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Abstract: An effective promotion of commuting by bicycle réms a set of complementary actions, with
one of the key measures being the definition ok#ilendly routes, both in terms of road safety and
exposure to air pollution. In this study, bike coaiers’ exposure to ultrafine particles (UFP) waseased
using mobile measurements and video recording alureg alternative routes from central Edinburgthi
science and engineering campus of the Universitigdihburgh. Results indicate significant differende
UFP exposure across the three alternative routiéls,mean particle number counts (PNC) of 7,99029,8
and 19,310 particles/chnespectively. With respect to the different typébike infrastructure present along
routes, the findings suggest that bicycle boxesdsg at intersections that allow cyclists to positi
themselves ahead of vehicle traffic) are effectarereducing UFP exposure and that using shareebles
lanes should be avoided where possible. Heavy deltjcles (i.e. buses and trucks) and constructit@s s
were identified as the main sources of peaks in B¥pbsure. However, all routes in the city of Edirgh
showed markedly lower PNC levels than reportedthglies conducted in other cities. The findingsto$ t
study can inform the implementation of bike-shasiehemes and the design of future cycling infrastme,
e.g. in the context of developing the low emissione proposed for implementation across Edinbuogh f
2020.

Keywords: urban air quality; ultrafine particles; active tsport; mobile measurements; cycling
infrastructure

1.- INTRODUCTION

Since 1950, global population has increased frdrbRlion to 7.8 billion, and it is expected to oka
9.8 billion by 2050 (United Nations, 2017). Thigiease in population has been accompanied by sitiasta
growth of urban populations and contributed tgpaitution challenges in cities all around the wo@he of
the key contributors to the decline in urban amliy is the high number of motor vehicles assadawith
the increase in population density (Colvile et2001). Encouraging active transport for commutfog,
instance by bicycle, as an alternative to usingoniméd vehicles has been identified as a key policy
intervention for not only tackling urban air polln, but also reducing congestion, decreasing pants
related greenhouse gases emissions and improvhiig phealth by combatting sedentary lifestyles.

Route choice has been identified to have a sulistaftect on the cyclist’'s exposure to air polhts
(Cole-Hunter et al., 2012; Hankey and Marshall,30Which have been linked to adverse health effeath
as respiratory diseases and hypertension (PopBarkery, 2006). Two main factors which influence th
cyclist's exposure along the route and can be t#teby changing routes are: traffic (compositigreed,
flow etc.), which determines the overall on-roadlygant concentrations, and cycling infrastructusjch
affects the amount of pollutants the cyclist isrgually exposed to. Studies have shown that cgtlist
exposure to many pollutants is relatively similaewen lower when compared with other means okpart
(Kingham et al., 2013; Kumar et al., 2018; Okokbalg 2017). However, because of their increased
ventilation rate, the amount of pollutants inhaded thus health effects associated may be higheP#énis et
al., 2010).

Ultrafine particles (UFP, defined as particles véthaerodynamic diameter smaller than 100 nm)
present a special case with respect to other wbgollutants. At present, no epidemiologicallyhealth-
risk based UFP guideline levels have been estaulighany national or regional legislation despit¢heir
potential harmful health effects (Knibbs et al.12 One complication arises from the fact that UFP
concentrations are marked by a high spatio-temp@r@bility (Wu et al., 2015), so exposure to this
pollutant cannot be modelled accurately using itkedfsite monitoring networks that are used foeoth



pollutants, including larger particles. At the satinee, existing regulatory monitoring sites are oatrently
required to measure UFP routinely, due to the tddkgislative or regulatory drivers. To determlbEP
exposure, mobile measurements present one viapteagh for assessing an individual’'s exposure t& UF
and have been used in previous studies aiming@bwing our understanding the spatio-termporalakzlity
of UFP in urban environments (Steinle et al., 2013)

Several studies have assessed cyclists’ exposWERoover the past 10 years. Most of them were
carried out in Europe, and exposure to larger @agte matter (i.e. Ppt and PMg) and other pollutants (e.g.
black carbon, N@or noise) was often assessed simultaneously todxpBsure. Some investigations
compared the UFP exposure of commuters using diffemeans of transport (e.g. bus, car or bicyde)ss
similar routes (Boogaard et al., 2009; Int Panialet2010; Kaur et al., 2005; Kaur and Nieuwerderj
2009; Kingham et al., 2013; Okokon et al., 2017g&#i et al., 2013; Zuurbier et al., 2010) wheret®rs
analyzed only cyclists’ exposure across differentes (Berghmans et al., 2009; Cole-Hunter eR@all2;
Dekoninck et al., 2015; Hankey and Marshall, 2d4&tzopoulou et al., 2013; Jarjour et al., 2013pReét
al., 2014; Strak et al., 2010; Thai et al., 200B12¢nts et al., 2005).

This paper aims at studying cyclists’ exposure EPlalong three alternative cycle routes from
Edinburgh’s city center to the university’s Kindslildings campus, where the science and engineering
college of the University of Edinburgh is locat&dcusing on routes between the two main campusiéosa
(central Edinburgh and King’s Buildings) is intetieg due to the high number of people moving bawk a
forth on a daily basis: the engineering collegeacots for more than 2,700 staff and 8,000 studémts.
addition, there are different travel options avaldaalong mostly green and residential routes, elkag
streets with high traffic volumes. The three mdjeatives of the study are: (1) assessing the Uip@sire
of bike commuters along the pre-defined routesgé®paring the results obtained with similar stadie
conducted in other cities and (3) identifying terses that contribute to peaks on exposure whelingy
Assessing which route is more cycle-friendly imerof air pollution will provide valuable informati for
the promotion of recommended routes. Currentlyy d38% of University’s population commutes by bike
(The University of Edinburgh, 2016) and the Univigrsvants to increase the share of active travpstas
one measure to help becoming carbon neutral by 20 University of Edinburgh, 2018a). Policy maker
can use the outcomes of this study for promoticgmemended routes and to decide where to implement
improvements in road infrastructure (e.g. desigptiycle lanes) in order to encourage bike usadtition,
the results can be used for defining the implenimtareas requirements of the Low Emission ZoreZ)
proposed in Edinburgh for 2020 in an integratethifas taking active transport and cycling into aotio

2.- MATERIALS AND METHODS

2.1.- Sudy routes and design

The study took place in Edinburgh, the capital oityscotland (United Kingdom). The choice of
Bristo Square (latitude 55.946010, longitude -39 (Fig. 1) as the starting point for the threetes was
motivated by four reasons. First, it is locatedémtral Edinburgh, next to the main campus of thevérsity
and in the vicinity of different student accommadathalls. Second, the bus stop for the Universityttle
bus to the engineering campus (King’s Buildingdptsated there. In addition, eight different bueb (some
of them going to the King’s Buildings campus arg@p at this location (Lothian Buses, 2018). Findte
proposed bike hiring scheme in Edinburgh will haveub at Bristo Square and several locations ngarigy
George Square) (The University of Edinburgh, 20188)routes end at King’s Buildings gate 1 (late
55.924548, longitude -3.177246), which is locatethe intersection between Max Born Crescent andtWe
Mains Road. This gate was selected because it isrth used by the shuttle bus for entering the oar(gee
Fig. 1).



55.95~

Holyrood Park

56.94 -

Latitude

55.93-

3
-3
Cragrmitr Park 5
Gof Qb
55.92 o ot { %
Ho Goff .pl
Horalogs
] e " i E i
-3.20 -3.19 -3.18 3.7 -3.16
Longitude

Figure 1. Overview of the routes. The starting point is esgnted by the yellow star and the end point is
represented by the blue star. The purple, greemethlines represent the three alternative routesd H,
M and L respectively).

The choice of the routes was done taking into agcthat they have similar length and slope but migh

have substantially different air pollution levelherefore, the two main factors considered forrtbefinition
were (1) the relative traffic intensity (qualitagly classified based on the authors’ knowledgénefarea) and
(2) the presence of different types of infrastroetior cyclists. Three alternative routes were igdid

Route H heads south through South Clerk St, Newington Ribtigto Street and Craigmillar Park.
Then, it turns west and continues along West MRioad to the final destination. It is the route with
highest traffic density, since the majority of 8teeets form part of the trunk road A701. In adbdhifi
many bus lines travel along these roads (e.g. fiérent lines stop at Minto St) (Lothian Buses, 801

In terms of bike infrastructure, most of the robés a shared bus-bike lane (Edinburgh Council, 2018
(Fig. 2, A). Therefore, cyclists do not directlyasé the road with most passenger cars, but ardaculys
affected by bus overtaking.

Route M runs mostly parallel to route H. It heads soutbuigh Buccleuch Street, Causewayside,
Ratcliffe Terrace and Mayfield Road. The last wdrthe route is identical to route H, heading west
along West Mains Road bhefore reaching the end poraffic intensity along this route is substantial
but less than route H. There are fewer bus linestla@ majority of the bus stops along the routeshav
only two or three lines (Lothian Buses, 2018). Mafsthe route has a bike-only lane (Edinburgh
Council, 2018) (Fig. 2, B).

Route L, in contrast, heads west from Bristo Square aed tiontinues south through the Meadows
until Beaufort Road, where it turns east. It thams south again into Lauder Road. At the end oidlea
Road, it turns west (Relugas Road) and continumsyaBlackford Ave. This route then finishes as well
at gate 1 of King's Buildings. Traffic density dmig route is comparatively low: motorized traffignmot
access the park area of the Meadows and the rés streets serve predominantly quiet residential
areas. In fact, most of the streets in this roeterny to the quiet route number 6 (George Square —
King’s Buildings) designated by Edinburgh Couné&b{nburgh Council, 2018). Apart from the off-road
paths across the Meadows, there is hardly any atdiénfrastructure for cyclists along this roaiy(F

2, C1 and C2).



Figure 2. Exemplary images of cycling infrastructure aloffigraative routes. Route H accounts mostly for
a shared bike-bus lane (A), route M for a bike-dahe (B) and route L for off-road paths (C1) andeis
without any cycling infrastructure C2).

2.2.- Instrumentation

A Testo DiSCmini handheld nanoparticle counter {§ &E & Co. KGaA, Germany) was used for
measuring the UFP particle number count (PNC) (F)cNC is defined as the total number of partiples
unit volume of air. It is used as a proxy for measy UFP, since around 90% of the total PNC beldnghe
UFP diameter range (Morawska et al., 2008), wihiteWFP size range does not contribute a substantial
amount to overall particle mass. The Testo DiSCisiai miniature, portable matter aerosol diffussare
classifier that obtains the PNC by measuring thetdtal current produced by deposition of the gkdr
particles on its two different stages. It has azusacy for measuring PNC between 10 nm and 300fnm o
+30% (Fierz et al., 2011). The instrument was pdaioea backpack worn by the rider and a Tydbfiexible
polymer sampling tube was used to allow air sangphithin the breathing zone. This type of tube was
chosen considering its good performance when wmgather with unipolar diffusion chargers like the
DiSCmini, even if its use -as the use of any ofl@npling tube- affects the measurements (Asbaah, et
2016). The distance to the mouth was approxima&elgm (Fig. 3), which is within the 30 cm recommedd
margin (Int Panis et al., 2010). The sampling fesgry used was 1 second and the data was stor€$¥s .
files on an internal SD memory card.

A smartwatch POLAR M200 (Polar Electro Oy, Finlam)s used for recording GPS coordinates
during the experiment. The default sampling freqyesf 1 second was used and the data was autothatica
stored in the cloud using the smartwatch app. Aftah experiment, datapoints were exported usimg th
POLAR website to .GPX and .CSV files for the analys

A GoPro Hero 2014 (GoPro, Inc., CA, USA) portatdenera was used for recording the trips and
identify the events that contributed to the pealkBNC encountered along the routes. The qualitingst
used for the videos were 720p and 60fps, whichthvasess memory consuming setting. Videos weredtor
as .MP4 files on a micro SD memory card on the cankhe video camera was placed facing front, hédc
to one of the shoulder straps of the backpack @ig.



Figure 3. Experimental setup. The left picture shows the DiSi@i inlet, which is located next to the
breathing zone. The right picture shows the GoRiteoscamera positioned facing front.

2.3.- Dates and time

Data collection took place during two consecutivaels from the 18th of June to the 1st of July of
2018. Only weekdays during these weeks were chasstudy days, since the experiment aimed to amalyz
cyclists’ exposure when commuting to the Univergityworking or studying (i.e. from Monday to Friga
One of the expected ten days of data collectiondivéseday the 20th of June), there was heavy rain and
measurements did not take place because the T&@nini is not waterproof. Video material was redmxat
only during the last day of measurements (Friday2®th of June) to conduct an in depth analyssoafces
contributing to UFP PNC peaks.

The single participant of the study (age 26, goealth condition) performed three return bike trips
every day, one along each of the predefined ro&@towing similar studies (Cole-Hunter et al., 2p1data
from both outbound and return trips was collecidds was done considering that wind and other
meteorological conditions can have a substantfhlénce on the measured UFP PNC concentration
depending on which side of the street the measurenage done on (Wu et al., 2015). Bike trips tpltzce
every day between approximately 08:00 and 09:3GstMbthe lectures at the University start betw@@r30
and 09:30 and therefore it is the most common sloefor University-based commuters. Morning rusiuth
is often used in similar studies (Karanasiou et2f114; Strak et al., 2010; Thai et al., 2008; birret al.,
2010) and preferred over afternoon/evening rush heoause of its higher commute departure consigten
(Cole-Hunter et al., 2012).

2.4.- Experimental procedure and data analysis

The internal clocks of the devices were synchrahjaeéor to the data collection period. Every day
before starting the bike trips, the DISCmini wagmead up for 30 minutes. Its correct functioning was
checked using a HEPA filter before (and after)rti@asurements, following the manufacturer’s
recommendations. Then, it was placed inside thigdzak, the inlet tube was attached to the backpack
shoulder strap and the participant put on the otfearable devices. The rider performed consecuditten
trips on the three routes starting at 08:00. Afitdshing every return trip, the rider stoppedtat start point
(Bristo Square) and checked the correct functiowifigne instrumentation before proceeding with et
return trip. The route order changed every dayitumize potential bias due to departure time vioiate.g.
route order of day 1 was H-M-L and day 2 was L-H-Mhe measurements were usually finished by 09:30
and the cyclist recorded any special event notigaite cycling in a journal for later evaluation.

Data from the .CSV files of the GPS smartwatch BifICmini were merged and synchronized, and
collated into a new .CSV file using a common tiraegd. The sessions were divided into different tsack
(routes) using the “lap” feature of the smartwaf@hta analysis was done with the open source sadtiRgR
Core Team, 2014). The video material obtained WiéhGoPro camera was visually inspected simultasigou
with the PNC values. PNC concentrations were viguaspected alongside the video recording on stree



3.-RESULTS

3.1.- General statistics

The participant did a total of 54 single (27 rejurips during the nine sampling days. From the 54
single trips, 18 were done in each of the thresri@éttive routes. A total distance of 187.2 km wader
during the approximately 14 hours of data collettidideo recording of day 9 provided approximat@y
minutes of video material.

3.2.- Variations in exposure to UFP PNC

3.2.1.-Daily comparison

In absolute terms, PNC showed a high variabilityedeling on the day and route (Fig. 4). Mean PNC
ranged from 2,033 # ci(route L, day 1) to 34,197 # ¢hfroute H, day 3). Median PNC ranged from 1,193
# cm?® (route L, day 1) to 18,284 # érroute H, day 8). Regarding the dispersion ofdag points, some
days all three routes had a relatively narrow amdar interquartile range (IQR), whereas on ottays the
IQR was greater and showed more variability betwatarnative routes. For example, on day 2 the @R
below 5,000 # cifi for every route, whereas on day 6 the IQR showkeiglavariability at 19,473 # crhfor
route H, 5,816 # cihfor route M and 3,597 # cfrfor route L. Maximum observed PNC did not show any
clear trend. The highest maximum PNC for route M ®#99,015 # cih(day 6), for route L 2,646,550 #
cm® (day 6) and for route H 1,478,977 (day 8). Thedsiaminimum PNC were found for every route on day
1: 150 # crit (route L), 178 # cim (route H) and 179 # cfiroute M).

When comparing the summary statistics betweenratime routes, route H showed the majority of
days the highest PNC for most parameters. On ther band, route L accounted the majority of daysHe
lowest PNC for most parameters (Table 1).

Table 1.Number of days (from a total of 9) with highest/Est/ PNC values recorded on all routes.

H M L
Parameter Highest Lowest Highest Lowest  Highest Lowest
75" percentile 9 0 0 1 0 8
Mean 9 0 0 2 0 7
Median 8 0 0 1 1 8
25" percentile 7 0 0 3 2 6

The comparison between outward and return trigsvefy route showed a high variability across days
(Fig. S1). For route H, outward trips showed higineran and median PNC than return trips in six 6the
nine days (67%). Route M had higher mean and meRiM(@ in the outward trip than in the return trigfomr
out of the nine days (44%). For route L, the meaathrmedian PNC measured in the outward trip wasehnigh
than in the return trip in three out of the ning<lé33%) of data collection.

3.2.2.-Overall route comparison

With the results from the return trips of the 9 s@@ment days aggregated, route H accounts for the
highest 28 percentile, median, mean and"t%ercentile. Route M has the second higheSti25centile,
median, mean and #ercentile and route L accounts for the lowesteslfor all these parameters (Fig. 5).
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Figure 5. PNC (# crit) summary statistics by route.

Mean PNC for route H (19,310 # &)nis 2.4 times the mean PNC recorded on route 39T # cn)
and 2 times route M mean PNC (9,824 #%rThe median follows a similar pattern, being eobt median
PNC (7,310 # cif) 1.7 times route L median PNC (4,442 #3Yrand 1.5 times route M median PNC (4,977

# cmd) (Table 2).

Table 2 PNC summary statistics ratios by route relativiéheoL route.

Route 1% Quartle  Median Mean 39 Quartile
H +37% +65% +142% +116%
M +9% +12% +23% +37%

ANOVA and T-Tests were performed with PNC valuesfrthe 9 data collection days aggregated to
validate the differences found on mean PNC acrstes (Table 3). The results obtained in all tést4-
critical and t Statistical< - t Critical Two-TalP-value < 0.05) rejected the null hypothesis, wisiztted that
the mean PNC of the routes included in the tesequal.

Table 3. Results of statistical tests (ANOVA and t-Testtiwo samples assuming unequal variances) perfornitbdaw
significance levet=0.05.

Test (routes) F F Critical P-value t Statistical  tCritical Two-Tail
ANOVA (L, M, H)  265.511 2.996 0.00E+00 - -
T-Test (L, M) - - 1.87E-04 -3.737 1.960
T-Test (L, H) - - 5.64E-96 -20.865 1.960
T-Test (M, H) - - 1.41E-65 -17.146 1.960
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3.3.- Visual inspection of PNC peaks

Visual inspection of the video material synchrodizéth the PNC data from day 9 showed the events
that produced peaks in PNC (Fig. 6). All the idiéedti PNC peaks were higher than the extreme value
boundaries of their corresponding day 9 route ithistion (Table 4). Route H peaks reached subsigntia
higher values than the corresponding extreme vatwedary (e.g= 1,000,000 PNC or 850,000 PNC vs.
30,552 PNC), whereas route M and L peaks werd fati but closer to their corresponding extrevadue
boundaries (e.gr 80,000 PNC vs. 16,915 PNC and 00,000 PNC vs. 8,570 PNC respectively).

Table 4. Day 9 PNC outliers and extreme value boundar@sutated with coefficients of 1.5 and 2 respedyive

Parameter H M L
25" percentile 3,621 3,250 2,801
75" percentile 12,598 7,805 4,724
Outlier 26,064 14,638 7,609
Extreme 30,552 16,915 8,570

The two highest peaks of route H are up to onerarfimagnitude higher than the peaks identified in
other routes (Fig. 6). Maximum values of route Heveubstantially higher than those from route M kil
most of the other days - with the exceptions ofsdéynd 6 (Table 5). Therefore, and taking intaantthat
those peaks were linked to suitable high exposugats, it can be argued that the high values obdtaame
likely actual PNC values and not measurementsaatsf

Table 5. Maximum PNC (# cri) recorded on each route.

Route Dayl Day?2 Day 3 Day4 Dayb Day 6 Day 7 Day Day?9
H 560,661 450,051 1,218,621 235,851 851,815 542,462,396 1,478,977 987,418
M 149,235 161,119 431,473 212,667 361,454 3,699,0191,023 171,235 78,066
L 60,505 144,946 127,483 72,188 110,855 2,646,550 ,4886 564,626 97,962

The events were classified in three categoriesrdaupto their source: construction related, heavy
duty vehicles (HDVs) related and light duty vehg&c{g&DVs) related. In general terms, HDVs produdeal t
highest peaks, followed by construction sites ab¥&. Most of the peaks caused by HDVs and LDVs
occurred while overtaking and being overtaken bgelstand cars, respectively. The majority of peaks
produced by construction sites took place in therlmg of vehicles such as excavators or crane cars.

In addition, an increase in PNC was observed imyenmite next to road intersections, right befdre t
location of the traffic lights. Route tracks pagsimear construction sites or along busy roads stiaweonly
instantaneous peaks for PNC, but also a sustaivexdtine increase in PNC levels along the whol@gobor
example, the only part of route L that is not greeRig. 6 (PNC <= 10,000 # ctis Blackford Ave, which
accounts for substantially more intense traffimttize rest of the route.
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4.- DISCUSSION

4.1.- Route comparison

Route H showed the highest PNC levels of the thheenative routes (Fig. 5), which can be attribdute
mainly to two factors. The first reason is the miotense traffic that is present on this route wéspect to
routes M and L. It can be argued that the highenler of bus lines that circulates through thiseout
compared to the other two has a significant effecthe measured PNC levels. Diesel vehicles acdount
especially high UFP emissions compared to petroiclkes (Fruin et al., 2008; Wang et al., 2012) trel
majority of the Lothian Buses fleet in Edinburglc@mposed of diesel models, with the only excestioin
some hybrid vehicles (Lothian Buses, 2017). In tholdi most of the route goes through streets thrah fpart
of the trunk road A701, which is an important artear HDVs. Almost all HDVs use diesel engines, ofhi
account for higher UFP emissions than petrol ersgamel LDVs in general (Morawska et al., 2008). The
second reason for the higher UFP exposure measutbis route is the cycling infrastructure presaiaing
the road. UFP have a very high spatio-temporabdity (especially when compared with larger Pides)
(Wu et al., 2015) so the distance of the cycligntitorized vehicles has great influence on the Eosure.
Most of the road along route H has a shared busibike (Fig. 2), which accounts for higher exposire
cyclists to UFP than separated bike paths (Kendrick., 2011) or off-road paths like the ones @nésn
route L (Thai et al., 2008). Moreover, becauséhefresence of this type of cycle infrastructuomglroute
H, cyclists have to constantly deal with bus oudng, which is an event that has been proven tdyce
peaks on cyclists’ UFP exposure (Boogaard et @092 (Fig. 6).

On the other hand, route L showed the lowest UF®sure levels from the three alternative routes.
The same reasons that explained the higher exposaisured along route H can be applied here. Hiest,
traffic along this route is less intense than i dther two. Part of the route (i.e. The Meadove®sdhot have
any traffic at all, and the rest of the route mpgthes through quiet streets located in resideatids. In
addition, only a few bus lines travel along strebt belong to this route. The second reason gais dhe
cycle infrastructure, which in route L mostly cated on two different types (Fig. 2). First, offacbpaths
like the ones from the Meadows, which have beergrdo reduce exposure of cyclists to UFP when
comparing them with shared bike lanes (Thai e28I08), like the ones present along route H. Afsarh the
Meadows, the majority of other streets belongingptate L do not account for any special bike infracsture.
Even if bikes and motorized vehicles share allrtaa space in these streets, the absence of bike
infrastructure did not yield to high UFP exposupésedes because of the little traffic present.

Route M represents an intermediate situation betweetes H and L. With respect to the main sources
of UFP, it accounts for heavier traffic and has enlous lines than route L, but the streets arebesg and
less bus lines circulate than in route H. With extpgo UFP exposure reduction, its bike infrastiteis also
somewhere in between the other two routes. It fiele-©nly lanes (Fig. 2), which provide lower UFP
exposure than the shared bus-bike lanes presemtii@ H. This cycle infrastructure avoids the canshigh
exposure episodes produced by bus overtaking (Bodga al., 2009) but does not provide the samerdow
UFP exposure as the off-road paths present alartg to

4.2.- Events that cause UFP peaks

The majority of events that caused the highestpeakdJFP exposure (Fig. 6) were associated to the
proximity of HDVs to the cyclist. In route H, most the high exposure episodes were produced by the
presence of buses, which have been previouslyqubmit as one of the main road sources of particldse
UFP range (Wang et al., 2012). In routes M and astof the highest peaks were related to the pceseh
different HDVs (e.g. trucks) instead of buses. Tdweer number of bus lines present along these scudis
likely contributed to this.

The second set of events linked to PNC peaks wesetrelated to the presence of construction sites
located next to the road. Visual inspection ofitteo material allowed to differentiate two mainRJF
sources within this group. The first source arestrmction HDVs (trucks and non-road mobile machiper
which are normally diesel and therefore accounhfgh UFP emissions (Morawska et al., 2005). Theséd
group of sources included the different types wil evorks done in the construction sites. The oafsgvil
engineering works that involve high abrasion preesge.g. machining materials) should be especially
considered. This type of processes normally acsofontsubstantial generation of PM with a largetian of
it belonging to fine ranges (Dasch et al., 2005).
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The third identified group of events that causeakseon PNC levels were those related to the
proximity of LDVs. Along route H and M, these evemormally caused lower peaks than HDVs and
construction sites. However, in route L less HDYid aonstruction sites were present, so LDVs' peaks
played a more important role in the cyclist's UBPa&sure than in other routes (Fig. 6). Overtakbgng
overtaken and cycling behind motorized vehiclesanke situations of this group of events that cdlse
highest peaks. Figure 6 shows that none of thiedsipexposure peaks recorded in any of the thrgeso
occurred when the cyclist was waiting behind stapgers at traffic lights or intersections. We assuhat
this is due to the idling engine generating lestiga emissions when they are not moving. It caralgued
that when traffic lights turn green, vehicles aecaie and increase their particle production and ttyclists’
UFP exposure. However, our analysis did not shopirgication of high exposure peaks in comparisdth w
the rest of the time.

The spatial visualization of the data also showetherease of PNC next to traffic lights at road
intersections (Fig. 6). The rise in UFP exposuoktplace in most cases before stopping at thadraghts
and not when the cyclist was waiting at them. Téisxplained because when cyclists are approximain
the traffic lights, they often overtake the caratthre already waiting at the red light -exposimgntselves to
the cars’ exhaust pollution- to place themselvesadtof vehicle traffic. In Edinburgh, these firsisfiions
next to the traffic lights are often reserved awlyclists thanks to the cycle boxes (reservedepéor
cyclists ahead of motorised vehicles at intersesji@nd thus cyclists are not directly exposedtero
vehicles’ exhaust gases. The results from thisyssugigest that this kind of cycle infrastructureésy
effective for reducing UFP exposure of cyclistsaduition to its other proved benefits (Hunter, @00

4.3.- Comparison with other studies

Fig. 7 shows the mean PNC measured in similar ssudigether with the mean PNC obtained on the
three alternative routes of this study. All thedéts included in the comparison measured UFP expaxu
cyclists. It is important to mention that not evstydy used the same air sampling device as tipisrerent
(i.e. Testo DiISCmini), which likely influenced thesults obtained. Not all devices have the samger&or
particle counting, which can bias the UFP count.&s@mple, Berghmans et al.(2009) used a P-trathk Ul
fine Particle Counter (TSI Model 8525) that measyarticles in the 0.02-1 um range, whereas thtoTes
DiSCmini measuring range is 0.01-0.7 pm.

Route L showed the lowest mean PNC of the 40 medsautes and route M accounted for the third
lowest. Route H was ranked in"2position. Knibbs et al. (2011) stated that 34,8a0n° is the average
mean for the bike studies that they included irir tteview of commuters’ UFP exposure articles, tinaty
used a more limited study set than this paper. Neetess, their average PNC of 34,000 #dsnalso
substantially higher than the values measured almmg¢hree routes. Therefore, it can be arguediieatnean
PNC measured in this study are relatively low withpect to similar studies.

Several factors might explain this situation. Fit$P concentrations in Edinburgh are not very high
when compared with other cities, as stated by Wal.¢2015) in their study done with mobile measueats
while walking. Second, the two weeks data collecperiod of this study took place during the mawitduly
(summer). Measurements done during the cold sedfdhand winter, purple bars) often report relaty
higher PNC than those done during the warm segspnisig and summer, orange bars). The main reason i
the lower traffic often present in summer, parychuse the presence of better weather favors antides of
transport, i.e. more people choose alternativéisaear (e.g. cycling or walking) for going to woflkhis
decrease in the pollution generated by motorizdtcles might be especially significant in Edinburdthe
city and particularly the routes selected accoantfhigh number of people linked to the different
universities, who work or study there. During summhere are no lectures, many students go badieio t
hometown and the number of events and activitideel to the universities decreases. These facdise
the number of university commuters and therefoeentiimber of UFP sources. All things considered, UFP
exposure of cyclists in Edinburgh is good compavét most of the cities where similar studies hheen
done.
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Figure 7. Mean PNC (# cff) measured in bike commuting studies. Green baresent results from the
current study, orange bars are results from stutbas in spring/summer, purple bars are resulta Btudies
done in fall/winter and grey bars are studies widza collection dates were not available or therevdone
during all year round. Christchurch value represéimé median PNC since the mean PNC was not available
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4.4.- Limitations

The time of the year when the measurements were itMflnenced the results. The data collection
period of the study took place in summer, whichnmalty has less traffic and thus accounts for IoRBIC
levels than the rest of the seasons. It would tezésting to perform a similar study in winter anpare
both results, like Wu et al. (2015) did in theindy in Edinburgh. In addition, the proved influerafehe
meteorology on UFP exposure should be taken intowat when drawing conclusions. All measurements
were done in two consecutive weeks and the weatkght have not been representative of the average
weather in the city during the whole season.

5.- CONCLUSIONS

The results from the study revealed that the robt#ce while commuting by bike from the University
campus in central Edinburgh to the King's Buildiroggnpus has a substantial influence on the expdsure
UFP experienced by the cyclist. Two main factonstgbuted to the differences on exposure. The fastor
was the overall on-road UFP concentration, whighetdded mostly on traffic and the activities from
construction sites located next to the road. Tleerse factor was the bicycle infrastructure presdéong the
route, which affects the proportion of particleatthctually comes in contact with the cyclist du¢hie
relative position on the road.

Two main recommendations can be derived from thairfigs of the study for promoting cycling
between the two campus locations. The first adiste avoid routes that go partly or entirely aldhg trunk
road A701 (e.g. South Clerk Street or Newingtondjp@hich accounted for the highest UFP exposuadlof
measured streets. The second recommendationristmride as much as possible through green spawmbs
small streets located in residential areas, asris that form most of route L.

The measured PNC along the three routes werevaiatow compared with the majority of similar
studies done in other cities. Data collection fos research was done in summer, when the traffic i
Edinburgh is typically less intense because offerease on activities at the universities andipsihool
holidays, among other reasons. This may have danéd to the low UFP exposure values obtained with
respect to other studies. Nevertheless, it shoalldamsidered that spring and summer are the seadmms
more people use their bikes in the city, so it nsade@nse to assess the cyclists’ exposure in thedgesf time
when biking is most popular.

Analyzing the influence of the different types gtling infrastructures on cyclists’ exposure predd
some useful insights for future urban planning.yBie boxes located next to the traffic lights daeisections
showed a high effectivity for reducing the UFP esqn@ of cyclists. When they are used, cyclistscwaiich
of the tailpipe exhaust pollution generated by matal vehicles. Cyclists would be directly exposethis
pollution if they would have to wait in the traffights ‘pit lane’ next to the rest of vehicles. éther
conclusion is that shared bus-bike lanes shoulasVb&led by cyclists where possible. Diesel HDVsraegor
contributing sources of UFP and cyclists often haveeal with bus overtaking when riding along madth
this type of cycle infrastructure. Finally, the wdeoff-road paths should be especially encourageayclists
limit as much as possible their contact with themtieaffic UFP sources, in addition to reducingideat
risks. Where construction sites are present, teanpdiike paths should be installed as far awayoasiple
from them to avoid the high PNC peaks producecbycbnstruction traffic (primarily HDVs) and statary
machinery operations (e.g. generators).

Choosing routes with the best cycle infrastructaight reduce cyclists’ exposure, but it would not
reduce the overall UFP levels present on the str@eickling urban air pollution in a sustainableywequires
policies orientated to limit the emissions from thain sources identified in this study (traffic and
construction sites), which would also help mitiggtclimate change by reducing the overall,@@issions.
Overall on-road UFP levels would be lower if emiss from these sources are better regulated, asd th
cyclists’ exposure to UFP would depend less oratralable cycling infrastructure.

All things considered, it can be argued that prangptycling as a safe and sustainable alternative t
road transport requires complementary efforts ffedént areas. Some of the key points are regujdtia
emissions from the identified main sources, instglbike-friendly road infrastructures and proviglicyclists
with information about which routes should be usedvoided.

Supplementary Materials: Figure S1: PNC in outward and return trips.
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Highlights

Cyclists’ Ultrafine particle exposure of was assessed along commuting routes in
Edinburgh.

Mobile ultrafine particle measurements, GPS and video recording were used.
Routes showed substantial differences regarding particle number counts.
Heavy-duty vehicles and construction sites were the main causes of exposure peaks.
The design of cycling infrastructure has substantial effect on cyclists’ exposure.



