and AAQI by state in the vessel and rail transport sectors. 

Vessel Rail 
State GDP PC1 AAQI State GDP PC1 AAQI 

Oklahoma 1 −7.60 0 Delaware 86 −5.85 0 
Iowa 31 −3.66 34.01 Vermont 17 −5.50 3.96 

New Hampshire 3 −3.21 37.80 District of Columbia 107 −5.22 7.03 
Rhode Island 19 −2.37 45.10 New Hampshire 8 −4.85 11.16 

Arkansas 17 −2.16 46.84 Maine 47 −4.00 20.66 
Indiana* 291 −1.89 49.23 Connecticut 40 −3.45 26.84 

Tennessee* 335 −1.66 51.21 Alaska 0 −3.44 26.89 
Missouri*° 165 −1.41 53.31 New Jersey 171 −2.98 32.04 

West Virginia* 110 −1.04 56.52 South Dakota 159 −1.59 47.56 
South Carolina 37 −1.04 56.57 Maryland 242 −0.89 55.44 

Georgia 45 −0.98 57.01 Massachusetts 263 −0.88 55.50 
North Carolina* 224 −0.76 58.93 Michigan 428 −0.60 58.67 

Maine 12 −0.74 59.07 Nevada 188 −0.39 60.97 
Illinois* 352 −0.64 59.99 Mississippi 298 −0.28 62.20 

Minnesota 85 −0.28 63.06 South Carolina 267 −0.24 62.70 
Delaware 5 −0.13 64.37 Florida*° 789 −0.09 64.31 
Oregon° 150 0.06 66.00 Idaho 314 0.07 66.14 

Mississippi 134 0.11 66.45 North Carolina 351 0.19 67.48 
Connecticut 338 0.25 67.67 West Virginia 490 0.22 67.77 

Alabama 258 0.32 68.27 Louisiana 513 0.24 68.06 
Hawaii 309 0.36 68.59 Wisconsin 524 0.39 69.67 
Ohio 119 0.56 70.28 Oregon 359 0.44 70.23 

Kentucky 302 0.59 70.55 New York 337 0.69 73.07 
Wisconsin† 15 0.78 72.20 Utah 340 0.72 73.38 

Massachusetts° 156 0.97 73.80 North Dakota 478 0.77 73.89 
Pennsylvania° 153 1.05 74.51 Colorado° 766 0.82 74.51 

Maryland° 145 1.07 74.66 Kentucky 617 0.83 74.56 
Virginia 616 1.35 77.08 Alabama 587 0.89 75.32 

New Jersey 604 1.38 77.38 Washington° 754 0.94 75.81 
New York 1107 1.62 79.39 Virginia 943 0.97 76.21 

Alaska† 166 1.97 82.49 Minnesota 874 1.03 76.79 
Texas 1081 2.24 84.73 Oklahoma 540 1.06 77.16 

California 1273 2.29 85.20 Arkansas 608 1.07 77.33 
Florida 2948 2.58 87.70 Tennessee° 745 1.10 77.60 

Washington† 638 2.81 89.70 Pennsylvania 989 1.18 78.53 
Michigan† 76 3.22 93.17 Indiana 889 1.30 79.83 
Louisiana 1895 4.01 100 Georgia* 1,064 1.36 80.49 

    Montana° 762 1.45 81.52 
    Arizona° 703 1.48 81.90 
    New Mexico 595 1.48 81.90 
    Iowa 985 1.55 82.68 
    Missouri 1485 1.99 87.59 
    Texas* 3249 2.04 88.10 
    Ohio 1217 2.05 88.26 
    Kansas 1494 2.07 88.46 
    Wyoming 1220 2.14 89.23 
    California 1377 2.26 90.55 
    Illinois 2206 2.36 91.66 
    Nebraska 3547 3.11 100 

Notes: Data on District of Columbia, Idaho, Kansas, Nebraska, and Puerto Rico by vessel and on Rhode Island by rail were not available after the data 
transformation; the state GDPs by vessel and rail were obtained from the United States Bureau of Economic Analysis, and measured in millions of 
dollars [47]; the GDP of Alaska in rail transport shows 0, which is explained by the value being much lower than one million; * means a state show-
ing a relatively low AAQI compared with its high GDP level; † indicates a state holding a high rank in the AAQI compared with its low GDP level; ° 
means that a state showing a GDP level similar to other states, but it is differently ranked to others in the AAQI. 
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Table 3. The first principal component and AAQI by state in the airline and truck transport sectors. 

Airline Truck 
State GDP PC1 AAQI State GDP PC1 AAQI 

Delaware 18 −5.05 0 Idaho 734 −5.24 0 
Virgin Islands N/A −4.48 6.00 Rhode Island 202 −5.24 0.05 

Vermont 24 −3.96 11.31 District of Columbia 18 −4.45 8.63 
Wyoming 46 −3.47 16.42 Vermont 221 −4.28 10.46 

Rhode Island 79 −3.44 16.68 Delaware 232 −3.87 14.94 
West Virginia 16 −2.96 21.67 North Dakota* 560 −2.51 29.72 
North Dakota 15 −2.51 26.38 Nevada* 683 −2.34 31.62 
South Dakota 19 −2.36 27.86 South Dakota* 506 −2.12 33.96 

New Hampshire 86 −2.23 29.27 Alaska 285 −2.07 34.51 
Maine 43 −2.04 31.19 New Hampshire 289 −1.92 36.13 

Montana 59 −1.64 35.38 Wyoming 456 −1.82 37.30 
Iowa 58 −1.62 35.58 Montana 441 −1.60 39.71 

Connecticut* 270 −1.57 36.09 Maine 490 −1.56 40.11 
Nebraska 75 −1.55 36.33 Connecticut 660 −1.50 40.78 
Kansas 55 −1.22 39.69 West Virginia 697 −1.10 45.07 
Idaho 80 −1.18 40.13 Nebraska* 1,957 −0.41 52.65 

Puerto Rico N/A −1.17 40.23 Utah 1,551 −0.28 54.01 
New Mexico 163 −0.95 42.56 Kansas 1,508 −0.18 55.17 
Mississippi† 38 −0.94 42.57 New Mexico† 700 −0.15 55.41 

Arkansas 129 −0.53 46.83 Arkansas* 2,549 −0.06 56.41 
South Carolina 110 −0.41 48.14 Iowa* 2,407 −0.03 56.81 

Utah 782 −0.28 49.48 Oregon 1,616 0.00 57.03 
Oklahoma 723 −0.17 50.65 Mississippi 1,475 0.19 59.12 

Oregon 524 0.18 54.20 Colorado 1,634 0.22 59.53 
Louisiana° 370 0.21 54.57 Maryland 1400 0.33 60.65 
Maryland 622 0.27 55.11 Massachusetts 1462 0.48 62.30 
Kentucky 553 0.35 55.99 South Carolina 1584 0.49 62.45 
Indiana 493 0.45 57.04 Louisiana 1696 0.57 63.25 

Missouri 764 0.60 58.54 Wisconsin° 3767 0.66 64.22 
Alabama† 95 0.66 59.24 Alabama 2125 0.75 65.30 

Hawaii 1037 0.79 60.52 New Jersey° 3669 0.76 65.35 
Nevada 1102 0.81 60.75 Oklahoma 1736 0.94 67.27 

Minnesota* 2094 0.96 62.26 Kentucky 1812 1.02 68.14 
New Jersey* 2390 1.00 62.70 Virginia 2420 1.18 69.93 

Massachusetts† 865 1.00 62.73 Minnesota 2278 1.21 70.28 
Virginia 1784 1.44 67.29 Washington° 3767 1.45 72.82 
Colorado 1624 1.48 67.66 New York 3388 1.45 72.89 
Michigan 1683 1.54 68.32 Arizona 1834 1.59 74.35 

Tennessee† 610 1.56 68.54 Missouri° 3646 1.61 74.58 
Washington 1489 1.60 68.88 Indiana 4490 1.65 75.10 

Pennsylvania 1355 1.61 69.05 Pennsylvania 5493 1.72 75.85 
Ohio 1494 1.62 69.19 Tennessee 4702 1.83 77.06 

Alaska† 593 1.63 69.23 North Carolina†° 3640 1.85 77.20 
Arizona 1888 2.04 73.50 Ohio 5990 2.22 81.22 

North Carolina 1309 2.08 73.89 Michigan† 3453 2.38 83.04 
Illinois 4510 2.31 76.32 Illinois 6435 2.43 83.51 

Wisconsin†° 403 2.35 76.74 Georgia† 3979 2.79 87.42 
New York 4223 2.47 77.90 Florida† 4003 3.10 90.83 
Georgia 4966 2.69 80.20 Texas 10,926 3.94 99.98 
Florida 4120 3.43 87.90 California 11,948 3.94 100 

California 6555 4.01 93.86     
Texas 7474 4.60 100     

Note: Data on District of Columbia by airline transport were not available after the data transformation; * means a state showing a relatively low 
AAQI compared with its high GDP level; † indicates a state holding a high rank in the AAQI compared with its low GDP level; ° means that a state 
showing a GDP level similar to other states, but it is differently ranked to others in the AAQI. 
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Louisiana and Wisconsin, showing a similar GDP scale, are differently ranked in the AAQI, which also arises in 
rail transport with Missouri, New Jersey, North Carolina Washington, and Wisconsin. 

6. Conclusions 
Transportation is an essential part of the socioeconomic development of a nation, but it has been needed to ac-
company the undesirable output called air pollution even though advances in technology for modern transport 
have contributed to reducing air pollution emissions in comparison with past transport modes. On the other hand, 
the continuous increase in a clean air environment for public health and sustainable growth between current and 
future generations has had a positive effect on the transportation sector, corresponding to the growing tide of 
preserving and improving air quality over the past decades. 

An easily understandable tool to measure the level of air pollution in the transportation sector by considering 
multiple air pollutants might raise awareness about clean air to the public, practitioners, state policy planners, 
and the government. In this study, an AAQI was developed to help prepare decision makers, which could rank a 
state according to different levels of multiple air pollutants. In the US empirical case, some states were shown as 
less polluted or more polluted in terms of the index, although their GDP levels for a transport mode were similar 
to each other. The authors would carefully guess that a possible hypothesis of these differences might be attri-
buted to the degree of the use of eco-friendly transport, strictness of air quality standards, and differences in 
gasoline prices in their boundaries. 

This study, however, has a limitation based on the use of the index developed. The index is only available for 
one sample, not multiple samples together, since each sample has its own different normalized eigenvectors of 
the sample covariance matrix according to PCA. Thus, the index value of the same state in different two samples 
by transport mode, e.g., in 2005 and 2008 if 2005 data were available cannot be theoretically compared with 
each other. However, one possible advantage of the AAQI developed here is that it can be applied to other nu-
merous index development projects, not limited to the transportation sector. 
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Appendix A. Summary of the literature on changes to air quality indices. 

Author(s) Year Study area Pollutants measured Methodology Objective(s) 

Thom and Ott 1975 US and 
Canada 

CO, NOX, Oxidants, 
PM, and SO2 

Standardized AQI Developing a uniform AQI 

Federal Interagency 
Task Force 1976 US CO, NOX, O3, SO2, 

and TSP7 PSI Developing an AQI to report daily air 
quality by state 

Hämekoski 1998 Finland CO, NOX, O3, PM, 
and SO2 

PSI Applying a PSI in the Helsinki area, Finland 

Swamee and 
Tyagi 1999 India CO, Haze, NOX, O3, 

SO2, and TSP 
Ambiguity- and 
eclipsicity-free function 

Developing an overall AQI from the aggregation 
of air pollution sub-indices 

Trozzi et al. 1999 Italy CO, NOX, O3, PM, 
and SO2 

AQI Applying an AQI developed by 
the USEPA for Italy 

USEPA 1999 US CO, NOX, O3, PM, 
and SO2 

AQI Revisions from the PSI to provide 
additional air quality information 

Sharma et al. 2003A India CO, NOX, O3, PM, 
and SO2, and SPM8 AQI Describing the design of a website 

 for the dissemination of AQIs  

Sharma et al. 2003B India CO, NOX, O3, PM, 
and SO2, and SPM AQI Applying an AQI developed by the 

USEPA for the City of Kanpur, India  

Cheng et al. 2004 Taiwan CO, NOX, O3, PM, 
and SO2 

Revised AQI (RAQI) Developing an RAQI as combining 
a PSI with an entropy function 

Murena 2004 Italy CO, NOX, O3, PM, 
and SO2 

AQI Implementing an AQI in the urban area of 
Naples to measure the level of air pollution 

Longhurst 2005 US SO2 and particulates Simple formula9 Presenting the case study of an AQI 
in Pittsburgh, Pennsylvania 

Stieb et al. 2005 Canada CO, NOX, O3, PM, 
and SO2 

Time series regression 
on five air pollutants 
on mortality 

Developing an alternative AQI to  
illustrate the public health burden 
attributable to air pollution 

Cheng et al.  2007 Taiwan CO, NOX, O3, PM, 
and SO2 

RAQI 
Comparisons between an RAQI and a PSI or AQI 
for evaluating the feasibility and effectiveness of 
several air pollution conditions 

Kyrkilis et al. 2007 Greece CO, NOX, O3, PM, 
and SO2 

AAQI Calculating potential health effects 
considering five criteria pollutants 

Mohan and 
Kandya 2007 India CO, NOX, O3, PM, 

and SO2 
AQI Measuring the annual and seasonal 

variations of AQI from 1996 to 2004 

Nagendra et al. 2007 India 
Ammonia, CO, lead,  
NOX, O3, SO2, SPM, 
and RPM10 

AQI 
Assessing the level of ambient air quality 
at traffic intersections in Bangalore, India 
using an AQI developed by the USEPA  

Mayer et al. 2008 Germany Benzene, NOX, PM, 
and SO2 

Long-term AQI (LAQI) Analyzing the effect of the integral 
long-term air pollution for 1985-2005 

Stieb et al. 2008 Canada CO, NOX, O3, PM, 
and SO2 

Air quality health index 
(AQHI) using time series 
regression on five air 
pollutants on mortality 

Developing an AQHI and applying it in 
multiple Canadian cities 

Bishoi and Jain 2009 India CO, NOX, O3, PM,  
and SO2 

New AQI (NAQI) with 
factor analysis 

Comparing an NAQI to an AQI developed 
by the USEPA  

Wen et al. 2009 US CO, NOX, O3, PM, 
and SO2 

AQI Studying the relationship between media 
alerts of AQI and level of outdoor activity 

Eder et al. 2010 US CO, NOX, O3, PM, 
and SO2 

AQI Developing local AQI forecasts using an 
AQI developed by the USEPA 

Sowlat et al. 2011 Iran 

CO, NOX, O3, PM, SO2, 
benzene, toluene, 
ethyl-benzene, xylene, 
and 1, 3-butadiene 

Fuzzy-based AQI (FAQI) 

Developing a FAQI based on the  
computational method of artificial 
intelligence and assessing the performance 
of the index as a case study of Iran 

 

 

 

 

7TSP stands for total suspended particulates. 
8SPM stands for suspended particulate matter. 
9Simple formula is as follows: ( ) ( )( )250 SO 0.14 COH 1.73+ , where SO2 represents its measurement and COH means the coefficient of haze; the 
denominators in the formula are based on National Ambient Air Quality Standards [26]. 
10RPM stands for Respirable Particulate Matter. 
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