
ABSTRACT

Concentrations of carbon monoxide (CO) in air were
analyzed from seven urban roadside (U-RS) stations
in Seoul, Korea over an 11-year period (1998-2008).
As noticeable changes in CO levels coincided with
the Natural Gas Vehicle Supply (NGVS) program in
the year 2000, its concentration data were examined
between 1998-2000 (period I) and 2001-2008 (period
II). The mean values of CO from all 7 stations for
the whole study period were recorded as 1.19±0.22
ppm with large drops in its mean from 1.83±0.43
ppm in period I to 0.94±0.21 ppm in period II. As
such, CO levels between the two periods undertook
the mean reduction rate of 46.9±16.2% (range of
18.3 to 59.9%). According to the analysis of long-
term trends of CO, its concentrations in the U-RS
stations decreased very rapidly with the annual
mean reduction rate of 9.5% yr-1. A line of evidence
collected in this study suggests that the implementa-
tion of the NGVS program has been quite effective
to induce the alterations in CO levels in all urban
roadside locations throughout the city of Seoul.
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1. INTRODUCTION

The demand of gasoline and diesel fuels is closely
tied to growth in the number of motor vehicles on the
road and the extension of their traveling distances
(Singh et al., 2008; Chan et al., 2002). Enormous stud-
ies focusing on the air quality change in urban roadside
(U-RS) locations were thus able to collect hard pieces
of evidence that the emissions of airborne pollutants
are reflected by such changes in the road transport
sector (Cofala et al., 2007; Gokhale and Pandian, 2007;

Yli-Tuomi et al., 2005; Zhao et al., 2004). 
Knowing that the vehicular activity is the predomi-

nant source of air pollution in most urban areas, the
use of clean fuel has been recommended as one of the
promising options to reduce the pollutant emissions
and to clean the air (Boddy et al., 2005). In fact, it is
demonstrated that vehicles fueled with natural gas can
dramatically reduce emissions of major pollutants
like carbon monoxide, carbon dioxide, and reactive
hydrocarbons leading to the production of ozone. The
consumption of natural gas for vehicles has been
widespread and welcomed both in the United States
and Europe since the 1960s. In fact, there are currently
more than 30,000 natural gas vehicles on U.S. roads
and over 700,000 worldwide. 

For the purpose of improving the urban air quality,
Korean government launched natural gas vehicle sup-
ply (NGVS) program from 2000 through which a total
of 20,000 diesel fuel buses are ultimately replaced
with the natural gas bus by 2007 (Kang, 2004). These
replacement processes actively proceeded in the major
urban areas of Korea including Seoul prior to 2002
World Cup Games and were extended further to small-
scaled urban locations from 2003. This active clean-
up activity, as it is based on the replacement of fuel as
well as engine system, seemed to induce large changes
in urban air quality, especially with respect to carbon
monoxide. Our preliminary study conducted to exam-
ine CO and CH4 levels from one urban roadside and
one urban background locations in Seoul clearly
demonstrated that the changes induced by such pro-
gram have greatly contributed to the reduction of CO
after 2000 (Nguyen et al., 2010). 

In this study, we attempted to examine the rate of
CO level changes that took place in seven U-RS
locations in Seoul both before and after the implemen-
tation of NGVS program. The selected 7 stations which
include Dong Dae Moon, Shin Chon, and others
(Table 1) represent all the stations which allowed the
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comparison of the CO data both before and after 2000
(i.e., from 1998). The CO concentration data measured
from these stations were analyzed to assess the rate of
CO level changes throughout the study period. Through
the application of diverse statistical analyses, we atte-
mpted to elucidate the temporal pattern of CO data
throughout most urban roadside locations in Seoul.
On the basis of this study, the long-term variation trends
of CO are also discussed to understand its behavior
with rapidly changing environmental conditions. This

study aims to extend the spatial coverage of our prelim-
inary work on CO distribution which specifically
focused on one of the urban roadside stations in relaion
to a reference urban background station in Seoul (Ngu-
yen et al., 2010).

2. MATERIALS AND METHODS

To investigate the changes in the airborne pollutant
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Table 1. The basic information of urban roadside stations operated in the capital city of Seoul, Korea with their basic statistical
parameters derived by monthly mean values.

Order Station code Station name
Study period CO (ppm)

Start End Mean Median SD Min Max N

1 DD Dong Dae Mun 98. 1 08. 12 1.46 1.2 0.88 0.5 5.2 128
2 SU Seoul STN 98. 1 08. 12 1.42 1.1 0.95 0.6 5.7 121
3 CG Cheong Gye Cheon 98. 1 08. 12 0.99 0.8 0.46 0.3 2.1 127
4 CY Cheongnyangni 98. 1 08. 12 1.32 1.4 0.42 0.3 2.3 130
5 SC Sin Chon 98. 1 08. 12 1.00 0.8 0.44 0.4 2.1 127
6 YD Yeong Deung Po 98. 1 08. 12 0.94 0.7 0.45 0.3 2.0 128
7 SS Sin Sa 98. 1 08. 12 1.22 1.2 0.30 0.6 2.0 129
8 JR Jong Ro 08. 4 08. 12 0.77 0.8 0.10 0.6 0.9 9
9 GD Gil Dong 08. 4 08. 12 0.68 0.6 0.18 0.5 1.0 9

Fig. 1. The locations of all 9 urban roadside air quality monitoring stations in Seoul.
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Table 2. Statistical summary of CO concentration (ppm) in 7 U-RS stations in Seoul, Korea.

Full name Dong Dae Mun Seoul STN Cheong Gye Cheon Cheongnyangni Sin Chon Yeong Deung Po Sin Sa

Acronym DD SU CG CY SC YD SS

A. Between the two temporal grouping periods

All 1998-2008 1.46±0.88 (1.20)a 1.42±0.95 (1.10) 0.99±0.46 (0.80) 1.32±0.42 (1.40) 1.00±0.44 (0.80) 0.94±0.45 (0.70) 1.22±0.30 (1.20)
0.50-5.20 (128)b 0.60-5.70 (121) 2.10-0.30 (127) 0.30-2.30 (130) 0.40-2.10 (127) 0.30-2.00 (128) 0.60-1.97 (129)

Period I 1998-2000 2.45±1.04 (2.20) 2.46±1.14 (2.35) 1.65±0.20 (1.62) 1.52±0.20 (1.50) 1.62±0.17 (1.60) 1.56±0.21 (1.60) 1.55±0.20 (1.50)
1.22-5.20 (35) 1.03-5.70 (36) 1.24-2.10 (36) 1.20-2.10 (36) 1.30-2.10 (36) 1.01-2.00 (36) 1.30-1.97 (35)

Period II 2001-2008 1.08±0.39 (0.90) 0.98±0.30 (0.90) 0.73±0.20 (0.70) 1.24±0.46 (1.20) 0.75±0.20 (0.70) 0.69±0.23 (0.65) 1.09±0.23 (1.10)
0.5-2.30 (93) 0.60-2.70 (85) 0.30-1.60 (91) 0.30-2.30 (94) 0.40-1.60 (91) 0.30-1.80 (92) 0.60-1.80 (94)

B. Between the individual years

Period I 1998 2.58±0.98 (2.20) 2.91±0.70 (2.90) 1.73±0.17 (1.70) 1.50±0.20 (1.50) 1.65±0.20 (1.65) 1.55±0.18 (1.50) 1.50±0.17 (1.50)
1.50-4.80 (12) 1.70-4.20 (12) 1.40-2.10 (12) 1.20-1.90 (12) 1.30-2.10 (12) 1.30-1.90 (12) 1.30-0.90 (12)

1999 2.94±1.20 (2.76) 2.74±1.57 (2.08) 1.68±0.24 (1.60) 1.57±0.25 (1.55) 1.66±0.16 (1.70) 1.62±0.17 (1.66) 1.52±0.18 (1.50)
1.52-5.20 (11) 1.09-5.70 (12) 1.33-2.05 (12) 1.22-1.90 (12) 1.40-1.90 (12) 1.23-1.80 (12) 1.30-1.80 (12)

2000 1.88±0.66 (1.79) 1.73±0.58 (1.51) 1.54±0.15 (1.59) 1.48±0.13 (1.52) 1.54±0.15 (1.51) 1.51±0.27 (1.57) 1.63±0.24 (1.56)
1.22-3.44 (12) 1.03-2.74 (12) 1.24-1.72 (12) 1.26-1.67 (12) 1.39-1.87 (12) 1.01-2.00 (12) 1.30-1.97 (11)

Period II 2001 1.80±0.28 (1.80) 1.44±0.52 (1.25) 0.68±0.40 (0.60) 0.98±0.47 (1.00) 0.77±0.39 (0.60) 1.08±0.42 (1.10) 1.31±0.15 (1.30)
1.40-2.30 (11) 1.10-2.70 (8) 0.30-1.60 (10) 0.30-1.60 (12) 0.50-1.60 (10) 0.30-1.80 (9) 1.10-1.60 (12)

2002 1.33±0.26 (1.35) 1.13±0.23 (1.15) 0.72±0.15 (0.70) 1.30±0.24 (1.30) 0.78±0.13 (0.80) 0.68±0.17 (0.70) 1.23±0.10 (1.20)
0.80-1.70 (12) 0.80-1.40 (12) 0.50-0.90 (12) 0.90-1.70 (11) 0.60-1.00 (12) 0.50-1.00 (12) 1.10-1.40 (12)

2003 1.04±0.32 (0.95) 1.11±0.15 (1.10) 0.80±0.18 (0.70) 1.39±0.49 (1.40) 0.72±0.12 (0.70) 0.53±0.05 (0.50) 1.29±0.09 (1.30)
0.70-1.60 (10) 0.90-1.40 (12) 0.60-1.10 (12) 0.80-2.30 (11) 0.60-0.90 (11) 0.50-0.60 (12) 1.20-1.40 (10)

2004 0.92±0.23 (0.90) 1.03±0.27 (0.90) 0.64±0.08 (0.60) 1.62±0.47 (1.75) 0.68±0.09 (0.70) 0.60±0.09 (0.60) 1.08±0.29 (0.95)
0.60-1.40 (12) 0.80-1.50 (6) 0.50-0.80 (10) 0.70-2.30 (12) 0.50-0.80 (12) 0.50-0.70 (12) 0.80-1.80 (12)

2005 0.97±0.19 (0.90) 0.83±0.20 (0.80) 0.71±0.12 (0.70) 1.45±0.46 (1.60) 0.72±0.09 (0.70) 0.69±0.08 (0.70) 1.04±0.14 (1.05)
0.70-1.30 (12) 0.60-1.30 (12) 0.50-0.90 (12) 0.70-2.20 (12) 0.60-0.90 (12) 0.60-0.80 (12) 0.80-1.30 (12)

2006 0.95±0.22 (0.90) 0.84±0.24 (0.70) 0.66±0.05 (0.70) 1.44±0.20 (1.40) 0.68±0.06 (0.70) 0.59±0.15 (0.60) 0.97±0.16 (0.95)
0.60-1.50 (12) 0.60-1.30 (11) 0.60-0.70 (12) 1.20-1.80 (12) 0.60-0.80 (12) 0.40-0.80 (12) 0.80-1.30 (12)

2007 0.94±0.27 (1.00) 0.80±0.15 (0.80) 0.69±0.12 (0.70) 1.00±0.38 (1.00) 0.62±0.11 (0.60) 0.70±0.22 (0.60) 0.98±0.23 (0.90)
0.50-1.40 (12) 0.60-1.10 (12) 0.50-0.90 (12) 0.40-0.80 (12) 0.40-0.80 (11) 0.40-1.20 (12) 0.60-1.40 (12)

2008 0.75±0.12 (0.70) 0.87±0.14 (0.80) 0.95±0.18 (0.90) 0.76±0.10 (0.80) 1.09±0.10 (1.10) 0.76±0.20 (0.70) 0.89±0.20 (0.90)
0.60-1.00 (12) 0.70-1.10 (12) 0.70-1.20 (11) 0.50-0.90 (12) 1.00-1.30 (11) 0.40-1.10 (11) 0.60-1.40 (12)

aMean±SD (median)
bMin and Max (No. of data)
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levels between before and after the NGVS program,
the CO concentration data collected from 7 out of all 9
urban roadside stations in Seoul were analyzed (Table
1). Note that the two sites of JR and GD were excluded
from such comparison, as they were added to the mon-
itoring network since April 2008 (Fig. 1). Most of
these study sites are exposed to the direct influence of
traffic activities so that the behavior of CO can be
assessed in response to such source processes (Pandey
et al., 2008). For instance, the SC site is located on
the ground (sampling height of 3.8 m) 1 m from an 8-
lane road (30 m width). Although all the CO data were
initially recorded routinely at hourly intervals, they
were stored at monthly intervals in the data manage-
ment network system operated by the Korea Ministry
of Environment (KMOE, 2008). The analysis of the
CO data in this study was hence made using its month-
ly mean values throughout the study period. 

The initial acquisition of CO data was made with a
CO analyzer unit (response time (RT)==60 sec), which
belongs to on-line air quality measurement equipment
(Maxsam-series, Kimoto, Japan). According to the
manufacturer’s specifications, the minimum detectable
sensitivity of CO corresponds to 0.05 ppm with a preci-
sion of 0.5 to 2%. Because of the noticeable change
in air quality after the implementation of NGVS policy
in 2000, detailed evaluation of data was made after
grouping them into two periods: I (January 1998-Dec-
ember 2000) and II (January 2001-December 2006). 

3. RESULTS AND DISCUSSION

In Table 2, a statistical summary of the CO data is
given for each station on an annual basis. Because of
large differences in the pollutant distribution patterns
after 2000, comparison of the data is also made bet-
ween period I and II. As a result, the general trends of
the CO data were also compared by three temporal
criteria of month, year, and period. To simplify the
comparison of CO level changes between the two
periods, the mean CO levels for each period are also
compared in Fig. 2. The results of CO data measured
throughout the entire period generally fell in the range
of 0.94 (YD) to 1.46 ppm (DD). However, when the
results are compared between the two periods of I and
II, dramatic shifts in CO levels are recognized from
all 7 seven stations without a single exception. During
period I, the mean CO concentrations generally varied
in the range of 1.52 (CY) to 2.46 ppm (SU). However,
during period II, its counterpart values changed from
0.69 (YD) to 1.24 ppm (CY).

A simple comparison of the mean CO data between
the two periods showed large shifts in CO levels.

According to the results shown in Fig. 3, the concentra-
tions of CO measured at all 7 U-RS sites exhibited a
large reduction in its concentration level in a fairly
systematic manner. It is interesting to note that changes
from a number of stations like DD, SU, and SS appear-
ed to proceed fairly gradually throughout the study
period. In contrast, some others like CG, YD, and SC
exhibited the rapid shifts between the two periods.
These diverse patterns of reduction, although cannot
be specifically pointed out, are suspected to be related
to the differences in their CO exposure pattern. One
may assume that NGVS effect should be reflected
more directly and effectively in certain monitoring
sites due to differences in the operation pattern of
NGVS or distance from the road. It is also noted that
unlike all other stations, the results seen from CY is
rather unique, as the CO data tend to vary with large
amplitudes. Nonetheless, the results derived from this
comparison are highly consistent in that CO concen-
tration levels have been reduced considerably after
the initiation of the NGVS program in 2000. For the
reader’s reference, the temporal trends of CO have
been described in detail in our recent publications
dealing with one of these monitoring sites (SC) using
the hourly measurement data (Nguyen et al., 2010).

To quantitatively assess the extent of CO level drop
throughout the study period, the rate of its reduction
has been assessed by linear regression analysis. In
Table 3, the results of linear regression analyses are
compared between different stations using the data
sets grouped into: (a) all period, (b) period I, and (c)
period II. According to this analysis, the mean reduc-
tion rate of CO for all 7 sites is computed to be -9.5%
yr-1 with a range of -3.36 to -14% yr-1 during the
10 year period between 1998 and 2008. If the results
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Fig. 2. Comparison of the mean CO concentrations (ppm)
between different periods: 1998-2000 (period I) and 2001-
2008 (period II).
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Fig. 3. Plot of CO concentration (ppm) changes in seven U-RS sites in Seoul, Korea throughout the entire study period (’98-’08).



for the two periods of I and II are compared between
different stations, the patterns are greatly differentiated.
Although the stations like DD and SU show large
reduction rates (e.g., values far larger than -10% yr-1)
from either period I or II, all other sites show fairly
small reductions or slight gain within the boundary of
each period, i.e., either during I or II. This comparison
thus implies that the changes over a 10 year period
took place in a more abrupt manner than in a gradual
manner.

To evaluate the long-term trends of CO observed
between different studies, the results of CO measure-
ments made by other researchers need to be examined
with similar criteria. The pattern seen from the present
work can be first compared with those measured from
other urban areas in Korea such as Daegu metropolitan
city in which NGVS program was also initiated in the
similar time frame. Based on measurements made
from 1997-2002, Jo and Park (2005) reported that the
reduction rates of CO at the U-RS sites in Daegu also
ranged from 9.4 (Manchon) to 17.1% yr-1 (Namsan),
while the rate for the U-BG was 2.7% yr-1 at Sam-
deok. In our future study, we will attempt to extend
both spatial and temporal coverage of this study to a
nationwide scale to elucidate the factors underlying
this notable CO level changes across Korean peninsula.

4. CONCLUSIONS

In this study, the concentration data of CO measured
from seven urban roadside (U-RS) sites in Seoul, Korea
over an 11-year period were examined with respect to
a noticeable shift after 2000 and its causes. A line of
evidence collected in this study supports the idea that
such change in CO levels occurred ubiquitously
throughout all roadside stations around Seoul and that

is closely coinciding with the initiation of NGVS pro-
gram in 2000. Evaluation of CO distribution data at
all sites confirmed that their concentrations tend to
decrease with the mean reduction rate of 9.5% yr-1

from all seven sites for the 11 year period. In many
sites, the significant reduction in CO levels is recogniz-
able during such transition period, and the pattern
during period II generally resumed temporal stability to
a certain extent. Considering the fact that there strong
reductions in CO levels were basically accompanied
after NGVS, the effect of fuel type changes (e.g., from
diesel fuel to natural gas) appears to be one of the
highly effective strategies to reduce air pollution. Al-
though we cannot examine the effect of such changes
from other relevant species like CO2 or VOC, it is
most likely that the NGVS program may have exerted
great influences on their concentration levels as well.
As a result, it is highly recommendable to develop
strategies to implement these policies in an more effec-
tive manner. 
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