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HIGHLIGHTS

» Traffic-related pollutant exposures of Jakartans are among the highest in the world.

» Causes include two-stroke engines, missing catalytic converters, and high sulfur fuel.
» Car owners averaged 22 ppm CO and 60% of total daily CO exposure during commutes.
» Inhaled dose during commuting varied significantly with commute mode and time.

» Portable, real-time instruments uncovered determinants of pollutant exposures.
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We measured real-time exposure to PM, s, ultrafine PM (particle number) and carbon monoxide (CO) for
commuting workers school children, and traffic police, in Jakarta, Indonesia. In total, we measured exposures
for 36 individuals covering 93 days. Commuters in private cars experienced mean (st dev) exposures of 22
(9.4) ppm CO, 91 (38) pg/m> PM, 5, and 290 (150) x 10® particles cm™>. Mean concentrations were higher
in public transport than in private cars for PM, s (difference in means: 22%) and particle counts (54%), but
not CO, likely reflecting in-vehicle particle losses in private cars owing to air-conditioning. However, average
commute times were longer for private car commuters than public transport commuters (in our sample, 24%
longer: 3.0 vs. 2.3 h per day). Commute and traffic-related exposures experienced by Jakarta residents are
among the highest in the world, owing to high on-road concentrations and multi-hour commutes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Jakarta, Indonesia, is among the most populated and polluted cit-
ies in the world, with especially high concentrations of particulate
matter and carbon monoxide (Ananta and Anwar, 1995; Gurjar et
al., 2008; Mage et al., 1996). Exposure to fine particulate matter is as-
sociated with an increase in allergic disorders, asthma, cognitive def-
icits, brain abnormalities, decreased lung function, cardiovascular
disease, cardiopulmonary disease, and death (Brook et al., 2010;
Brunekreef and Holgate, 2002; Calderon-Garciduenas et al., 2008;
Dockery et al., 1993; Dockery and Stone, 2007; Padhi and Padhy,
2008; Pope, 2002; Samet et al., 2000; Zemp et al., 1999); exposure
to CO is associated with an increase in mortality from cardiovascular
disease (Allred et al., 1989; Samoli et al., 2007; Riojas-Rodriguez et al.,
2006); exposure to ultrafine particles is associated with atherosclerosis,
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cardiovascular disease, and neurodegeneration (Delfino et al., 2005;
Peters et al., 2006). Virtually no peer-reviewed studies have measured
exposure to urban air pollution in Jakarta and relatively few in other
developing country megacities, despite the fact that emissions and con-
centrations are typically much higher there than in the US and Europe
(Apte et al.,, 2012; Duh et al,, 2008; Gupta and Kumar, 2006; Apte et
al, 2011; Han and Naeher, 2006; Hopke et al., 2008; Mage and Zalj,
1992; Smith et al., 1994).

Jakarta is a coastal city, the capital of Indonesia, and the most pop-
ulous city in Southeast Asia (Duh et al., 2008; United Nations, 2007).
A comparison of available datasets suggests that Jakarta is between
the 2nd and 12th most populous city in the world (Forstall et al.,
2009). By U.S. standards, population densities in Jakarta are remarkable:
13,300 km~2 for the city of Jakarta (“DKI Jakarta”; 8.8 million
people, 661 km?) and 4400 km~2 for the region (“Jabodetabek”;
24 million people, 5500 km?) (BPS DKI Jakarta, 2009). In contrast,
among U.S. urban areas, median population density is 490 km ™2
(Marshall, 2007). Population growth in Jakarta is ~1% annually,
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while the number of motor vehicles is growing ~9% annually (from
11 million in 2010 to an estimated 17 million in 2015) (Nugroho
and Fujiwara, 2005). Citing statistics such as average traffic speed
(8 km h™!, “the equivalent of a light jog”) and proportion of federal
spending devoted to public works (8%, versus the 13% devoted to fuel
subsidies), Foreign Policy magazine concluded, “Jakarta is the poster
child for unsustainable urban development” (Terzis, 2010).

A 1998 study by the Asian Development Bank found that annual aver-
age PM;, concentration at Jakarta's six continuous monitoring stations
was near or above the US-EPA standard of 50 pg m—3, with two of the
stations averaging approximately 80 pg m~> (Syahril et al., 2002). All
five stations frequently exceeded the local hourly CO standard
(26 ppm), with one station exceeding the standard 619 of 724 h mea-
sured (Syahril et al,, 2002). The World Bank (1994) estimated that in
1989 air pollution cost the city of Jakarta approximately US$220 million.
Ostro (1994) estimated Jakarta meeting the Indonesian annual average
TSP concentration standard (90 pg m~3) would annually save 1200
lives and 6.3 million restricted activity days including work loss. Evidence
suggests that policies that reduce air pollution in Jakarta also improve the
income distribution (Resosudarmo and Thorbecke, 1996). Lower proper-
ty values in Jakarta have been linked with higher levels of particulate
matter (Yusuf and Resosudarmo, 2009).

High levels of ambient air pollution have been associated with an-
thropogenic sources such as industry, rubbish burning, and traffic
(Lestiani and Santoso, 2011; Santosa et al., 2008; Santoso et al., 2008,
2011; Zou and Hooper, 1997). Jakarta has large numbers of highly pollut-
ing two-stroke engines, particularly three-wheel auto-rickshaws, which
use converted motorcycle engines, often from the late 1960s, and large
numbers of automobiles without catalytic converters (Santosa et al.,
2008). Those factors lead to high levels on-roadway of CO and other
combustion emissions. Furthermore, Jakarta has large numbers of
high-emitting diesel trucks and light duty vehicles. Trucks generally
run on high-sulfur diesel fuel, leading to high on-road concentrations
of diesel PM and elemental or black carbon (BC). Though the production
of leaded fuels was phased out in Indonesia as of July 2006, unleaded fuel
has only recently (since 2001) been available in the country and while
there is momentum for installing catalytic converters on taxis and public
transportation, Syahril et al. (2002) in a study in 2002 found the overall
number of catalytic converters remains relatively small. These condi-
tions, combined with severe traffic congestion and long commute
times (averaging >60 min per day (Forstall et al., 2009), more than the
U.S. average of ~45 min per day (Hu and Reuscher, 2004)), produce
high exposures for commuters and for workers such as professional
drivers, near-roadway vendors, and traffic police (Knibbs and
Morawska, 2012). Considering the large percentage of the world popula-
tion that is found in the megacities of developing countries, it is surpris-
ing that nearly all exposure studies examining mode of transportation
have been conducted in Europe and North America (see Table S1,
which provides a literature review and summary of prior findings).

To characterize these high commuter exposures, this study mea-
sured exposure to PM; 5 (particulate matter with mean aerodynamic
diameter smaller than 2.5 pm), ultrafine PM (particulate matter
smaller than 0.1 um), and carbon monoxide for Jakartans while com-
muting, and during non-commuting periods at home, work or in
school. We evaluated exposure differences by travel mode for adults,
and compared to school children and to a high-exposure occupation
(roadside traffic police), and estimated the contribution of commut-
ing to overall pollutant exposures.

2. Methods
2.1. Sampling design
Our study investigated pollution exposures for four population

groups in Jakarta in 2005, from May through October. (Table 1):
school children using a variety of transport modes, adult commuters

using private cars, adult commuters using public transportation
(buses, minibusses), and traffic police officers who spent time in or
near traffic impacted locations. We recruited a convenience sample
of 36 non-smokers and measured a total of 93 days of exposure con-
centrations. All subjects worked or attended school in Jakarta and
lived in Jakarta or surrounding suburbs. Our recruitment aimed to
be representative within each population group, though the four
groups studied were not necessarily representative of the greater
population's commute mode choices. For example, private car com-
muters are over-represented in our 36-person sample relative to the
population as a whole (Fig. 1). Many commutes involved multiple
modes (e.g., walk from home to bus stop/bus from bus stop to transit
station/3-wheeler from transit station to office); modes delineated
here reflect the majority mode.

2.2. Equipment

All monitoring instruments used were battery powered, logged data
as one-minute average concentrations, and were lightweight and porta-
ble. A photometer (DustTrak 8520, TSI Inc., Shoreview, MN), fitted with
a PM, 5 inlet, estimated PM, s mass concentrations based on light scat-
tering. To avoid humidity-induced overestimation of mass (Laulainen,
1993), we used a silica-filled diffusion dryer upstream of the DustTrak
inlet (Chakrabarti et al., 2004; Day and Malm, 2001; Donateo et al.,
2006).

An electrochemical sensor (Q-TRAK 8552, TSI Inc., Shoreview, MN)
measured carbon monoxide (CO; mechanism: electrochemical cell),
carbon dioxide (CO,; non-dispersive infrared), temperature, and rela-
tive humidity. The CO cells were calibrated by the vendor immediately
prior to our use; we conducted additional checks of the calibration
against a standard gas at the Environmental Monitoring Center (EMC)
in Serpong, Indonesia. Ultrafine number concentrations were measured
using a condensation particle counter (CPC Model 3007, TSI Inc., Shore-
view, MN), which detects particles of size 0.01 um to 1 pm. Number
concentrations are dominated by ultrafine particles (PMg;, diameter
less than 0.1 um). Particle number concentrations in Jakarta routinely
exceeded the CPC measurement range suggested by the manufacturer
(upto 10° cm3); to address this issue, a diluter was installed upstream
of the CPC, thereby reducing concentrations in sampled air by a factor of
9.8 — a sufficient amount to reduce values to levels not needing correc-
tion for coincidence counting problems (Knibbs et al., 2007). The degree
of dilution was checked prior to each sample trip, and observed concen-
trations were multiplied by the dilution factor. At concentrations above
~10° cm ™3, the CPC 3007 linear counting efficiency degrades; thus
without this dilution the instrument would under-report true
concentrations.

In addition to the silica-filled diffusion dryer upstream of the DustTrak,
a further step was required to assure that the DustTrak reported reliable
PM, 5 measurements. The DustTrak is calibrated against Arizona Road
Dust and requires comparison to an accepted local mass monitor to estab-
lish a calibration correction factor that accounts for the unique character-
istics of PM in Jakarta. For this study we compared the data from a
dryer-equipped DustTrak with an E-BAM (MetOne, Grants Pass, OR)
that was operated as part of near-roadway monitoring conducted by
our group. The E-BAM was fitted with a PM, 5 cyclone inlet. An E-BAM,
which operates on the principal of beta radiation attenuation, maintains

Table 1
Study population groups.

Group Number of subjects Total days of monitoring

Cco PM, 5 CPC

School children 8 16 19 8
Car commuters 9 25 25 11
Public transit commuters 9 26 26 16
Traffic police 10 26 26 0
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Fig. 1. Roundtrip commute time (upper plot) and mode of commute (lower plot):
comparisons to earlier studies.

humidity of the airstream by heating the inlet and reports data with
one-hour resolution. Importantly for our study, the MetOne beta attenu-
ation monitor (BAM) is listed by the EPA as an automated equivalent
method (EQPM-0798-122; the ‘E’ in ‘E-BAM’ refers to the ‘environmental’
enclosure protecting the BAM), meaning that the E-BAM is equivalent to
the reference method. A USDA Forest Service report (Trent, 2003)
reported that all observed correlation coefficients between the E-BAM
and the Federal Reference Methods were >0.99.

The two instruments (DustTrak; E-BAM) were co-located at a resi-
dential reference site, approximately 20 m from a busy roadway in cen-
tral Jakarta. The site, which was selected for instrument security, was
one floor above ground level, in a high-income neighborhood consisting
of single-family detached houses.

2.3. Field study set-up

During exposure measurements, students from the University of In-
donesia traveled with the subjects, carrying equipment and checking it
as needed. Subjects were instructed not to modify their activities as a
result of the presence of the data collection teams. Although some mod-
ification may have occurred despite these instructions, self-reported
major aspects of subjects’ activities (commute mode and work, home
and school locations) remained unchanged. Questionnaires were dis-
tributed and filled in by the subjects (or guardian, for school children)
recording demographic attributes (age, sex). Police exposure data
were collected as they performed their work (routine observation
and traffic control while on foot). Police were monitored for PM
and CO exposure, but not for ultrafine counts. Two or three 1-day
measurements were made for each subject (average monitoring
time [hours] per day: 21 for children, 24 for adults commuting via
private car, 12 for adults commuting via public transport, 6 for traffic
police). There were approximately half as many days of monitoring

for particle counts as for CO and PM, 5 because the study employed
one CPC, two DustTraks, and two Q-Traks. The duration of sampling
for traffic police (~6 h) reflects the duration of time that they spend
working on-roadway each day.

3. Results and discussion

Adult commute times and distances (Fig. 2) were relatively long:
median (interquartile range) round-trip values are 66 (20-80) km
and 3.0 (2.8-3.5) hours for private car commuters, versus 70 (50-80)
km and 2.3 (2.1-3.5) hours for public transport commuters. The median
school commute was notably shorter (3 km [IQR: 2-17]; 0.8 h [IQR:
0.5-1.4]) since children typically attend local/nearby schools. For com-
parison, the average roundtrip commute in the U.S. in 2001 was 24 km
(0.8 h) (Hu and Reuscher, 2004). The maximum commute length
among the 20 adults we sampled was 200 km round-trip (5.0 h).
Comparison to prior studies (BPS DKI Jakarta, 2001) suggests that
private car commuters with long commute times are over-sampled
in our cohort; or, the longer commute times in our study (see
Fig. 1) may partially reflect changes in traffic congestion from 2001
to 2005. In either case, our results and the previous research both in-
dicate comparatively long commutes: the vast majority (78%) of
Jakartans commute for more than 1 h (BPS DKI Jakarta, 2001). Medi-
an time near road traffic during the work shift for traffic police was
6.3 (IQR: 6.2-6.3) h per day.

3.1. Photometer correction

Fig. 3 presents the DustTrak-E-BAM comparison. The two monitors
agreed well (R>=0.96); accordingly, the DustTrak was adjusted using
a simple linear expression (corrected PM;s=[DustTrak-recorded
PM,5]/2.77). All DustTrak data reported in this paper are E-BAM-
adjusted values. Because the E-BAM is not portable, a limitation of our
calibration is that it represents outdoor air in one near-roadway residen-
tial location; we were unable to generate separate calibration factors for
each microenvironment.

3.2. Exposure measurements

Fig. 4 illustrates an example monitoring period for CO from a private
car commuter. On-road exposures are routinely above 40 ppm CO,
75 ug m~> PM,5, and 100,000 particles cm™>. For CO and UFP, there
was little difference between morning and afternoon on-road concen-
trations, despite increases in wind speed and mixing height from morn-
ing to afternoon, suggesting that a large fraction of in-vehicle exposures
are attributable to nearby vehicles rather than regional pollution. Avail-
able data from NASA's Global Modeling and Assimilation Office (GMAO,
2011) indicate that the annual harmonic mean surface boundary layer
in Jakarta is approximately 2.5 times greater in the afternoon (1120 m
during 14:00-16:00 for 2005-2007) than in the morning (460 m dur-
ing 5:00-9:00). CO and PM, s concentrations reported here are many
times higher than typical on-road concentrations in developed country
cities. For example, Riediker et al. (2003) reported mean on-road con-
centrations of 2.6 ppm CO and 23 ug m~> PM,, in Raleigh, NC, US.
Westerdahl et al. (2005) reported mean on-road concentrations of 1.9
to 2.7 ppm CO on Los Angeles freeways, depending on the freeway seg-
ment. In contrast, UFP concentrations reported here are approximately
within a factor of ~2 to 3 of typical values measured on-roads in devel-
oped country mega-cities. For example, Westerdahl et al. (2005) reported
UFP number concentrations of 47,000 to 210,000 cm > on different Los
Angeles freeways. A literature review by Knibbs et al. (2011), not limited
to megacities, reported mean UFP number concentrations of 34,000 to
57,000 cm >, depending on commute mode. The reason why UFP con-
centrations in Jakarta are not as unusually high as the other pollutants
may be attributable to enhanced adsorption of semi-volative vapors
onto available PM, 5 particle surface area, thereby reducing the formation



968
6 4
= O
% 4 O o
] @) @
g (@é e}
22 9 o <
F o)
ge

School childrens'  Private car  Public transport
commute commute commute

AF. Both et al. / Science of the Total Environment 443 (2013) 965-972

200 O
€
= 150 -
3 o
c
I
2]
5 100 - &
2 Q
g g O
€ 501 o o) a
38 o o
&< .
A T T
School childrens'  Private car ~ Public transport
commute commute commute

Fig. 2. Average roundtrip commute time (left panel) and distance (right panel) per person, for the participants enrolled in the study. Arrows indicate median values.

of UFP by homogeneous nucleation (Biswas and Wu, 2005). Clean air di-
lution on- and near-roadway impacts the size distribution and the num-
ber concentration, and near-roadway UFP concentrations exhibit strong
spatial gradients (Zhang and Wexler, 2004; Zhang et al., 2004, 2005).

Exposure data, as shown in Fig. 5, are segregated by subject group
and by location: (1) at home, (2) on the road, or (3) at work/school.
Work and school exposure concentrations were similar. CO concentra-
tions were 180%-700% greater on-road than elsewhere. Median on-road
CO concentrations were approximately 22 ppm (IQR: 15-28) for public
transport users, with little variability between air-conditioned (AC) and
non AC public transport. Median CO exposures at home and work were
less than 3 ppm. CO exposure concentrations on-road for private car
commuters were similar to public transport commuters, ~200% higher
than for school children and traffic police.

Median CO concentrations seen while commuting in Jakarta are
among the highest reported in the world, although such studies are un-
common and instruments used have varied (see Table S1). To our
knowledge, the highest on-road CO values previously reported in the
literature are 32-63, 26-38, and 17-25 ppm in minibusses, buses, and
the metro, respectively, in Mexico City, in the winter of 1991
(Fernandez-Bremauntz and Ashmore, 1995) although the values mea-
sured in the Spring of 2002 averaged 5, 2, and 7 ppm, respectively for
the same vehicle modes (Gomez-Perales et al., 2004), reflecting im-
proved air quality and perhaps better dilution during spring conditions.
Also, the instrumentation in those studies changed from a General Elec-
tric COED-1 CO monitor (electrochemical) to a Langan Model T15 (in-
frared). Measured values of similar magnitude are rare: in Guangzhou,
24 and 9 ppm CO, respectively, were measured on taxis and buses dur-
ing summer 2002 (Chan et al., 2002) using an Intersan Co. Model 4148
(electrochemical); in Athens, 21 and 10 ppm CO, respectively, was
measured in cars and busses during winter 1998-1999 (Duci et al.,

400
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E-BAM PM, 5 (ug m9)

T T
0 400 800
DustTrak PMj g (ug m-3)
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Fig. 3. Comparison of PM; s measurements by two instruments (E-BAM, DustTrak) for
a near-traffic residential location. These results, which indicate a high correlation, were
used to derive the correction factor to convert DustTrak-reported concentration into
reference method -equivalent values.

2003) using a Solomat MPM 4100 portable CO monitor. Other develop-
ing cities with lower on-road or in-vehicle CO values include Tehran,
Bangkok, three cities in Guatemala, and Ankara (Abdollahi et al., 1998;
Atimtay et al, 2000; Han and Naeher, 2006; Leong et al, 2001;
Shendell and Naeher, 2002). Considering that our values were mea-
sured in 2005, when much of the developing world had already reduced
traffic CO through tailpipe controls, concentrations reported here are
high.

The situation for on-road and in-vehicle PM, 5 concentrations in
Jakarta is similar to CO. PM,; 5 exposures were 30%-200% higher while
on-road than not on-road. Concentrations at home and at school/office
were fairly consistent across the subject groups (median: 42 ug m—3).
On-road median PM; 5 concentrations for school children, private car
commuters, and public transport commuters, respectively, were 56
(IQR: 49-75), 87 (IQR: 61-116) and 119 (IQR: 104-122) pg m>.
These concentrations are more than twice the on-road concentrations
seen in developed countries (Adams et al,, 2001) and are among the
higher reported values in the world. Comparable values in the literature
for on-road or in-vehicle PM, 5 include a reported near-traffic PM, 5
concentration of 423 pug m™~> near roadways in Nanjing China (Wang
etal., 2003) using an Anderson GT22001 HiVol and a reported mean ex-
posure concentration of 190 pg m ™2 for passengers of auto-rickshaws
in New Delhi in the spring of 2010 (Apte et al., 2011) using a DustTrak.
Similarly high values reported were in Guangzhou during the summer
of 2001 and were 73, 101, 106, and 145 ug m > PM, 5 in AC taxis, AC
buses, non-AC taxis, and non-AC buses, respectively, (Chan et al.,
2002) using a DustTrak and in Quetzaltenango and Guatemala City,
Guatemala, in the summer of 1997 and were 120 and 150 ug m~2 in
(Shendell and Naeher, 2002) using an Adams sampler (gravimetric
measures on a PUF substrate). Reported near-roadway PM, s concen-
trations in Bangalore, India, estimated using a filter-corrected nephe-
lometer, were 56 and 68 pug m~> in a middle- and low-income
community, respectively (Both et al,, 2011).

Vehicle air-conditioning appeared to yield only modest (6-15%) re-
ductions in on-road PM, s relative to non-AC vehicles. The median
on-road concentration for traffic police was 78 (IQR: 61-92) ug m~>.
While exposure concentrations are less for traffic police than most com-
muters, police officers spend more than twice as long on the road since
their entire 6-hour shift is on-road directing traffic. Exposures by traffic
police during their commutes were not measured here.

Median particle counts were 30%-300% higher on-road than not
on-road, similar to or slightly larger than the 30%-200% difference
seen with PM,s. Particle counts were similar for public transportation
commuters (AC and non-AC) and for private car commuters without
AC (approximately 400,000 cm™3). School children using a variety of
transport modes and private car commuters with AC experienced sim-
ilar median particle concentrations (approximately 140,000 cm™3).
CPC measurements at home or at the office/school were typically
around 100,000 cm™3, however the measurements were taken
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Fig. 4. Sample 1-day data for CO, PM, s and particle count in a private car commuter with AC on June 7th showing subject location.

immediately before or after the commute, and thus the recorded con-
centrations may not represent an average of all time spent in these loca-
tions. Air-conditioning had a substantial effect for private car
commuters, reducing particle counts by 60%, while having only a
minor effect for public transport commuters. Ventilation settings in a
vehicle have been shown to have a strong effect on UFP exposure
(Hudda et al., 2011; Knibbs et al., 2010; Zhu et al., 2007).
Mann-Whitney U tests (Fig. 6) indicate that commuting exposure
for public transport users are significantly higher (p<0.05) than for pri-
vate car commuters (PM, ), for school children (all three pollutants),
and for traffic police (CO, PM,5 [no police CPC data]). Subject groups
without a statistically significant difference in Fig. 6 are labeled with
the same letter (a, b, or c) above the column. Fig. 6 compares the

straightforward measurements per person, without attempting to cor-
rect for day-to-day differences in regional ambient concentrations. Be-
cause measurement days for each sub-group were scattered randomly
throughout the study, we do not consider this aspect to be a major lim-
itation in interpreting Fig. 6 (i.e., based on the study design, it is unlikely
that differences in Fig. 6 merely reflect random variation in regional pol-
lution and do not point to true differences among the subgroups
studied).

3.3. Population exposure estimates

Time spent on-road (Fig. 2) appears to be a strong contributor to
subjects' daily exposures. Although in-vehicle concentrations were
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22% (PM,s) and 54% (particle counts) higher for public transport
commuters than for private car commuters, the private car com-
muters typically spent 25% more time on the road than public trans-
port commuters (3 h vs. 2.3 h), potentially increasing the amount of
pollution inhaled.

Typical commute modes are given in Fig. 1. Many commuters (39-
63%, among surveys in Fig. 1) use some form of public transit (trains,
busses, small busses, three-wheelers). Only 15-35% use motorcy-
cles or private cars. Private car use is the only mode of commuting
that is increasing in proportion to the other categories and is
projected to more than double from 2000 to 2020 (JICA and NDPI,
2004).

Based on our measurements, we estimated daily exposures for the
24-hour monitoring groups (school children; private car commuters)
in terms of exposure multiplied by time (“time-exposure”). These esti-
mates were derived straightforwardly: mean pollutant concentrations
for each individual were multiplied by the mean time spent on-road
and at-work. Remaining time was assumed to be at home. Findings
are shown in Fig. 7. Relative to school children, private car commuters
had a higher daily time-exposure for all three pollutants, and a higher
percentage of time-exposure from commute for all three pollutants
(117% higher for CO, 50% higher for PM,s; 88% higher for particle
count). For PM; s and UFP, the fraction of total time-exposure due to
commuting was 25%, which is in the range of estimates for the United

States and Europe. Wallace and Ott (2011) calculated an in-vehicle
time-exposure contribution of 17% for a range of city-to-city trips on
both coasts, taking other microenvironments into account, while Fruin
et al. (2008) similarly estimated 36% for urban Los Angeles. Dons et al.
(2011) estimated for participants in a Belgian study that transport/
commute was responsible for 26% of their daily time-exposure to
black carbon. Therefore, despite the very high in-vehicle concentra-
tions, the concentrations of PM, 5 and UFP outdoors and inside homes
or offices are also proportionately higher in Jakarta. However, the nearly
60% of CO time-exposure coming from the commute for private car
owners is an unexpectedly high fraction.

4. Summary and conclusions

This study provides real-time measurements for a variety of
micro-environments in an area of the world seeing unprecedented
growth in population, traffic, and air pollution. Travel mode, high
micro-environmental concentrations, and travel time, as well as
time at work, school or home, all contribute to overall exposure. For
all three pollutants (CO, PM, s, particle counts), concentrations were
higher in public transport than in private cars; however, private car
commuters traveled different routes (i.e., different distances) and
spent a substantially longer time on-road. The net result was that
on-road exposure was greater for private car commuters than for
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Fig. 6. Mean on-road concentrations by subject group and location for CO (upper plot),
PM, 5 (middle plot), and particle counts (lower plot). Error bars represent one stan-
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example, in the bottom panel, the first and last bars exhibit a statistically significant
difference from each other, and the middle bar (“Private car commute”) is not statisti-
cally different from the first or the last bars.

public transport commuters. The police officers’ exposures are espe-
cially of note because they spend 2-3 times more time on or near
roads as commuters in this study. The findings of this study suggest
that pollution exposures in Jakarta represent a health concern for
school children and adults based on the relatively high concentrations
and the amounts of time spent in and near vehicles.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.scitotenv.2012.10.082.

Acknowledgments

The authors gratefully acknowledge assistance from research staff in
the Faculty of Public Health — University of Indonesia, including Sri
Endah Suwarni, Dadun, Indang Trihandini, Amri Ismail, and 22 student
data-collectors. We also gratefully acknowledge Professor Costas Sioutas
(University of Southern California) for providing the diffusion driers used
in this study. This work was funded by the US Asia Environmental

120 -

80 Office/School :

Commute/
o T :

_—~Home—"

COexposure (ppm-hrs)

1500

1000 -

__

500 -

PM exposure (ug m3hrs)

5000

4000 -

2000 -

1000 ~

UF exposure (1,000 cm3hrs)

School children Private car commuters
Fig. 7. Estimated daily exposure for the 24-hour monitoring groups, represented here
as exposure times time.

Partnership (USAEP/USAID) Indonesia in collaboration with Swisscontact
Indonesia.

References

Abdollahi M, Zadparvar L, Ayatollahi B, Baradaran M, Nikfar S, Hastaie P, et al. Hazard
from carbon monoxide poisoning for bus drivers in Tehran, Iran. Bull Environ
Contam Toxicol 1998;61:210-5.

Adams HS, Nieuwenhuijsen MJ, Colvile RN, McMullen MA, Khandelwal P. Fine particle
(PM2.5) personal exposure levels in transport microenvironments, London, UK. Sci
Total Environ 2001;279:29-44.

Allred EN, Bleecker ER, Chaitman BR, Dahms TE, Gottlieb SO, Hackney ]D, et al.
Short-term effects of carbon monoxide exposure on the exercise performance of
subjects with coronary artery disease. N Engl ] Med 1989:1426-32.

Ananta A, Anwar E. Projection of Indonesian population and labor force: 1995-2025;
1995.

Apte ]S, Bombrun E, Marshall JD, Nazaroff WW. Global intraurban intake fractions for
primary air pollutants from vehicles and other distributed sources. Environ Sci
Technol 2012;4:3415-23.


http://dx.doi.org/10.1016/j.scitotenv.2012.10.082
http://dx.doi.org/10.1016/j.scitotenv.2012.10.082

972 AF. Both et al. / Science of the Total Environment 443 (2013) 965-972

Apte JS, Kirchstetter TW, Reich AH, Deshpande SJ, Kaushik G, Chel A, et al. Concentra-
tions of fine, ultrafine, and black carbon particles in auto-rickshaws in New
Delhi, India. Atmos Environ 2011;45:4470-80.

Atimtay AT, Emri S, Bagci T, Demir AU. Urban CO exposure and its health effects on traf-
fic policemen in Ankara. Environ Res Sec A 2000;82:222-30.

Biswas P, Wu CY. Critical Review: nanoparticles and the environment. ] Air Waste Man-
age Assoc 2005;55:708-46.

Both AF, Balakrishnan A, Joseph B, Marshall JD. Spatiotemporal aspects of real-time
PM,s: Low- and middle-income neighborhoods in Bangalore, India. Environ Sci
Technol 2011;45:5629-36.

BPS DKI Jakarta. Population migration survey of Jabotabek. DKI Jakarta Statistics; 2001.

BPS DKI Jakarta. Jakarta in figures. DKI Jakarta Statistics; 2009.

Brook RD, Rajagopalan S, Pope CAIII, Brook JR, Bhatnagar A, Diez-Roux AV, et al. Particulate
matter air pollution and cardiovascular disease: an update to the scientific statement
from the American Heart Association. Circulation 2010;121:2331-78.

Brunekreef B, Holgate ST. Air pollution and health. Lancet 2002;360:1233-42.

Calderon-Garciduenas L, Mora-Tiscareno A, Ontiveros E, Gomez-Garza G, Barragan-
Mejia G, Broadway J, et al. Air pollution, cognitive deficits and brain abnormalities:
a pilot study with children and dogs. Brain Cogn 2008;68:117-27.

Chakrabarti B, Fine P, Delfino R, Sioutas C. Performance evaluation of the active-flow per-
sonal DataRAM PM2.5 mass monitor (Thermo Anderson pDR-1200) designed for con-
tinuous personal exposure measurements. Atmos Environ 2004;38:3329-40.

Chan L, Lau W, Zou S, Cao Z, Lai S. Exposure level of carbon monoxide and respirable
suspended particulate in public transportation modes while commuting in urban
area of Guangzhou, China. Atmos Environ 2002;36:5831-40.

Day DE, Malm WC. Aerosol light scattering measurements as a function of relative
humidity: a comparison between measurements made at three different sites.
Atmos Environ 2001;35:5169-76.

Delfino RJ, Sioutas C, Malik S. Potential role of ultrafine particles in associations be-
tween airborne particle mass and cardiovascular health. Environ Health Perspect
2005;113:934-46.

Dockery D, Stone P. Cardiovascular risks from fine particulate air pollution. N Engl |
Med 2007;356:511-3.

Dockery D, Pope C, Xu X, Spengler ], Ware ], Fay M, et al. An association between air
pollution and mortality in six US cities. N Engl ] Med 1993;329:1753-9.

Donateo A, Contini D, Belosi F. Real time measurements of PM2.5 concentrations and
vertical turbulent fluxes using an optical detector. Atmos Environ 2006;40:
1346-60.

Dons E, Panis LI, Van Poppel M, Theunis ], Willems H. Atmos Environ 2011;45:3594-602.

Duci A, Chaloulakou A, Spyrellis N. Exposure to carbon monoxide in the Athens urban
area during commuting. Sci Total Environ 2003;309:47-58.

Duh D, Shandas V, Chang H, George LA. Rates of urbanization and the resiliency of air
and water quality. Sci Total Environ 2008;400:238-56.

Fernandez-Bremauntz A, Ashmore M. Exposure of commuters to carbon monoxide in Mexico
City—measurement of in-vehicle concentrations. Atmos Environ 1995;29:525-32.
Forstall RL, Greene RP, Pick JB. Which are the largest? Why lists of major urban areas

vary so greatly. Tijdchr Econ Soc Geogr 2009;100:277-97.

Fruin S, Westerdahl D, Sax T, Fine P, Sioutas C. Measurements and predictors of
in-vehicle ultrafine particle concentrations and associated pollutants on freeways
and arterial roads in Los Angeles. Atmos Environ 2008;42:207-19.

GMAO. MERRA Research Application. Retrieved January 11, 2011. http://gmao.gsfc.
nasa.gov/research/merra/2011.

Gomez-Perales JE, Colvile RN, Nieuwenhuijsen M], Fernandez-Bremauntz AA,
Gutierrez-Avedoy V, Paramo-Figueroa VH, et al. Commuters' exposure to PM2.5,
Co, and benzene in public transport in the metropolitan area of Mexico City.
Atmos Environ 2004:38.1219-29.

Gupta I, Kumar R. Trends of particulate matter in four cities in India. Atmos Environ
2006;40:2552-66.

Gurjar BR, Butler TM, Lawrence MG, Levieveld J. Evaluation of emissions and air quality
in megacities. Atmos Environ 2008;42:1593-606.

Han X, Naeher LP. A review of traffic-related air pollution exposure assessment studies
in the developing world. Environ Int 2006;32:106-20.

Hopke PK, Cohen DD, Begum BA, Biswas SK, Ni B, Pandit GG, et al. Urban air quality in
the Asian region. Sci Total Environ 2008;404:103-12.

Hu PS, Reuscher TR. Summary of travel trends: 2001 National household travel survey.
Washington D.C.: U.S. Department of Transportation and Federal Highway
Administration; 2004

Hudda N, Kostenidou E, Sioutas C, Delfino RJ, Fruin SA. Vehicle and driving characteris-
tics that influence in-cabin particle number concentrations. Environ Sci Technol
2011;45:8691-7.

Japan International Cooperation Agency, National Development Planning-Republic of In-
donesia. The study on integrated transportation masterplan for Jabodetabek; 2004.

Knibbs LD, de Dear RJ, Morawska L, Coote PM. A simple and inexpensive dilution system
for the TSI 3007 condensation particle counter. Atmos Environ 2007;41:4553-7.

Knibbs LD, Cole-Hunter T, Morawska L. A review of commuter exposure to ultrafine
particle and its health effects. Atmos Environ 2011;45:2611-22.

Knibbs LD, de Dear R], Morawska L. Effect of cabin ventilation rate on ultrafine particle
exposure inside automobiles. Environ Sci Technol 2010;44:3546-51.

Knibbs LD, Morawska L. Traffic-related fine and ultrafine particle exposures of profes-
sional drivers and illness: An opportunity to better link exposure science and epi-
demiology to address an occupational hazard? Environ Int 2012;49:110-4.

Laulainen NS. Summary of conclusions and recommendations from a visibility science
workshop; technical basis and issues for a national assessment for visibility im-
pairment. US DOE, Pacific Northwest Laboratory; 1993.

Leong ST, Muttamara S, Laortanakul P. Evaluation of air pollution burden from contri-
bution of motorcycle emission in Bangkok. Water Air Soil Pollut 2001;131:41-60.

Lestiani DD, Santoso M. Analytical Methods INAA and PIXE applied to characterization
of airborne particulate matter in Bandung, Indonesia. Atom Indones 2011;37:52-6.

Mage DT, Zali O. Motor vehicle air pollution—public health impact and control mea-
sures. Geneva: WHO and ECOTOX; 1992.

Mage D, Ozolins G, Peterson P, Webster A, Orfer R, Vandeweerd V, et al. Urban air pol-
lution in megacities of the world. Atmos Environ 1996;30:681-6.

Marshall JD. Urban land area and population growth: a new scaling relationship for
metropolitan expansion. Urban Stud 2007;44:1889-904.

Nugroho SB, Fujiwara A. Evaluating the effects of a new vehicle emission standard on
urban air quality in Jakarta City. ] Int Dev Cooperation 2005;11:17-37.

Ostro B. Estimating the health effects of air pollutants: a method with an application to
Jakarta. Washington D.C.: World Bank; 1994

Padhi BK, Padhy PK. Assessment of intra-urban variability in outdoor air quality and its
health risks. Inhal Toxicol 2008;20:973-9.

Peters A, Veronesi B, Calderon-Garciduenas L, Gehr P, Chen LC, Geiser M, et al. Translo-
cation and potential neurological effects of fine and ultrafine particles a critical up-
date. Part Fibre Toxicol 2006;3:1-13.

Pope C. Lung cancer, cardiopulmonary mortality, and long-term exposure to fine par-
ticulate air pollution. ] Am Med Assoc 2002;287:1132-41.

Resosudarmo B, Thorbecke E. The impact of environmental policies on household in-
comes for different socio-economic classes: the case of air pollutants in Indonesia.
Ecol Econ 1996;17:83-94.

Riediker M, Williams R, Devlin R, Bromberg P. Exposure to particulate matter, volatile
organic compounds, and other air pollutants inside patrol cars. Environ Sci Technol
2003;37:2084-93.

Riojas-Rodriguez H, Escamilla-Cejudo JA, Gonzdlez-Hermosillo JA, Téllez-Rojo MM, Vallejo
M, Santos-Burgoa C, et al. Personal PM2.5 and CO exposures and heart rate variability
in subjects with known ischemic heart disease in Mexico City. ] Expo Sci Environ
Epidemiol 2006;16:131-7.

Samet J, Dominici F, Curriero F, Coursac I, Zeger S. Fine particulate air pollution and
mortality in 20 US cities, 1987-1994. N Engl ] Med 2000;343:1742-9.

Samoli E, Touloumi G, Schwartz ], Anderson HR, Schindler C, Forsberg B, et al.
Short-term effects of carbon monoxide on mortality: an analysis within the
APHEA project. Environ Health Perspect 2007;115:1578-83.

Santosa SJ, Okuda T, Tanaka S. Air pollution and urban air quality management in Indonesia.
Clean 2008;36:466-75.

Santoso M, Hopke PK, Hidayat A, Dwiana SL. Sources identification of the atmospheric aerosol
at urban and suburban sites in Indonesia by positive matrix factorization; 2008.

Santoso M, Lestiani DD, Mukhtar R, Hamonangan E, Syafrul H, Markwitz A, et al. Pre-
liminary study of the sources of ambient air pollution in Serpong, Indonesia.
Atmos Pollut Res 2011;2:190-6.

Shendell D, Naeher L. A pilot study to assess ground-level ambient air concentrations of
fine particles and carbon monoxide in urban Guatamala. Environ Int 2002;28:375-82.

Smith K, Apte M, Yuqing M, Wongsekiarttirat W, Kulkarni A. Air pollution and the en-
ergy ladder in Asian cities. Energy 1994;19:587-600.

Syahril S, Resosudarmo BP, Tomo HS. Study on air quality in Jakarta, Indonesia. Jakarta:
Asian Development Bank; 2002.

Terzis G. Jakarta's Urban Nightmare. Foreign Policy. November 8. Retrieved April 4,
2010. http://www.foreignpolicy.com/articles/2010/11/09/jakartas_urban_nightmare.
2010.

Trent. A laboratory evaluation of new real-time smoke particulate monitors. Tech Rep.
0325-2834-MTDC. Missoula, MT: U.S. Department of Agriculture, Forest Service,
Missoula Technology and Development Center; 2003.

United Nations Department of Economic and Social Affairs (Population Division)
Secretariat. World population prospects: the 2006 revision and world urbanization
prospects, New York; 2007.

Wallace L, Ott W. Personal exposure to ultrafine particles. ] Expo Sci Environ Epidemiol
2011;21:20-30.

Wang G, Wang H, Yu Y, Gao S, Feng J, Gao S, et al. Chemical characterization of
water-soluble components of PM10 and PM2.5 atmospheric aerosols in five loca-
tions of Nanjing, China. Atmos Environ 2003;37:2893-902.

Westerdahl D, Fruin S, Sax T, Fine PM, Sioutas C. Mobile platform measurements of
ultrafine particles and associated pollutant concentrations on freeways and resi-
dential streets in Los Angeles. Atmos Environ 2005;39:3597-610.

World Bank. Indonesia Environment and development: challenges for the future. Re-
port no. 12083-IND, Washington, D.C.; 1994.

Yusuf AA, Resosudarmo BP. Does clean air matter in developing countries' megacities?
A hedonic price analysis of the Jakarta housing market, Indonesia. Ecol Econ
2009;68:1398-407.

Zemp E, Elsasser S, Schindler C, Kunzli N, Perruchoud A, Domenighetti G, et al.
Long-term ambient air pollution and respiratory symptoms in adults (SAPALDIA
study). Am ] Respir Crit Care Med 1999;159:1257-66.

Zhang KM, Wexler AS. Evolution of particle number distribution near roadways part I:
analysis of aerosol dynamics and its implications for engine emission measure-
ment. Atmos Environ 2004;38:6643-53.

Zhang KM, Wexler AS, Zhu YF, Hinds WC, Sioutas C. Evolution of particle number dis-
tribution near roadways part II: the ‘road-to-ambient’ process. Atmos Environ
2004;38:6655-65.

Zhang KM, Wexler AS, Niemeier DA, Zhu YF, Hinds WC, Sioutas C. Evolution of particle
number distribution near roadways. Part III: traffic analysis and on-road size re-
solved particulate emission factors. Atmos Environ 2005;39:4155-66.

Zhu Y, Eiguren-Fernandez A, Hinds WC, Miguel AH. In-cabin commuter exposure to
ultrafine particles on Los Angeles freeways. Environ Sci Technol 2007;41:2138-345.

Zou LY, Hooper MA. Size-resolved airborne particles and their morphology in Central
Jakarta. Atmos Environ 1997;31:1167-72.


http://gmao.gsfc.nasa.gov/research/merra/
http://gmao.gsfc.nasa.gov/research/merra/
http://www.foreignpolicy.com/articles/2010/11/09/jakartas_urban_nightmare

1 k) supplementary data

July 25, 2012
To be submitted to Science of the Total Environment

2 This online supplement contains one figure, showing raw data (mean concentrations) for each
3 of the subjects.
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Fig. S1. Mean individual concentration for CO (upper plot), PM,s (middle plot), and particle
counts (lower plot) by subject group and location. AC refers to subjects with air-conditioning
during their commute. Number of monitored subjects in parentheses.
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14  Fig. S2. Box plot of CO, PM,5 and particle count of a private car commuter with AC on June 7™.
15  Box plot displays 10th, 25th, 75th, and 90th percentile as well as mean (diamond) and median
16  (rectangle) of data set.
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Author Location Pollutant Mode of transport Mean exposure
Flachsbart et al. (1987) Washington, USA co Bus 4-8 ppm
Train 2-5 ppm
Dor et al. (1995) Paris, France co Bus 4 ppm
Subway 2  ppm
Fernandez-Bremauntz and Ashmore (1995) Mexico City, Mexico co Bus 21-41 ppm
Metro 17-27 ppm
Praml and Schierl (2000) Munich, Germany PMyo Bus 110-165 pg/m?
Tram 161 pg/m?
Adams et al. (2001) London, UK PM; 5 Summer
Cycling 35 pg/m3
Bus 39 pg/m?3
Car 38 pg/m3
Winter
Cycling 24 pg/m3
Bus 39 pg/m?3
Car 34 pg/m3
Chan et al. (2002a) Hong Kong PM;s Non-AC Bus 93 ug/m3
AC Bus 51 pg/m3
Chan et al. (2002b) Guangzhou, China PM, 5 Non-AC Bus 145 pg/m?
Taxi 90 pg/m3
AC Bus 106 ug/m?3
Subway 44 pg/m?3
Dennekamp et al. (2002) Aberdeen, UK PMy5 Walking median ~22  pg/m?
Bus median ~38 pg/m3
Car median ~11  pg/m?
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Author Location Pollutant Mode of transport Mean exposure
Levy et al. (2002) Boston, USA PM;s Bus median ~100 pgm>
Car median ~100 ug m3
Gomez-Perales et al. (2004) Mexico City, Mexico PM; s Minibus 68 upgm>
Bus 71 g m?
Gulliver and Briggs (2004) Northampton, UK PM; s Walking 15 pgm>
Car 16 g m
Kaur et al. (2005b) London, UK PM; 5 Walking 28 ug m?
Cycling 34 pug m?
Bus 35 pug m
Car 38 g m3
Taxi 43 g m
Gomez-Perales (2007) Mexico City, Mexico PM; 5 Minibus 38 upgm>
Bus 40 ug m
Briggs et al. (2008) London, UK UFP Car 21,600 #cm>
UFP Walking 30,000 #cm”>
Weichenthal et al. (2008) Montreal, Canada UFP Car 35,000 #cm>
UFP Bus 25,300 #cm>
UFP Walking 20,500 #cm™
Boogaard et al. (2009) Various, Netherlands PM, 5 Car 494 pgm>
PM; s Cycling 445 pgm>
UFP Car 24,300 #cm?
UFP Cycling 24,300 #cm>
Cattaneo et al. (2009) Milan, Italy UFP Car 107,000 #cm™
UFP Bus 117,600 #cm>
UFP Walking 100,200 #cm?
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Mode of transport
Author Location Pollutant (sample size) Mean exposure
Int Panis et al. (2010) Brussels, Belgium PMio Cycling 62 upgm>
PMao Car 35 pug m3
UFP Cycling 31,000 #cm?
UFP Car 30,000 #cm>
Knibbs and de Dear (2010) Sydney, Australia PMys Car 273 pgm>
PM; s Ferry 583 pgm>
PM;5 Bus 334 pgm>
PM, 5 Train 358 pgm>
UFP Car 89,000 #cm™
UFP Ferry 55,000 #cm>
UFP Bus 105,000 #cm™
UFP Train 46,000 #cm>
Zuurbier et al. (2010) Arnhem, Netherlands UFP Car 39,000 #cm”>
UFP Bus 36,000 #cm>
UFP Cycling 44,300 #cm>
Apte et al. (2011) New Delhi, India PMys AC Car 110 pgm?
PMy s Non-AC 170 ugm*
PMys Auto-Rickshaw 170 pgm?
UFP AC Car 100,000 #cm?
UFP Non-AC 180,000 #cm>
UFP Auto-Rickshaw 230,000 #cm?
This article Jakarta, Indonesia PM, s Car 91 pgm>
PMys Bus 117 ugm?
Co Car 22 ppm
co Bus 23 ppm
UFP Car 294,000 #cm”
UFP Bus 401,000 #cm?




