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Abstract

Epidemiologic studies have linked human exposugtiutants with adverse health effects.
Passenger exposure in public transport systemsilzotas an important fraction of daily
burden of air pollutants. While there is extenditerature reporting the concentrations of
pollutants in public transport systems in differeities, there are few studies systematically
addressing the heterogeneity of passenger expwsdiféerent transit microenvironments, in
cabins of different transit vehicles and in areé @ifferent characteristics. The present
study investigated P4 (particulate matter with aerodynamic diametersllenthan 2.um),
black carbon (BC), ultrafine particles (UFP) andocaa monoxide (CO) pollutant
concentrations in various public road transportesys in highly urbanized city of Hong
Kong. Using a trolley case housing numerous pagtabl monitors, we conducted a total of
119 trips during the campaign. Transit microenvinents, classified as 1). busy and
secondary roadside bus stops; 2). open and endiesseihi; 3). above- and under-ground
Motor Rail Transport (MTR) platforms, were investigd and compared to identify the
factors that may affect passenger exposures. Theads inside bus and MTR cabins were
also investigated together with a comparison oétimegrated exposure between the transit
modes. Busy roadside and enclosed termini demadedttiae highest average patrticle
concentrations while the lowest was found on theRMlatforms. Traffic-related pollutants
BC, UFP and CO showed larger variations than Patross different microenvironments
and areas confirming their heterogeneity in urb@anrenments. In-cabin pollutant
concentrations showed distinct patterns with BC dR& high in diesel bus cabins and CO
high in LPG bus cabins, suggesting possible sdlfsppon issues and/or penetration of on-
road pollutants inside cabins during bus trangie Total passenger exposure along selected
routes, showed bus trips had the potential fordmghtegrated passenger exposure compared
to MTR trips. The present study may provide usefidrmation to better characterize the
distribution of passenger exposure pattern in hessessment studies and the results also
highlight the need to formulate exposure reduchiased air policies in large cities.

Keywords: Black carbon, CO, bus cabins, roadsidedbop, bus terminal, P\, subway
platform, ultrafine particles
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1. Introduction

Numerous epidemiological studies have demonsti@edciations between exposure to air
pollution and increased mortality (Dockery et &93, Lin et al. 2013), while airborne fine
particulate matter (P, d,<2.5um) plays an especially important role in adverspaat on
pulmonary and cardiovascular outcomes (Dreher 20@8)ever, many epidemiological
studies have assumed that routinely monitored ampm@lutant concentrations are
surrogates for actual exposure, and few studies hddressed whether there is a predictable
relationship between exposure and concentratialiffierent locations within a city (Cao and
Frey 2011). This is especially true to urban axelasre there is a heterogeneous distribution
of pollutant concentrations in the ambient air #m&lpublic have different time/activity
patterns in various microenvironments that contghio daily exposure (Ostro et al. 2006).

Hong Kong is a highly urbanized city with a popidatof over 7 million, and a well-
developed public transport system accounting fares@2 million passenger journeys every
day, of which 41% are by Mass Transit Railway (MT#)lowed by 32% with diesel-fuelled
franchised buses and 15% with Liquefied Petrolewaa (BPG) public light buses (HKTD
2013). Such heavy reliance on public transport makeividual exposure to air pollutants
inside the transport system a potentially signiftacaomponent of daily integrated exposure.
Although most commuters spend only a short fraactibtime daily in the transport system,
high pollution levels experienced during travel ncaptribute significantly to total individual
exposures (Nieuwenhuijsen, Gomez-Perales and €&0iD7). Seaton et al. (Seaton et al.
2005) investigated commuter exposure to,BM London and found spending 2 hours in the
metro system per day would increase personal 24-éxqosure by 1g m .

Studies in various cities have also shown thatiputdansport system may represent a
combination of unique microenvironments with diffet source characteristics making them
quite different from those typical outdoors or eviadoors (Both et al. 2013, Knibbs, Cole-
Hunter and Morawska 2011). Passengers can be ekpm#ee air pollutants substantially
different from those at street level air in ternig@as concentrations and PM concentrations
and chemical composition (Aarnio et al. 2005, Kadrale2011b). For example, investigators
(Cheng, Liu and Yan 2012, Nieuwenhuijsen et al.2d@bserved a considerable increase (~
20 to 50 % greater) of PMmass concentration compared to outdoor air. Thuserhair
monitoring data cannot be effectively used to estérihe daily dose of exposure with
different characteristics of air pollutants in tsérsystem.

During the last decade, a few studies in Hong Kiongstigated passenger pollution
exposure levels. Chan et al. (Chan et al. 2002s0red PM sand PMymass concentrations
in four different transport modes including thdwaly system and buses. Recently, Wong et
al. (Wong et al. 2011) measured carbon monoxidePags concentrations inside bus cabins
in Hong Kong. These previous studies clearly dermmates] that PMs displayed different
characteristics in comparison with ambient envirenta. However, there were no systematic
investigations of the distribution of traffic-redat pollutants, such as black carbon (BC),
ultrafine particles (UFP) in different transportam@environments, which limits our accurate
understanding of the daily dose of exposure andviaalge of exposure mitigation measures.
This study investigates P BC, UFP and CO distributions in transport micrassnments
and in cabins of different transit modes, includingsel franchised buses, LPG public light
buses and the MTR system. Total exposure on typaraimute routes by different transit
modes was also compared. The results of the shalylé allow more accurate estimates of
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population daily dose for epidemiologic researcti provide a basis for exposure reduction
based air policy making.

2. Experimental methodology

2.1 Portableinstrumentation

Pollutant concentrations were measured using a lel&xposure Measurement System
(MEMS) with a trolley case housing portable air nbors, a data acquisition system and a
global positioning system (GPS) as shown in Figur& portable condensation particle
counter (CPC, TSI 3007) was used to measure ulggfarticle (UFP) number concentration .
Although the CPC measured particles in the sizgegari 10-1000 nm, number concentration
is dominated by smaller sized particles (diamefg0<nm) (Morawska et al. 2008). A micro
Aethalometer (microAefhModel AE51, Aethlabs) was used for measuring btzrbon

(BC) concentration. An Optical Particle Sizer (OFS[® model 3330) was used for BM
concentration measurement and a Q-trak {¥Sodel 7575) was installed in a backpack to
monitor carbon dioxide (C£), carbon monoxide (CO), relative humidity (RH) and
temperature (T) at high temporal resolution (oreord). All instruments were connected to

a mini-PC (NUC, Intél) and the real-time data were collected and trarexsfeo a mobile
phone through Bluetooth. The measurements werdagiesgh on the screen through a cell
phone application developed by the investigatotsattk instrument conditions and tag
special events during the campaign. Screenshbiecdpp is included in Figure 1b. All
instruments and batteries were wrapped with spshgets and fitted snugly into the suitcase.
A diffusion dryer was installed upstream of the Gi8 microAeth to avoid interference

from water vapor (Zieger et al. 2013, Cai et alLl20 respectively.

Fig. 1. Setup of Mobile Exposure Measurement SygtEMS)
2.2 Description of transport microenvironments

The campaign covered three dominant transit mofifee@ublic transport system of Hong
Kong: the MTR, diesel franchised buses and LPGipUight buses. During transit, a
passenger may experience a variety of microenviesmsndepending on the mode of
transport, the characteristics of surrounding sesiend the built environment. Thus the air
pollutant concentrations experienced are charaegty a unique pattern of local activities.
The present study investigated six main microemwirents including busy and secondary
roadside bus stops, open and enclosed bus teabmweground (AG) and underground (UG)
MTR platforms. Detailed descriptions of the micreeonments characteristics are listed
below and Figure 2 shows the coverage of the mmsficenments in the study areas and
routes.

Fig. 2. The transport microenvironments and integt@&xposure based routes and areas.

Busy and secondary roadside bus stops

Transport by diesel franchised buses and LPG plight buses carries 3.8 and 1.9 million
daily passenger journeys (HKTD 2013). Waiting adside bus stops is an important
component of a commuter’s daily exposure becausigegbroximity to road traffic emissions.
We separated the roadways by their annual aver@betdaffic (AADT) into busy road
(AADT>30,000 vehicles per day) and secondary rdedl{T<20,000 vehicles per day),



175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

which also reflects the distribution of the puli@ansport such as bus routes and number of
bus stops, as well as roadway characteristics (HRULB).

Open and enclosed termini

Different from roadside bus stops where there sxiettinuous flow of traffic during a
passenger’s wait, the bus terminus is a uniqueaasrironment as a transport interchange
busy with buses collecting or discharging passenged exposure can be enhanced by
emissions during vehicles idling, acceleration dadeleration. Dependent on the ventilation
and the surrounding built environment, the termiare categorized as open or enclosed. The
open termini are in effect open outdoor spaceslevdriclosed termini are confined or semi-
confined environments often located on the grolmal fof large building complexes. A total
of ten open and twelve enclosed termini were ingatgd in this study.

Above- and under-ground MTR platforms

The rail-based MTR is the most used mode of puldiesport in Hong Kong, carrying 4.9
million daily passengers (HKTD 2013). There arenbatbove- and under-ground platforms
along the different MTR lines. The abovegroundfplans are built at ground level or
elevated and directly open to the atmosphere. Tidenground platforms are enclosed with
active ventilation and platform screen doors istafor passenger safety. These feature full
height glass and metal separating partitions tivafrom the station floor to ceiling. A total
of twenty nine aboveground and thirty nine undemgbplatforms were surveyed in the
present study covering five different MTR lines.

The six microenvironments were distributed in mgjopulated residential, commercial and
industrial areas. Residential areas are charaetkly high population density; commercial
areas with intensive traffic and pedestrian floamnenonly featured high rise buildings

forming street canyons. Industrial areas in thislgtinclude districts that host warehouses
and small scale industrial activities. These asgasalso close to active cargo ports and heavy
duty trucks shuttle goods containers. The distioubf the areas is shown in Figure 2 and

the entire study areas encompass more than 608tabpermanent population of Hong Kong
(HKCSD 2013).

2.3 Routedesign

Microenvironment and in-cabin measurement routes

Trips in public transport typically include seveeaativities that contribute to a passenger’s
exposure including walking to a transit stop, wagtfor the vehicle, riding it and often
changing transport modes. In this study we inaiugaeiting for transit and riding to a
destination, as both were expected to represerdriiaat components in a commuter’s daily
exposure profile. Figure 2a shows the study roatesareas covered during the campaign. A
total of five diesel franchised bus routes, fived.Bus routes and six MTR routes were
chosen to represent typical journeys that conresitiential neighbourhoods with commercial
and industrial areas (Fig. 2a). Each bus routesedifferent areas and includes bus stops
and/or termini with different characteristics. TM@R routes include different lines with

both AG and UG platforms. Busses and trains agufat in Hong Kong (every ~1-15 min
during non-peak hours), which makes wait timestséwit is difficult to assure that
measurements of air quality are representativeeficroenvironment. Measurements were
made for at least ten minutes for each microenwiem where passengers waited for
transport in each route trip. .
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Time integrated exposure measur ement routes

In addition to monitoring distinct microenvironmentwo routes were designed to simulate a
passenger exposure in point-to-point travel wialertg different transport options as shown
in Figure 2b. One route connects Mongkok (MK) tinTSha Tsui (TST) along Nathan Road,
a busy commercial corridors with more than 30%otdlttraffic flow being franchised buses
(Legco 2010). The other route connects Sheung \8#) to Causeway Bay (CB) along Des
Voeux Road and Causeway Road, with about 35% af tiatffic flow as franchised buses
(Legco 2010). This represents a typical trip betwessidential and commercial areas. Both
routes were undertaken as round trips; one wayuhasel franchised bus and the return by
MTR for multiple trips. Bus trips started with a ivat the roadside bus stop and ended with
arrival at the destination, while MTR trips staregdhe street level entrance to the MTR
station closest to the bus stop, and ended atrthend-level street exit of the station.

2.4 Measurement protocol

The campaign was performed over 45 weekdays betiesr27th and September 11th,
2013. Each measurement day ran between 1000 toHbi08, and a trained researcher
carried the MEMS along the designated routes. dieroto cover the heterogeneity of air
pollutant concentrations in various microenvirontsethe measurement period was
primarily non-peak hours of public transport openas since rush hour measurements were
practically difficult due to limitations of crowdgand carrying the MEMS into the vehicles.
Our main objective is to evaluate the air pollutararacteristics in various
microenvironments in different transport modesainf a basis for more accurate estimation
of daily dose of exposure. The schedule of thestwps randomized to avoid the systemic
bias of sampling by different times of the day.alatf 119 trips were carried out for the
microenvironment routes, 113 of which were sucegss€luding 36 MTR, 60 diesel bus and
17 LPG bus trips with each measurement trip cogebii0 transport microenvironments.
The unsuccessful trips were due to incomplete aatiamalfunctioning instruments. Each of
the two time integrated exposure routes was regehatee times on different days, all during
non-peak hours. For each route, the round tripg wegpeated 3-5 times consecutively lasting
for about two hours in order to allow the compamisetween the bus trip and MTR trip in
the same time window. Although smoking is stri¢dybidden in any of the bus or MTR
conveyances as well as at MTR platforms and busitgra special attention was dedicated
to the possible surrounding smoking event durirgfigld measurement and a tag of smoking
was marked in the mobile app as shown in Figurbd Hata screening prior to data analysis.

Time synchronization, zeroing and flow checks weagied out on all particle instruments at
the beginning of each day. The wick in the CPC reabarged with isopropanol and a new
filter strip was installed in the microAeth. Durifigld work, the conditions of instruments
were monitored by the phone app which issued ahifil@aintenance was necessary. The Q-
trak was calibrated with standard gases (Lind&)e&beginning of the campaign in addition
to weekly zero and span checks. The diffusion dwaes refilled with the fresh desiccant

each day. During the campaign, research staff decbthe time and duration in each
microenvironment, noted surrounding activities aodsible smoking events along the details
of the route written in a log sheet. Data and natee downloaded to a computer each day.

2.5 Data analysis

The OPS reports particle number size distributromf0.3 to 1Qum. For this study, the
particle size channels less than 2mb were used to calculate the PMnass concentration

6
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assuming particle density of 1 g/&n side by side comparison test with a fMyclone
equipped Beta Attenuation Monitor (BAM, Model 1020etone), was performed in ambient
conditions in urban area of Kowloon Tong, allowargestimate of the correction factor for
PM,s. We understand this may depend on particle cheniatits, but, individual calibration
for different microenvironments was not feasibleéha study. We have applied the same
correction factor to all OPS data. The raw BC diaten the microAeth were adjusted to
compensate for filter loading effects and UFP nunto@acentrations higher than 100,000
particles crit were corrected for coincidence error by the follayequation (Westerdahl et
al. 2005):

y=38456+& 090X (R?=0 817)

Where x is the raw UFP number concentration in paiticles crit and y is the corrected
UFP number concentration in unit particlestm

The pollutant concentration measured in the sixoeiesvironments and three in-cabin
environments were first identified in the databasd separated into different routes and
organized for statistical analysis. For microenwiments that cover different residential,
commercial and industrial areas, the measuremesns &lso categorized by area to
investigate the spatial variation of the polluteohcentrations. Unpairgetests estimated
statistical confidence for differences in concetmntres. The coefficients of variance (COV)
were calculated to account for the variance ofytaiit concentrations in the various
microenvironments. This provides information on degree of spatial uniformity of
pollutant concentrations, with COV approaching zeqaresenting uniformity.

For exposure route measuremettis,integrated exposurke] was calculated from:

|[E=2Ci XTi XAR Equation 1.

Where,C; represents the pollutant concentration in differeitcroenvironments, whil@;
represents the time of stay in the microenvironna@tAR is the aspiration rate, here 4.8 L
min (EPA 2011).

3. Results and Discussions
3.1 Pollutant concentration in various microenvironments

Fig. 3. Pollutant concentration in various microemwments in public transport systems.

Figure 3 shows box plots and histograms of polliutancentrations measured in bus stops,
bus termini and on MTR platforms. Overall, enclog&thini and busy roadside
environments had the highest pollutant concentnatfor PM s, BC, UFP and CO, while the
AG and UG platforms showed consistently lower palh concentrations than other
microenvironments. For example, the average paitutancentrations in enclosed termini
are 2.1, 2.4, 2.9 and 2.3 times of those on undargt platforms for Pils, BC, UFP and CO,
respectively, indicating the important differena@passenger’s exposure in different
transport systems. Although AG platforms may beevadfected by the local urban
environments as they show a larger concentratiogeréor different pollutants, there is no
significant difference in average concentrationseobed between AG and UG platforms for
either gases or particleg>0.05) possibly due to varying ventilation condisan different
underground environments as reported earlier (Glaed Yan 2011, Kam et al. 2011a). The
COVs of average concentrations are 0.23, 0.43, &20.46 for PMls, BC, UFP and CO,
respectively. PMshad a much lower COV value than BC and UFP, arcatain of more
homogeneous distribution of Bl¥in urban areas (Wilson et al. 2005). It may also be

7
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possible that there exists a slight underestimaifdhe smaller sized ultrafine particles due
to the limitation of OPS measurement that induess Variation from vehicle emission
contributions. BC and UFP had similar COV values tlutheir common sources from
vehicle emissions, especially diesel fuelled vaedsi¢Quintana et al. 2014), as is also seen in
the strong correlatiorRe0.95) between their average concentrations irihfft
microenvironments (Data not shown). Variation of && UFP concentrations in urban
atmosphere has been reported by studies on angdmnembnments (Moore et al. 2009, Wang,
Hopke and Utell 2011). The large COVs values oleamong different transport
microenvironments in this study also confirms thath heterogeneity exists in urban
commuter’s daily exposure pattern choosing diffeprblic transport modes. CO had similar
COQV levels to BC and UFP, and its average conceomiawere also higher in busy roadside
and enclosed termini microenvironments. Although l@as been frequently used as vehicle
emission marker, it is not a distinct tracer fazsdil vehicles compared with gasoline and
LPG fueled vehicles (Chan et al. 2007, Ning andrC2@07). The similar distribution
patterns of CO, BC and UFP clearly showed the impgaverall traffic emissions on
commuter’s daily exposure.

3.2 Distribution of microenvironment pollutant concentrationsin different areas

Fig. 4. Box plots of pollutant concentrations iffelient urban areas.

The spatial variation of pollutants in differenapés were further grouped and shown as box
plots for industrial, commercial and residentiadas in Fig. 4. Busy roadside bus stops in
industrial areas had significantly higher averalye, Pconcentrations than other areas, while
commercial and residential areas were similar (Fi)gThe same trend was also observed for
BC and UFP, showing the dominant impact of trabficroadside air quality, especially that
the predominant flow of diesel fuelled goods flaatsxdustrial areas (Legco 2010). However,
secondary roadside environments showed less \ariafipollutant concentrations than busy
roadside. The measured average UFP concentratiomsgadifferent microenvironments
were in reasonable range of reported varying valMesawska et al. 2008, Kumar et al.
2014) . As shown in the Figure 4, very high UFPaamirations of up to >100,000 particles
cm® were measured in the busy roadside and enclosaihtes with high occurrence of

diesel bus fleet, but UFP concentrations were nhoxier in the subway platforms and
secondary roadside with less diesel fleet influefite finding was consistent with an earlier
study in Hong Kong(Tsang, Kwok and Miguel 2008)eTdiversity of local environments

and fleet intensity/composition greatly contributeshe heterogeneity of the UFP not only
among different cities but also in different mian@gonments within a city. There were no
significant spatial differences observed for BCRMdnd COg >0.05), while industrial
secondary roadside areas showed slightly highererdrations than commercial and
residential areas, perhaps due to additional sdtwoeindustrial and port activities. In open
termini where diesel and LPG buses dominate, thaseless variation in particle
concentrations among different areas, and lowal$eaverall compared to busy roadside bus
stops. Enclosed terminus had significantly highalutant concentrations than open-air
facilities in all areas, suggesting that limitechiration conditions would contribute to
enhanced exposure.

The CO concentrations showed a unique profile wtolamparing area variation as shown in
Figure 4, in which open and enclosed termini ind@estial area had the highest
concentrations. The road public transport networkdong Kong is primarily served by
franchised diesel buses and the rail-based MTRgviblic light LPG buses play a

8
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supplementary role in the provision of public tqams services and termini in residential
areas are more populated by LPG buses (HKTD 2®¥éYious investigations of LPG bus
fleets (Chan et al. 2007) have shown their predanti€O emissions compared to other
fleets, and a recent study by our group also shavatence that catalytic converters LPG
buses frequently malfunction (Ning, Wubulihairem afang 2012). The high CO
concentrations observed in residential terminigatk tailpipe emissions from these vehicles
could enhance passenger exposure. While not mebisutieis study, VOC emissions from
incomplete combustion in combination with malfunoing catalysts might also increase
exposure in these microenvironments although fuitheestigations are much needed to
understand the magnitude of this contribution. Mgay platforms show lower overall
concentrations than other microenvironments idhs, except aboveground platforms in
the commercial area (Fig. 4), which has PM conegioins comparable or higher than other
areas. This probably arises because the statiacmmmercial areas are designed with easy
access by the pedestrians from roadways and dioectections with other roadway public
transport. As a result, the stations have theivabgmund platforms surrounded by narrow
streets with high density of tall buildings, highffic intensity with diesel fleets and crowded
pedestrians. The CO concentrations on platforms,av#he lower end of the concentration
range found in the microenvironments.

3.3 In-cabin pollutant concentrationsin different transport systems

Fig. 5. In-cabin pollutant concentrations by diffiet transport systems. (a) PM(B) Black
carbon (BC), (c) Ultrafine particle (UFP), (d) CO

Figure 5 presents the in-cabin pollutant conceisinatmeasured while travelling by different
modes of transport. As shown in Figure 5a, the Bddncentrations in the three cabins have
comparable averages of 11.7, 8.2 and 1§/ for LPG bus, diesel bus and MTR cars,
respectively. BC and UFP pollutants displayed isbahtoncentration profiles, but
substantially different compared to Ry with diesel bus cabins showing significantly hegh
concentrations than LPG buses@.01) and MTR car9€0.01) for both pollutants. This
observation suggests pollutants from traffic peatetmto the bus cabins during travel. BC
and UFP are tracers for diesel exhaust emissions{gha et al. 2014), so their higher
concentrations in diesel buses may be due to thedéution of diesel engine emissions
(Rim et al. 2008) or because nearby vehicles dragd pollutants. Bus age, type and the
position of the ventilation inlet are important dnles affecting the degree of self-pollution
(Behrentz et al. 2004, Sabin et al. 2005). Theda@yiation of pollutant concentrations in
diesel bus cabins may arise because the local basesmixed fleets with more than 60% of
Euro I and Il, and 17% of Euro IV and V standandKENB 2013). It is also possible that
franchised diesel and LPG public light buses sdifferent commuter groups and operate on
different routes, resulting in more diesel traffmume for the diesel bus routes (Kaur and
Nieuwenhuijsen 2009). Nevertheless, it should kedthat the BC concentrations inside
diesel and LPG bus cabins (11.6 + ggm® and 7.5 + 3.2ug9/m°, respectively) were on the
lower end of the reported values (range ~ 5-50 [¥g in the literature (Fruin, Winer and
Rodes 2004, Janssen et al. 2011). A few investigékmnibbs and de Dear 2010, Zuurbier et
al. 2010) have also found much higher concentratadrUFPs inside buses and attributed
these to cabin ventilation and leakage. Figurehsdvs that the average concentrations of CO
were highest inside LPG buses (~2.9£1.8 ppm) fadidy diesel buses (1.0 + 0.5 ppm) and
MTR cars (0.3 £ 0.1 ppm), significantly differemtrfall combinations p < 0.01). Chan and
Liu (Chan and Liu 2001) carried out exposure assessin similar microenvironments in
Hong Kong in 1999 and reported in-cabin CO conegians to be 1.8~2.9 ppm for diesel

9
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buses, much higher than the observed in the presahy, probably attributed to the
improved air ventilation condition for on-road veleis and more effective vehicle emission
controls added since that study.

Fig. 6. Typical time series of pollutant concentmas while travelling by different transport
systems.

Figure 6 shows typical time series of the measpalditant concentrations by different
transport modes. Four trip-based measurementspresented to cover (a). diesel bus; (b).
LPG bus; (c). aboveground and (d). undergroundvagilroutes with representative
microenvironments. In addition to BN BC, UFP and CO pollutants, G@oncentration was
also included as an indicator of in-cabin and amtbégvironments. As shown in Figure 6a,
the in-cabin concentrations of BC and UFP in diesesl routes recorded both high
(50.7+15.5ug/m® and 4.1+1.3 x1Dparticles crit, respectively) and low (11.1+4;@/m? and
2.4+0.4x10 particles crit, respectively) levels while taking two differenides in separate
roadway sections, a clear indication of the laggnsof their distribution as discussed in
previous section. Meanwhile, substantial variabbtheir concentrations were observed
while waiting in closed termini and busy roadsitiewsing the direct impact of vehicle
emissions on the passenger exposure to thesegmiflutn other transport modes (Figure 6b
to 6d), BC and UFP showed much lower in-cabin cotrations compared to the ambient
microenvironments, except for an interesting obeston of increased BC inside MTR car
while travelling through an underground tunnel.iditar pattern was observed for B}

but not for UFP. It may be attributed to the pressthange between the in-cabin and outside
while entering tunnel that changes the penetratitan of particle pollutants. Diesel bus routes
seems to show elevated BC and UFP concentratioas wdmpared to other modes, with
lower levels in AG and UG MTR routes, and in LPG baute. PMsconcentrations,
however, showed relatively less variation in défertransport modes and there is no
significant difference observed of their in-cabancentrations by the routes. For CO, LPG
bus route observations showed much higher aver@gseatrations in open termini as shown
in Figure 6b. The contrast between CO versus BCUHfel concentrations profiles in
enclosed termini (Figure 6a) and open termini (Fegib) suggest the dominant impact of
vehicle emissions for passengers while waitingofearding.

3.4 Inter-comparison by different transport modes

Fig. 7. Comparison of integrated exposure to palitg by diesel bus and by MTR.

The total integrated exposure by two public tramspmutes through busy business districts
on franchised bus and the MTR is shown in Fig. @ e series for travel from Monkok
(MK) to Tsim Sha Tsui (TST) (Figure 7a) and frome8hg Wan (SW) to Causeway Bay
(CB) (Figure 7b). Each trip includes waiting atpg@nd platforms and in-cabin exposure.
The pollutant patterns were consistent betweemnthéple runs so only one profile is
presented. In general, the traffic related polltgari BC, UFP and CO had much higher
average concentrations during the bus trip thathetMTR. The TST to MK trip, for
example, has average BC, UFP and CO concentraifdh8+5.0ug/m®, 2.9+2.7x10
particles cmand 1.0+0.7 ppm for bus trip, but only 3.6+ad/m®, 0.9+0.5x10 particles cr
and 0.4+0.5 ppm for MTR trip. Their concentrationside bus cabins increased when the
door opens at bus stops followed by a gradual dasagen in the PM time series (Fig 7).
The time spent in different microenvironments israportant component in estimating
exposure. On average, the total trip time by buslanMTR is 24+ 2 minutes and 11
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minutes, respectively, between MK and TST; antl 2%ninutes and 121 minutes,
respectively, between SW and CB during this stiidliyile the waiting time in bus stops was
comparable with those in platform for MTR trip, to@ger trip time by bus due to the travel
time on congested roadways highlights the impodariche in-cabin exposure to pollutants.
It is also worth noting that the monitoring routasacarried out during non-peak hours so
even longer times are expected for bus trips dyveak hours when most commuters use the
transport system.

Integrating the pollutant concentrations and tipens suggests a the trip based average dose
of exposure to Plk, BC, UFP and CO by taking bus from MK to TST wBid .4+219.6.g,
1.7+1.5pg, 3.5+1.3x18 particles and 235.5+83.8, respectively, while the return trip by
MTR had average dose of 400.5+9%c8 0.3+0.1ug, 0.8+0.2x18 particles and 12.0+9,ig

for the pollutants, representing average ratiak.8f5.7, 4.4 and 19.6 times between bus trip
and MTR trip for PMs, BC, UFP and CO, respectively. A similar comparig@s also
observed in the other route between SW and CB eatlesponding ratios of 0.7, 2.0, 2.5 and
3.4 by taking bus versus MTR. The results showegt@sting comparison between Pdand
other pollutants with relatively consistent expastar PM, s(ratio of 0.7 to 1.3) but much
higher exposure risks for traffic related pollusant BC, UFP and CO for passengers taking
buses in urban public transport systems.

Conclusions

The present study employed a Mobile Exposure Measent System to investigate PM

BC, UFP and CO concentrations in various publingp®rt microenvironments and
passenger exposures to these pollutants by diffepates in the highly urbanized city of
Hong Kong. The heterogeneity of pollutant concditres in the microenvironment and in-
cabin during transit were investigated to identifg factors that may affect the passengers’
air pollutants exposure. Busy roadside and encltseaini were found to have the highest
average particle concentrations in contrast tddivest in the MTR platforms indicating the
importance of design and ventilation of built eoviments. Traffic-related pollutants BC,
UFP and CO showed much larger variation than PAross different microenvironment and
different areas of the city confirming their hetgeoeous nature and stressing the importance
of characterizing transit microenvironments expesuarpart of daily dose of exposure in
epidemiological studies instead of using area patiuconcentrations as indicator of
exposure. In-cabin pollutant concentrations shodifdrent patterns by different transport
modes with diesel bus cabins having significanigher BC and UFP concentrations than
other modes, suggesting possible self-pollutionassand/or penetration of on-road
pollutants inside cabins during bus transit. Higt@mncentrations of CO inside LPG fuelled
buses were also found and could possibly be dugattunctioning of catalytic convertor and
leakage from engine compartment into the cabin. @0ing a passenger’s total exposure on
different modes transport indicated that bus reut@ved higher integrated doses than MTR
routes, enhanced by longer travel times on roadways

Current air quality regulation focuses on emissexnfuction as a mechanism to improve
ambient or roadside air quality. However, the hageneity of air pollutant concentrations
observed in the public transport microenvironmeniggests the need for exposure based
policy making in addition to tail-pipe solutionshee commuter trips may contribute to an
importance fraction of daily exposure especiallgities. Transport optimization to reduce
congestion, bus route reorganization to less padlareas, and encouraging commuter choice
for cleaner transport modes may contribute to &teve reduction in a passenger’s
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519 exposure. Future investigations might usefully exanthe effectiveness of bus ventilation
520 systems, inflow when doors are open and the terhparation of commuter exposure

521 patterns, i.e. peak versus non-peak hours, allhi¢lware needed to develop a better

522 understanding of the comprehensive exposure psdditel provide the basis for cost-effective
523 air and public health policy making.
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Figure 1 Setup of Mobile Exposure Measurement System (MEMYS): (a). The internal
setup of the portable instruments; (b). Screenshot of the developed mobile app.
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Figure 2 The transport microenvironments (main plot) and integrated exposure based
(subplot) sampling routes and areas.

Note: The subplot shows two sampling routes between Mongkok (MK) and Tsin Sha
Tsui (TST); and between Sheung Wan (SW) and Causeway Bay (CB).
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Figure 5 In-cabin pollutant concentrations by different transport systems: (a) PM -

(b) Black carbon (BC); (c) Ultrafine particles (UFP); (d) CO
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Figure 6 Typical time series of pollutant concentrations while travelling by different
transport systems. (a) Diesel Bus; (b) LPG Bus; (c) MTRAG Platform; (d) MTR UG
Platform

Note: Dark gray color represents the timein the bus or MTR cabin.
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Figure 7 Comparison of integrated exposure to pollutants by diesel bus and by MTR.
() From Mongkok (MK) to Tsim ShaTsui (TST); (b) From Sheung Wan (SW) to
Causeway Bay (CB)

Note: Dark gray color represents the timein the bus or MTR cabin while the light
gray color represents the time waiting at the roadside stops and platforms or walking
inside the MTR stations.



Air pollutants were measured in categorized public transport microenvironments
High heterogeneity of pollutants concentrations exists in public transport system
Bus riders have higher integrated dose of exposure than railway riders
Self-pollution may be an important source of in-cabin pollutants in buses



