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Vehicular emissions are a key source of polycyclic aromatic compounds (PACs), including polycyclic aromatic hy-
drocarbons (PAHs) and their oxygenated (OPAH) and nitrated (NPAH) derivatives, in the urban environment.
Road tunnels are a useful environment for the characterisation of on-road vehicular emissions, providing a real-
istic traffic fleet and a lack of direct sunlight, chemical reactivity and non-traffic sources. In the present investiga-
tion the concentrations of selected PAHs, OPAHs and NPAHs have beenmeasured in the Parc des Princes Tunnel
in Paris (PdPT, France), and at the Queensway Road Tunnel and an urban background site in Birmingham (QT,
U.K). A higher proportion of semi-volatile (3–4 ring) PAH, OPAH and NPAH compounds are associated with
the particulate phase compared with samples from the ambient environment. A large (~85%) decline in total
PAH concentrations is observed between 1992 and 2012 measurements in QT. This is attributed primarily to
the introduction of catalytic converters in the U.K as well as increasingly stringent EU vehicle emissions legisla-
tion. In contrast, NPAH concentrationsmeasured in 2012 are similar to thosemeasured in 1996. This observation,
in addition to an increased proportion of (Phe + Flt + Pyr) in the observed PAH burden in the tunnel, is attrib-
uted to the increased number of diesel passenger vehicles in the U.K during this period. Except for OPAHs,
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comparable PAH and NPAH concentrations are observed in both investigated tunnels (QT and PdP). Significant
differences are shown for specific substances between PAC chemical profiles in relation with the national traffic
fleet differences (33% diesel passenger cars in U.K. vs 69% in France and up to 80% taking into account all vehicle
categories). The dominating and sole contribution of 1-Nitropyrene observed in the PdPT NPAH profile
strengthens the promising use of this compound as a diesel exhaust marker for PM source apportionment
studies.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of atmospheric
pollutant, identified as being carcinogenic in humans (IARC, 2010). Ex-
posure to PAHs is associated with excess risk of lung cancer (WHO,
2000) as well as other adverse health effects including bronchitis, asth-
ma, heart disease and reproductive toxicity (Choi et al., 2010). PAHs
therefore contribute to poor ambient air quality, particularly in urban
areas and require careful monitoring and investigation to understand
their concentrations, behaviour and fate in the environment.

The PAH congener benzo[a]pyrene (BaP) is widely used as a marker
for PAHs in the atmosphere as BaP constitutes a substantial proportion
of the total carcinogenic potential of the total PAH burden (Delgado-
Saborit et al., 2011). The European Directive 2004/107/EC sets a target
value of 1 ngm−3 in the PM10 fraction for the annualmean concentration
of BaP. In the United Kingdom (U.K.), an air quality standard of a
0.25 ng m−3 annual average is included in the National Air Quality
Strategy.

The World Health Organisation (WHO) has recommended guide-
lines for concentrations of BaP producing excess lifetime cancer risks
of 1/10,000, 1/100,000 and 1/1,000,000 of 1.2, 0.12 and 0.012 ng m−3,
respectively (WHO, 2000). It is estimated that 20% of the population
of the EU is exposed to BaP levels higher than the EU target of
1 ng m−3 and 88% is exposed to levels higher than the reference level
of 0.12 ng m−3 (EEA, 2015).

PAHs are typically generated as by-products from the incomplete
combustion and pyrolysis of fossil fuels and wood as well as the release
of petroleum products. PAHs can therefore originate from domestic, in-
dustrial, transport and accidental combustion sources as well as natural
processes (Ravindra et al., 2008; Jang et al., 2013; Alam et al., 2015). An-
thropogenic sources are expected to dominate the PAHburden in the am-
bient air over the naturally occurring component (Wild and Jones, 1995).
PAHs are chemically reactive with atmospheric lifetimes of hours to days
(Keyte et al., 2013). Consequently, urban PAH concentrations are primar-
ily influenced by local and regional emissions and processes.

A range of compounds receiving increasing interest are PAH deriva-
tive compounds such as oxygenated (OPAH) and nitrated (NPAH) poly-
cyclic aromatic hydrocarbons. NPAH and OPAH are also shown to exert
cytotoxicity, immunotoxicity and carcinogenicity (IARC, 2012, 2013;
Durant et al., 1996; WHO, 2000), and are a particular concern due to
their direct acting mutagenicity (Bolton et al., 2000; Fiedler and
Mücke, 1991).

OPAHs and NPAHs result from primary emission from combustion
processes (Gullett et al., 2003; Shen et al., 2012b, 2012c; Sidhu et al.,
2005; Simoneit et al., 2007; Fine et al., 2002; Fitzpatrick et al., 2007;
IARC, 2012, 2013; Cho et al., 2004; Jakober et al., 2007; Tang et al.,
2002; WHO, 2000) although compared with primary PAHs, relatively
few data are available. A comprehensive overview of currently available
data on primary combustion sources of individual OPAH and NPAH
compounds was recently provided by Keyte et al. (2013).

In addition to direct combustion sources, OPAHs and NPAHs also re-
sult from gas-phase and heterogeneous reactions of primary PAH with
atmospheric oxidants (e.g. OH, NO3, N2O5 and O3) (Keyte et al., 2013;
Atkinson and Arey, 1994, 2007). It has been shown that this atmospher-
ic processing of PAH can be an important secondary source of NPAH and
OPAH congeners that contributes significantly to their observed
atmospheric concentrations (Albinet et al., 2007, 2008a; Ringuet et al.,
2012a; Reisen and Arey, 2005; Eiguren-Fernandez et al., 2008; Arey et
al., 1990; Atkinson and Arey, 2007).

Numerous studies have suggested PAHs can contribute significantly
to the observed carcinogenicity and/or mutagenicity of ambient air
(Albinet et al., 2008a; Bethel et al., 2001; Durant et al., 1998; Gupta et
al., 1996; Hannigan et al., 1998; Pedersen et al., 2004, 2005; Tuominen
et al., 1988; Umbuzeiro et al., 2008; Wang et al., 2011; Bonfanti et al.,
1996; Harrison et al., 2004).

However, it has been indicated in some studies that semi-polar frac-
tions of atmospheric PM extracts (likely to contain OPAH and NPAH
compounds) can display higher direct acting mutagenicity than non-
polar extracts (likely to contain PAH compounds) (Jariyasopit et al.,
2014a, 2014b; Lewtas et al., 1990; Nishioka et al., 1985; Pedersen et
al., 2004; Umbuzeiro et al., 2008; Wang et al., 2011). These studies
therefore suggest that NPAH and OPAH may pose more toxic hazard
in the urban environment than PAH.

Road traffic is considered a key primary source of PAHs, OPAHs,
NPAHs in urban areas (Fraser et al., 1998; Jakober et al., 2007; Lim et
al., 1999; Oda et al., 1998; Rogge et al., 1993a; Staehelin et al., 1998;
Zhu et al., 2003). For example, it has been estimated that motor vehicle
emissions account for between 46 and 90% of total PAHs in ambient PM
in urban areas (Nikolaou et al., 1984; Jang et al., 2013).

There is therefore a need accurately to assess the relative and overall
contribution of road traffic makes to the concentrations of different
PAHs, OPAHs and NPAHs in the ambient urban atmosphere in relation
to other primary combustion sources (e.g. industrial emissions and do-
mestic burning), secondary sources (e.g. reactive input and
volatilisation from surfaces) as well as other influencing factors such
as reactive or photolytic loss processes.

However, accuratelymeasuring on-road vehicular emissions is com-
plicated by the mixture of engine and fuel types and emission control
technologies present. Furthermore, experimental studies in a laboratory
will only yield data on specific vehicles, engine characteristics and/or
fuel formulations (e.g. Zielinska et al., 2004a, 2004b).

Sampling in road tunnels is expected to provide amore realistic traf-
fic profile than using dynamometer tests (Oda et al., 2001; Wingfors et
al., 2001). Road tunnels provide the advantage of a realistic distribution
of on-road vehicles; relatively low rates of dispersion and chemical re-
activity; and a lack of inputs from other primary sources. Additionally,
repeatedmonitoring in a tunnel environment can assess historic chang-
es in PAH emission profiles in response to changes in fuel usage or emis-
sion control measures (Ravindra et al., 2008).

Relatively few studies have characterised the on-road emission pro-
file of PAHs, NPAHs and OPAHs in tunnel environments (Wingfors et al.,
2001; Dimashki et al., 2000; Smith and Harrison, 1996; Ho et al., 2009;
Fraser et al., 1998). Furthermore,manyprevious on-road emission stud-
ies have sampled only the particle-phase component (Chen et al., 2013;
Eiguren-Fernandez and Miguel, 2012; Marr et al., 1999; Miguel et al.,
1998; Phuleria et al., 2006) and a large number of studies report results
in terms of PAH emission factors i.e. mass emitted per unit volume/
weight of fuel consumed (Marr et al., 1999; Miguel et al., 1998) or
unit distance of vehicle travel (Fraser et al., 1998; Kam et al., 2012;
Staehelin et al., 1998).

In the present investigation, the total (gas+ particle phase) concen-
trations of selected PAHs, OPAHs and NPAHs were measured in a road

http://creativecommons.org/licenses/by/4.0/
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tunnel environment in central Birmingham, U.K and simultaneously at
an urban background site in southwest Birmingham. Comparativemea-
surements (only particle phase) were performed in a tunnel of the Paris
ring road (France). The specific aims were to i) obtain realistic ‘traffic
signatures’ for these compounds; ii) compare investigated tunnel con-
centrations and chemical profiles in relation to the national vehicle
fleet compositions; iii) compare these tunnel concentrations with
those observed in the ambient urban environment; and iv) assess the
temporal trend of these compounds in the tunnel and relate this to ob-
served changes in traffic characteristics during this period.
2. Experimental

2.1. Study location

Samplingwas conducted inside the Queensway Road Tunnel (QT) in
Birmingham, U.K. in September 2012 and inside the Parc des Princes
Tunnel (PdPT) of the Paris ring road, France in June 2013. The sampling
locations are shown in Figs. S1 and S2 of the Supplementary information
(SI). The main differences between both sampling locations lie in the
traffic fleet composition. In UK, gasoline vehicles are dominant and die-
sel powered passenger cars accounted for about 32%of total cars in 2012
(DfT, 2014) (Fig. S3). In France among the 38 million vehicles, 68.6%
were diesel in 2013. Taking into account all vehicle categories including
heavy trucks, this proportion was about 80% for diesel (CCFA, 2014).

The QT in Birmingham passes under the city centre, providing a
main through route for a dual carriageway, which constitutes part of a
major highway through the city. The tunnel is approximately 544 m
long with natural ventilation, with the north- and south-bound traffic
separated by a concrete dividing wall. The speed limit in the tunnel is
30 mph.

Concurrent air samplingwas conducted at a background site at Elms
RoadObservatory Site (EROS) on theUniversity of Birmingham campus,
approximately 3 km south of the city centre. These samples provide an
‘ambient background’ concentration to be subtracted from the tunnel
concentrations to calculate a ‘traffic’ concentration. During the sampling
campaign the average temperature was about 11.5 ± 2.2 °C. A descrip-
tion and details of the background site have been discussed previously
by Harrad et al. (2003) and Alam et al. (2015).

The PdPT is part of the Paris ring road which constitutes the major
road around the French capital. The tunnel passes under the Parc des
Princes football stadium and is 580 m long with forced ventilation. It
is about 5mhigh and 52mwide divided into two carriageways separat-
ed by a wall, comprising the internal (clockwise direction) and external
ring roads (anticlockwise direction). Tunnel speed limit in 2013 was
80 km h−1.

Daily traffic flow data are not available for the QT itself and traffic
counts were not performed during sampling. Traffic counts, supplied
by the Department of Transport are available for sites on the same
road at a distance of approximately 200m from either end of the tunnel.
Daily traffic counts in 2012 at these sites were estimated at ~75,000 and
~25,000 vehicles per day for roads to the south and north east of the
tunnel respectively. It is assumed, based on thenumber of potential traf-
fic routes/origins available, that the latter of these traffic countswill be a
better approximation of tunnel traffic flow for the sampling days
conducted.

For PdPT, traffic data including vehicle counts, average speed and
tunnel fill rate, were recorded during the sampling campaign and pro-
vided by the Paris city council (Marie de Paris). Total average daily traf-
ficwas about 210,000 vehicles per daywith an equal distribution for the
internal and external ring roads (Fig. S5). Mean vehicle speed was
slightly higher for the external ring road than for the internal one (69
and 57 km h−1, respectively) and inversely for tunnel fill rate (12 and
18%, respectively). The latter is a measure of congestion and indicates
freely flowing traffic.
2.2. Sampling procedures

Air sampleswere collected in QT, following a procedure utilised pre-
viously in air monitoring studies in Birmingham by members of this re-
search group (Smith and Harrison, 1996; Lim et al., 1999; Dimashki et
al., 2000, 2001;Harrad et al., 2003;Harrad and Laurie, 2005). A high vol-
ume air sampler (PM10, Tisch Environmental Inc., Cleves, Ohio, USA),
adapted to sample both particle-phase and gas-phase pollutants was
deployed in an emergency breakdown lay-by in the southbound section
of the tunnel. 24 h air sampleswere taken on four separateweekdays, in
order to include both morning and evening rush hour periods. Total air
volume sampled during ~24 h sampling periods during this study var-
ied from ~800–1200 m3.

In PdPT, PM10 particulate samples were collected on 9 consecutive
days using a high volume sampler DA-80 (with cooled sample storage,
≈10 °C) (Digitel, Hegnau, Switzerland) (sampling duration 24 h,
started atmidnight, 30m3·h−1). The samplerwas located in themiddle
of the tunnel on an emergency exit of the internal ring road.

Total particulate matter was collected on quartz fibre filters (for QT:
Whatman, obtained from VWR International, Lutterworth, Leicester-
shire, UK; dimensions, 8″ × 10″; retention efficiency N99%; for the
PdPT: Tissu quartz Pallflex, Ø = 150 mm). For QT, gas-phase sample
was collected using cylindrical polyurethane foam (PUF) plugs (dimen-
sions 3″× 3 3/8″, flame retardant-free, Tisch Environmental Inc., Cleves,
Ohio, USA). Two PUF plugs were loaded in series inside a cylindrical
metal tube (PUF holder) fitted downstream of the filter holder.

Prior to sampling, filters were heated at 450 °C for 24 h to reduce or-
ganic impurities. PUFs were pre-cleaned by ultrasonication twice in a
solvent mixture of DCM, hexane and methanol (1:1:1 by volume)
followed by ultrasonication in hexane only. After collection, samples
were wrapped in aluminium foils, sealed in polyethylene bags and
stored at b−10 °C prior to extraction and analysis.

2.3. Sample extraction and clean-up

QT and EROS samples were analysed for 18 PAHs, 4 OPAHs and 12
NPAHs (Table S1) using similarmethodologies to those described previ-
ously (Delgado-Saborit et al., 2013). PdP samples were analysed for 21
PAHs, 30 OPAHs and 32 NPAHs (Tables S2, S3, S4 and S5) using similar
procedures described in previous work (Albinet et al., 2006, 2007,
2008a, 2008b, 2013, 2014; Ringuet et al., 2012a, 2012b) and standard
methods EN 15549 and TS 16645 for PAHs. All solvents (dichlorometh-
ane, hexane, pentane, methanol) used in sample extraction and cleanup
were HPLC grade (purity N98%), obtained from Fisher Scientific or Al-
drich. Filter and PUF samples were extracted separately in order to de-
termine particulate and gas phase analyte concentrations
independently.

Briefly, QT and EROS filters and PUFswere spikedwith 1000 pg μL−1

deuterated internal standards for quantification. Samples were placed
in a glass flask, immersed in DCM and ultrasonicated at room tempera-
ture (25 °C) for 20min. Sample extractswere then reduced under a gen-
tle stream of nitrogen to a volume of 1mL prior to sample clean-up. Due
to the large volume of solvent required for PUF extractions, these sam-
ple extracts were initially transferred to Turbovap apparatus (Biotage
Ltd., Uppsala, Sweden) and blown down under a gentle stream of nitro-
gen (20 °C) to 5 mL. Sample extracts were initially cleaned by filtration
using a clean glass Pasteur pipette chromatography column filledwith a
small amount of glass wool and 0.5 g of fine anhydrous sodium sulphate
(puriss grade for HPLC, Sigma-Aldrich Company Ltd., Gillingham, U.K.).
Sample extracts then underwent further concentration to almost dry-
ness under a gentle nitrogen flow and were made up to a volume of
1 mL with hexane. Sample extracts were then subject to a solid phase
extraction step, based on the methodology described by Albinet et al.
(2006) and Cochran et al. (2012). An aminopropyl solid phase extrac-
tion tube (Sigma-Aldrich Company Ltd., Gillingham, UK)was pre-eluted
with 3 × 1mL aliquots of DCM followed by the samemeasure of hexane.
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The samplewas then passed through the columnand target compounds
were eluted by the sequential DCM/hexane solvent gradient (3 × 1mL)
of 20/80%, 35/65%, 50/50%. This resulted in optimum recovery of PAH,
NPAH and OPAH compounds in one sample extract for analysis.

PdPT filters were cut into punches of 47mm diameter. A punch was
used for PAH analysis and extracted using ASE 200, Dionex (3 DCM cy-
cles: 120 °C, 140 bars, 6 min heat time, 6 min static time). Extracts were
then blow down under a gentle stream of nitrogen (Zymark, Turbovap
II) and redissolved in acetonitrile for UPLC/Fluorescence analysis. The
second punch filter was used for NPAH and OPAH analysis. Filters
were extracted using QuEChERS-like procedure developed previously
for particulate-bound PAH and PAH derivatives analysis (Albinet et al.,
2013, 2014). Briefly, punches were placed in centrifuge glass tubes
and 7 mL of acetonitrile were added to perform the extraction using a
Multi-tube Vortexer (DVX-2500 Multi Tube Vortexer, VWR) during
1.5 min. After extraction, samples were centrifuged for 5 min at
4500 rpm (Sigma 3–16 PK centrifuge). The supernatant extract was col-
lected and reduced near to dryness under a gentle nitrogen stream. Re-
duced extractswere then dissolved in dichloromethane (100–200 μL). A
clean up step was applied for extracts dedicated to GC/NICI-MS analysis
of NPAHs and OPAHs. The clean-up was performed on silica SPE car-
tridge (SiOH chromabond, Macherey Nagel, 3 ml, 500 mg) with a first
elution of pentane (1 mL discarded) and then the collection of eluted
extract with 9 ml of 65:35 (v/v/) pentane-DCM. Purified extracts were
then reduced near to dryness under a gentle stream of nitrogen and
then reconstituted in about 100 μL of acetonitrile.

2.4. Sample analysis

QT and EROS samples were analysed for PAH compounds using Gas
Chromatography (GC – 6890 N Agilent Technologies) fitted with a non-
polar capillary column (AgilentHP-5MS, 30m, 0.25mm ID, 0.25 μm film
thickness – 5% phenylpolysiloxane) in tandem with a Mass Spectrome-
ter (5973 N, Agilent Technologies) operated in electronic ionisation (EI)
and selective ion monitoring (SIM) mode. For OPAH and NPAH analysis
an Agilent Technologies GC–MS (GC 6890W and 5973 MSD) equipped
with a Restek Rxi-PAH column (60 m, 0.25 mm ID, 0.1 μm film thick-
ness) was operated in negative ion chemical ionisation (NICI) and SIM
mode. Methane (99.9% purity; Argo International Ltd., UK.) was used
as the reagent gas for the NICI analysis.

Quantification of all target compounds was based upon the ratios of
analyte response peak area to that of an appropriate deuterated internal
standard. Standards of perdeuterated and native PAH (all compounds)
and NPAH compounds (N98% purity in toluene or isooctane) (1-
nitronaphthalene-d7; 3-nitrofluoranthene-d9; 1-nitropyrene-d9 and
6-nitrochrysene-d11) and p-terphenyl-d14 recovery standard (N99%
purity, in toluene) were obtained from Greyhound Chromatography,
Merseyside, UK, as pre-prepared solutions by Chiron AS, Trondheim,
Norway. Perdeuterated (9-fluorenone-d8 and anthraquinone-d8) and
native OPAH internal standards and 1-fluoro-7-nitrofluorene recovery
standard (purity N98%) were obtained initially as solids from Sigma-Al-
drich Company Ltd., Gillingham, UK and solutions prepared by dilution
with hexane.

PAHs of the PdPT samples were analysed by UPLC/UV-Fluores-
cence (Thermo Scientific, Dionex Ultimate 3000) using a C18 UPLC
column (Zorbax Eclipse PAH, 2.1 mm × 150 mm × 1.8 μm). 23
PAHs were quantified using external standard solution calibration.
Recovery control; before extraction a known amount of 6-
methylchrysene was added to the samples and used as standard ex-
traction recovery control (Table S2). NPAHs and OPAHs were
analysed by GC/NICI-MS (Agilent 7890 A GC coupled to 5975C MS,
methane as reagent gas) (Albinet et al., 2006, 2014) using an Opti-
ma-5MS Accent column (30 m × 250 μm × 0.25 μm) and operated
in SIM mode. Quantification of OPAHs and NPAHs was performed
by internal standard calibration using native standards and deuterat-
ed surrogate compounds added before extraction (Table S3 and S4).
9-Fluorenone-d9 and 1-nitropyrene-d9 were used as surrogate
standards.

Quality assurance experimentswere performed to assess the accura-
cy, precision and reproducibility of the extraction, clean-up and analysis
methods. Replicate analysis of Standard Reference Material 1649b
(urban dust), provided by the National Institute of Standards and Tech-
nology (NIST), was conducted using the procedures outlined above. The
mean concentrations of 6 (INERIS, PdPT) and 10 (University of Birming-
ham, QT and EROS) SRM samples were in good agreement with refer-
ence concentrations provided by NIST for PAHs and those reported in
the literature for NPAHs and OPAHs (Albinet et al., 2014 and references
therein). Field blank filters and PUFs (n= 1 for each phase, at each site)
were collected in order to evaluate any contamination during the
sampling and analytical procedures. Compounds showing field blank
sample concentrations higher than 30% of mean tunnel sample concen-
trations were excluded. All results presented here were corrected for
field blank concentration values.

3. Results and discussion

3.1. Concentrations of PAHs, OPAHs and NPAHs

Mean concentrations of the same PAHs, OPAHs and NPAHs mea-
sured in the QT and PdPT and the proportion of each compound present
in the particle-phase for QT, are presented in Table 1. Concentrations of
additional NPAHs andOPAHs analysed in PdPT samples are presented in
Table S5. Compounds below quantification limit are not reported in the
table.

Lower molecular weight (LMW) PAHs (MW b 203) comprised ~93%
of average total PAHmass (QT, gaseous and particulate phases), consis-
tent with previous measurements in tunnel and roadside locations
(Harrad and Laurie, 2005; Smith and Harrison, 1996; Benner et al.,
1989; Ho et al., 2009; Fraser et al., 1998; Khalili et al., 1995), and emis-
sion studies of gasoline and diesel vehicles (Schauer et al., 1999, 2002;
Zhu et al., 2003; Zielinska et al., 2004a, 2004b). Focusing on compounds
mainly associated with the particulate phase (from BaA to Cor), results
obtained for both tunnels showed comparable individual PAH concen-
tration levels.

Previous studies by Alam et al. (2013) and Harrad and Laurie (2005)
have reported ‘traffic increment’ concentrations of PAHs in Birming-
ham. These were derived by subtracting concentrations at the Elms
Road background site (EROS), from those measured simultaneously at
a nearby roadside location. The relative concentrations of individual
PAHs in the tunnel are similar to those of the ‘traffic increment’ reported
in these previous studies.

In QT, 9F was the dominant OPAH compound measured. BaAQ was
present at very low concentration, indicating a relatively low traffic
input of this compound, in agreement with previous road tunnel mea-
surements (Fraser et al., 1998). 9F was observed predominantly in the
gas phase, while AQ, MAQ and BaAQ were present mainly in the partic-
ulate phase. Interestingly, OPAH concentration levels observed in the
PdPT were significantly lower notably for AQ and MAQ.

1 and 2NNap isomers were the most abundant NPAHs compounds
measured, predominantly present in the gas-phase (QT). The observed
ratio of 1NNap/2NNap was ~1.8. This ratio is slightly higher than previ-
ously observed in the same tunnel by Dimashki et al. (2000). 1NPyr and
9NAntwere the dominant particle-phase NPAHsmeasured in both tun-
nels. These compounds have been identified as the two principal NPAHs
present in diesel emissions (Campbell and Lee, 1984; Paputa-Peck et al.,
1983; Ratcliff et al., 2010; Schuetzle et al., 1982; Zhu et al., 2003;
Zielinska et al., 2004b).

2NPyr and 2NFlt are found in relatively low levels in the tunnels.
These compounds are generally not observed in vehicular emissions
and are the principal products of gas-phase (OH and/or NO3 initiated)
reactions of Pyr and Flth respectively (Atkinson and Arey, 1994). The
low concentration of these compounds in the tunnel is in agreement



Table 1
Mean ± standard deviation of PAH, OPAH and NPAH concentrations measured in the Queensway Road Tunnel (n = 4), Parc des Princes Tunnel (n = 9) and at EROS (n = 4).

PAHs Mean QT (ng m−3)a % Particle-phase Mean PdPT (ng m−3)b Mean EROS (ng m−3)c % Particle-phase

Acy 10.0 ± 3.7 1 nm 0.2 ± 0.1 2
Ace 3.3 ± 1.6 3 0.1 ± 0.1 0.4 ± 0.2 4
Flo 12.0 ± 13.0 1 0.2 ± 0.0 3.8 ± 1.1 1
Phe 81.1 ± 25.7 5 3.8 ± 0.6 25.8 ± 1.3 4
Ant 8.0 ± 3.4 7 0.6 ± 0.1 2.0 ± 1.0 5
Flt 13.6 ± 2.9 49 6.8 ± 1.0 3.0 ± 1.0 10
Pyr 11.1 ± 3.6 67 7.5 ± 1.0 3.7 ± 0.6 11
Ret 0.8 ± 0.4 67 0.6 ± 0.0 2.0 ± 0.3 18
BaA 1.0 ± 0.1 72 0.7 ± 0.1 0.1 ± 0.0 69
Chr 1.6 ± 0.6 70 1.2 ± 0.4 0.1 ± 0.0 75
BbF 0.8 ± 0.2 88 0.8 ± 0.2 0.4 ± 0.2 71
BkF 1.2 ± 0.2 79 1.0 ± 0.3 0.2 ± 0.0 72
BeP 0.8 ± 0.1 90 0.8 ± 0.2 0.1 ± 0.0 77
BaP 0.9 ± 0.3 91 0.8 ± 0.3 0.1 ± 0.0 80
IPy 0.8 ± 0.4 95 0.9 ± 0.4 0.2 ± 0.1 78
DBA 0.2 ± 0.1 65 0.2 ± 0.1 0.1 ± 0.1 91
Bpy 1.7 ± 0.5 95 1.7 ± 0.6 0.3 ± 0.1 81
Cor 0.8 ± 0.2 99 0.8 ± 0.2 0.1 ± 0.0 91

OPAHs Mean QT (ng m−3)a % Particle-phase Mean PdPT (ng m−3)b Mean EROS (ng m−3)c % Particle-phase
9F 7.1 ± 1.9 18 0.1 ± 0.0 1.1 ± 0.4 6
AQ 3.7 ± 1.3 94 0.2 ± 0.0 0.7 ± 0.2 61
MAQ 1.7 ± 0.5 100 0.1 ± 0.1 0.4 ± 0.1 78
BaAQ 0.0 ± 0.0 100 0.0 ± 0.0 0.1 ± 0.0 95

NPAHs Mean QT (ng m−3)a % Particle-phase Mean PdPT (ng m−3)b Mean EROS (ng m−3)c % Particle-phase
1NNap 1918 ± 438 2 bQLd 118 ± 58 2
2NNap 980 ± 816 3 bQL 135 ± 103 2
2NFlo 94 ± 87 95 31 ± 5 13 ± 10 50
9NAnt 294 ± 154 88 41 ± 11 34 ± 16 59
1NFlt 1916 75 nm 13 ± 15 79
2NFlt 9 ± 8 100 19 ± 14e 11 ± 4 83
3NFlt 18 ± 15 95 nm 1 ± 0 76
4NPyr 8 ± 0 89 3 ± 4 2 ± 1 80
1NPyr 343 ± 148 96 287 ± 94 5 ± 3 86
2NPyr 15 ± 3 86 bQL 6 ± 3 81
7NBaA 2 ± 3 94 18 ± 13 1 ± 1 96
6NChr 5 ± 2 88 7 ± 9 0 ± 0 94

nm - not measured.
a – Gaseous + particulate phases, n = 4.
b – Only particulate phase, n = 9.
c – Gaseous + particulate phases, n = 4.
d – Below quantification limit.
e – 2 + 3-Nitrofluoranthene concentrations.
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with previousmeasurements byDimashki et al. (2000) and is consistent
with the absence of direct sunlight and low oxidant concentrations
resulting in negligible photochemical reactivity in the tunnels.

3.2. Comparison with previous tunnel studies

Table 2 provides a comparison between PAH levels observed in the
present study (QT) with three previous road tunnel measurements of
total (particulate + gas phase) PAH concentrations.

Considerable differences can be noted between these studies. Pollut-
ant concentrations can be expected to vary considerably in different
tunnel environments due to differences in traffic fleet composition
(e.g. relative level of gasoline- and diesel-fuelled vehicles), level of traf-
fic congestion, fuel formulations, emission control measures (e.g. legis-
lative requirements), tunnel characteristics (e.g. dimensions, level of
ventilation) andmeteorological conditions (e.g. relative humidity, tem-
perature). For example, the relatively high concentrations of PAHs ob-
served in the Baltimore Harbour Tunnel by Benner et al. (1989)
comparedwith other studiesmay be attributed to the higher proportion
of gasoline-fuelled vehicles in this location at this time.

The concentration of semi-volatile (3–4 ring) PAHs is consider-
ably lower in the present study than reported in previous studies.
Semi-volatile PAHs Acy, Ace, Flo, Phe, Ant, Flt and Pyr have been
observed in relatively high concentrations in diesel emissions
(Ratcliff et al., 2010; Rogge et al., 1993a; Schauer et al., 1999; Zhu
et al., 2003; Zielinska et al., 2004b). The estimated proportions of
diesel heavy duty vehicles (HDVs) in the relevant studies were b3%
(present study); 9% (Benner et al., 1989); 8–24% (Wingfors et al.,
2001); and 47% (Ho et al., 2009). The low relative contribution of
diesel HDVs may therefore be a contributing factor to the reported
concentrations of LMW PAHs in these tunnel studies.

The PAH concentrations measured in the QT were linearly regressed
against corresponding road tunnel emission factors derived by
Wingfors et al. (2001) and Ho et al. (2009). A very good correlation
(R2 N 0.9) was observed between measured concentrations in this
study and the emission factors calculated by Wingfors et al. (2001) for
a road tunnel in Gothenberg, Sweden. This can possibly be attributed
to similarities in tunnel characteristics, sampling techniques, traffic
fleet composition (vehicle types and fuel compositions) and emission
controls measures present in the two locations.

No correlation was found between measured concentrations in the
QT and the emission factors derived by Ho et al. (2009) in the Shing
Mun Tunnel, Hong Kong. This suggests very different traffic fleet com-
position, emission control measures and/or fuel formulations exist be-
tween the two locations and this causes considerable differences in
PAH emission profiles.



Table 2
Comparison of total (P + V) PAH concentrations and percentage of concentration in the
particulate phase (%P) in different road tunnel measurements.

This studya Ho et al. (2009)b Benner et al.
(1989)c

Wingfors et al.
(2001)d

ng m−3 %P ng m−3 %P ng m−3 %P ng m−3 %P

Acy 10 1.2 645 0 nm nm 12 4
Ace 3 3 1748 0 nm nm 8 15
Flo 12 1.2 209 0.7 nm nm 46 3
Phe 81 5 205 4 209 12 179 21
Ant 8 7 32 4 38 14 15 51
Flt 14 49 45 46 56 55 73 84
Pyr 11 67 45 59 58 51 87 87
Ret 0.8 67 nm nm nm nm 0.3 100
BaA 1 72 5 99 8 99 3 100
Chr 2 70 8 74 14 85 4 97
BbF 0.8 88 1 100 11 100 1 100
BkF 1 79 0.3 100 11 100 0.1 100
BeP 0.8 90 0 nm 5 100 1 100
BaP 0.9 91 1 100 6 100 1 100
IPy 0.8 95 0.2 100 5 100 0.5 100
DBA 0.2 65 0.3 100 nm nm 0.2 100
BPy 2 95 0 nm 8 100 2 100
Cor 0.8 99 nm nm nm nm 0.5 100

nm – not measured.
a – Queensway Road Tunnel, Birmingham; Sept. 2012; estimated 25,000 vehicles per

day.
b – Shing Mun Tunnel, Hong Kong; Weekday noon samples; summer 2003; 53,000

vehicles per day.
c – Baltimore Habor Tunnel, USA; 1985–86; mechanical ventilation; traffic flow

unknown.
d – Ludby Road Tunnel in Gothenberg, Sweden; April 2000; 20,000 vehicles per day.
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Measured concentrations of OPAHs and NPAHs in road tunnels are
relatively lacking in the literature. Gorse et al. (1983) measured 1NPyr
concentrations in the Allegheny Mountain Tunnel in Pennsylvania,
USA in 1981. The maximum reported concentration was ~3 times
lower than themean concentrationsmeasured in the present investiga-
tion (QT and PdPT). Benner (1988) measured mean concentrations of
~0.3 ng/m3 for 1NPyr and 9NAnt in the Baltimore Harbour Tunnel in
1985, in good agreement with the levels observed in the present study.
Fig. 1. Comparison of particulate phase PAH, OPAH and NPAH chemical profiles obtained
for both investigated tunnel environments (Parc des Princes and Queenway road
tunnels; n = 9 and 4, respectively).
3.3. Comparison of chemical profiles of both investigated tunnels

Particulate phase PAH, OPAH and NPAH chemical profiles obtained
for both tunnels are presented in Fig. 1.

OPAH chemical profileswere similar for both tunnels. Significant dif-
ferences in the contribution of specific substances were observed for
PAHs and NPAHs. For instance, larger contributions of Pyr and 1NPyr
were observed for the PdPT while the contributions of heavier PAHs
(BPy, IPy, Cor) and 9NAnt were lower than in the QT. Differences ob-
served could be explained by the national traffic fleet differences be-
tween both tunnels with a significant higher proportion of diesel
vehicles in France (PdPT, up to 80%) and, conversely, a larger proportion
of gasoline cars in U.K. (QT, about 66%). Pyr (Ratcliff et al., 2010; Zhu et
al., 2003) and especially 1NPyr (Paputa-Peck et al., 1983; Hayakawa et
al., 1994; Zielinska et al., 2004a, 2004b; Schulte et al., 2015), are com-
pounds mainly associated with diesel emissions while heavier PAHs
are described in the literature as compoundsmainly emitted by gasoline
engines (Li and Kamens, 1993; Miguel et al., 1998; Rogge et al., 1993a).

Complete profiles obtained at PdPT taking into account all the quan-
tified OPAHs or NAPHs are presented on Figs. S6 and S7. 1-
Naphthaldehyde and benzanthrone were the dominating compounds
for OPAHs. Among all the quantified NPAHs, 1NPyr was the dominating
and sole contributor to theNPAH chemical profile in such a highly diesel
impacted environment. These findings suggest the use of this com-
pound as specific diesel exhaust marker for aerosol source apportion-
ment studies (Schulte et al., 2015).
3.4. Gas-particle phase partitioning of PAH, OPAH and NPAH

The phase partitioning behaviour of PAH, OPAH andNPAH in QT and
ambient measurements are different (Table 1).

For most LMW 3-ring compounds and HMW 5+ ring compounds,
the proportion of compounds in the particle phase in the QT is similar
to that observed at background site EROS. However, semi-volatile com-
pounds (e.g. Pyr, Flt, Ret, 9F, AQ, MAQ, 2NFlo) display markedly higher
proportions in the particle phase in the tunnel than in the ambient at-
mosphere. The phase partitioning behaviour of PAH, OPAH and NPAH
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as a function of compound MW is therefore markedly different for the
tunnel and ambient samples (Fig. 2) with greater proportions of each
compound class present in the particulate phase.

Higher particulate phase contributions may reflect the more domi-
nant role of direct emissions from vehicles in the tunnel, which may
be associated to a greater extent with fine particles (Albinet et al.,
Fig. 2. Plots of % of component in the particulate phase vs.molecularweight for a) PAHs, b)
OPAHs and c) NPAHs, measured in the tunnel (black dots, solid black line) and at EROS
(white dots, dotted line).
2008b). Zielinska et al. (2004a) suggest that Flt and Pyr emissions
were predominantly in the gas-phase when vehicles were idle or at
low engine loads but at higher vehicle load, a much larger proportion
of these compounds were present in the particulate phase, particularly
for diesel vehicles. This could indicate vehicles in the tunnel were oper-
ating under relatively higher load, thus contributing to higher particu-
late concentrations of these compounds. However, lower daytime
temperatures and higher particulate matter concentrations in the tun-
nel favour partitioning into the condensed phase (Yamasaki et al.,
1982) and this is a more likely explanation.

Retene (Ret) is not commonly associatedwith road traffic (Wingfors
et al., 2001) and is typically a marker for wood combustion (Ramdahl,
1983) and recently described as highly emitted during coal combustion
(Shen et al., 2012a). The lower Ret concentrations observed in the QT
relative to EROS suggest non-traffic sources dominate and transporta-
tion of Ret from the ambient atmosphere outside the tunnel may be re-
sponsible for observed tunnel concentrations. The higher proportion of
Ret in the particulate phase in the tunnel relative to EROS is therefore
unlikely to be source-driven. This observation supports the argument
that temperature and particle loading are the dominant factors, as sug-
gested above.

3.5. Comparison of QT and ambient concentrations

It is assumed that concentrations of PAHs, OPAHs and NPAHs mea-
sured in the tunnel result entirely fromon-road vehicular emissions (in-
cluding exhaust and non-exhaust emissions). Comparing levels of
compoundsmeasured in the QTwith those observed at the background
site EROS (tunnel/ambient ratios) will allow the assessment of other
influencing factors (e.g. non-traffic sources, relative rates of atmospher-
ic loss processes) to their overall and relative concentrations in the
urban atmosphere. The tunnel/ambient ratios measured in the present
study are shown in Fig. 3. It can be seen that these ratios vary consider-
ably for different individual compounds.

Mean total PAH concentration was ~4.5 times higher in the tunnel
than the mean concentration at EROS. Similarly, Kim et al. (2012)
noted that PAH concentrations were ~6 and 10 times higher in the
Bukak Tunnel in Seoul, South Korea, than weremeasured at an ambient
roadside location during spring and winter respectively. Wingfors et al.
(2001) also noted total PAH concentrations in the Ludby Tunnel in
Gothenburg, Sweden were an order of magnitude higher than those
measured in heavily trafficked urban areas. These observations are gen-
erally consistent with the lower rate of dispersion and lower chemical
reactivity in the tunnel environment compared with the ambient
atmosphere.

The considerable variability in tunnel/ambient ratios between differ-
ent PAHs, can be attributed to differences in traffic source contribution
at the ambient site, physiochemical properties, and/or relative reactivity
rates of individual PAH compounds. The only PAH compound to exhibit
a tunnel/ambient ratio of b1 was Ret. This is consistent with this com-
pound resulting primarily from wood or coal combustion used for resi-
dential heating in this period rather than road traffic (Shen et al., 2012a;
Bari et al., 2010; Fine et al., 2002; McDonald et al., 2000; Ramdahl,
1983).

LMW (3–4 ring) compounds Flo, Phe, Ant, Flth, Pyr display relatively
low (3 to 4.5) tunnel/ambient ratios. Given that these compounds, are
expected to be relatively abundant in traffic emissions this observation
is somewhat surprising. For example, Phe, Flt and Pyr are the dominant
PAHs in diesel exhaust (Ratcliff et al., 2010; Zhu et al., 2003 and PdPT re-
sults) and therefore may be expected to display enhanced ratios. This
observation suggests non-traffic sources (e.g. domestic wood and coal
combustion or revolatilisation of pollutants from road and or soil/vege-
tation surfaces) may contribute significantly at the ambient site,
resulting in relatively low tunnel/ambient ratios.

It has been previously been indicated that PAH concentrations mea-
sured in the U.K. atmosphere can be influenced by the secondary input



Fig. 3. Mean ratios of concentrations measured in the Queensway Road Tunnel to those measured simultaneously at the Elms Road background (n = 4).
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due to volatilisation from soil, vegetation and/or road surfaces
(Dimashki et al., 2001; Harrad and Laurie, 2005; Lee and Jones, 1999).
For example, Lee and Jones (1999) noted a significant positive correla-
tion between the concentration of Phe, Flt and Pyr and temperature in
a semi rural site in northern England, indicating the possibility of tem-
perature-driven evaporation from vegetation and/or soils influencing
concentrations.

Evidence for secondary surface volatilisation at the BirminghamUni-
versity site has been discussed by Dimashki et al. (2001) and Lim et al.
(1999). It was indicated however, that volatilisation from surfaces was
more significant in the city centre than at the University site. However,
it is possible that PAH concentrations at the EROS background site are
influenced by secondary input from surface volatilisation and that this
has influenced the observed tunnel/ambient ratios of LMW PAHs.

Interestingly, the tunnel/ambient ratio of Flt is higher than that of
Pyr, despite higher OH reactivity noted for Pyr relative to Flt (Atkinson
et al., 1990; Brubaker and Hites, 1998). This may suggest Pyr concentra-
tions at EROS may be ‘buffered’ by volatilisation from soil or vegetation
surfaces to amuch greater degree than Flt resulting in lower tunnel/am-
bient ratio.

The tunnel/ambient ratio of Acy is considerably higher than those of
other PAHs. This is consistentwith relatively high gas-phase OH reactiv-
ity of this compound (Brubaker andHites, 1998; Reisen andArey, 2002).
The lack of direct sunlight inside the tunnel is likely to result in minimal
reactivity, leading to enhanced ratios. However, while Ant is shown to
display similarly fast reactivity towards OH (Brubaker and Hites,
1998), the observed tunnel/ambient ratio is lower than expected. This
may suggest the ambient concentration of Ant is substantially influ-
enced by non-traffic sources, either primary or non-combustion related.

Most HMW PAHs (MW N 228) display relatively high tunnel/ambi-
ent ratios compared with LMW PAHs. BaA and Chr display particularly
high ratios compared with other PAHs, which may reflect a relatively
low contribution of non-traffic sources of these compounds at the ambi-
ent sites, and/or low atmospheric reactivity.

The relative differences in tunnel/ambient ratios between HMW
PAHs may arise in part from the relative stability of these compounds
towards atmospheric degradation. For example, BaP displays a relative-
ly high tunnel/ambient ratio compared with other 5 ring PAH com-
pounds. This may be attributed to greater susceptibility of BaP to
heterogeneous reactivity in the ambient atmosphere (Jariyasopit et al.,
2014a; Ringuet et al., 2012b; Cazaunau et al., 2010; Perraudin et al.,
2007).

DBA displays a relatively low tunnel/ambient ratio. This is consistent
with a relatively low input from road traffic, as indicated by Jang et al.
(2013) who assessed a ‘traffic’ profile at London monitoring sites, and
may indicate an alternative seasonally-dependent combustion source
influencing the ambient sites.
The low (b1) ratios observed for BaAQ indicate that this compound
is not emitted to a significant degree by road vehicles and is present in
higher levels in the ambient atmosphere. This suggests levels of this
compound observed at EROS result primarily from a non-traffic com-
bustion source such as natural gas home appliances (Rogge et al.,
1993b), wood or coal combustion (Shen et al., 2013) or uncontrolled
domestic waste combustion (Sidhu et al., 2005).

NPAHs generally display higher tunnel/ambient ratios than
unsubstituted PAHs, although there is wide variability between individ-
ual compounds. Relatively high ratioswere observed for 1NNap, 2NNap,
2NFlo, 9NAnt, 3NFlt, 1NPyr and 6NChy. These compounds are expected
to be predominantly associated with diesel exhaust emissions (Ball and
Young, 1992; Campbell and Lee, 1984; IARC, 2013; Paputa-Peck et al.,
1983; Rappaport et al., 1982; Schuetzle et al., 1982; Schuetzle and
Perez, 1983; Zhu et al., 2003; Zielinska et al., 2004a, 2004b) with
lower input from other combustion sources (WHO, 2000).

The principal atmospheric loss process for NPAHs is expected to be
photoreactivity including direct photolysis (Atkinson et al., 1989; Fan
et al., 1995, 1996a, 1996b; Phousongphouang and Arey, 2003; Ringuet
et al., 2012b; Jariyasopit et al., 2014a). For example, Atkinson et al.
(1989) noted atmospheric lifetimes for 1NNap and 2NNap due to pho-
tolysis were ~38 and ~28 times shorter respectively than the corre-
sponding gas-phase reactions with OH.

Photolysis is not expected to occur significantly in the tunnel envi-
ronmentwhere direct sunlight is absent. It is expected that the principal
source of NPAHs in the urban environment is diesel vehicle exhaust
with a much lower input from other combustion sources (Ciccioli et
al., 1989;WHO, 2000; Keyte et al., 2013). The very high tunnel/ambient
ratios for a number of NPAH compounds may therefore reflect more
rapid photolytic and/or reactive losses in the ambient atmosphere.

While Holloway et al. (1987) noted relatively long photolysis half
lives for 1NPyr and 3NFlt of 1.2 to 6 days and 12.5 to N20 days respec-
tively, other studies suggest this process can be a potentially significant
atmospheric sink for particle-bound NPAHs. Fan et al. (1996a) derived
half-lives due to photolytic decay for 1NPyr, 2NFlt and 2NPyr on diesel
soot and wood smoke in an outdoor chamber of 0.8 to 1.2 h with faster
reaction noted for 1NPyr on wood smoke particles.

The results of thepresent study suggest 1NPyr is degradedmore rap-
idly than other NPAHs.While Fan et al. (1996a) indicated that the struc-
ture of particle-associatedNPAH compounds does not influence the rate
of degradation, it has been suggested elsewhere that the isomeric struc-
ture of the compound does influence the rate of photolytic decay (Pitts,
1983). For example, Holloway et al. (1987) and Feilberg and Nielsen
(2000) have indicated 1NPyr decays up to 10 times more rapidly than
other MW 247 NPAHs.

Dimashki et al. (2000) observed levels of 1NPyr and 9NAnt in the
tunnel ~6 and ~2 times higher in the Queensway Road Tunnel than in



Table 3
Comparison of mean total (particulate + vapour) PAH concentrations measured in the
Queensway Road Tunnel in 1992 (Smith and Harrison, 1996) and 2012 (present study).

Tunnel concentration (ng m−3) %
Decline

1992 (n =
8)

2012 (n =
4)

Acy 95 10 90
Ace 114 3 97
Flo 167 12 93
Phe 333 81 76
Ant 51 8 84
Flt 48 14 71
Pyr 55 11 80
BaA 14 1 93
Chr 26 2 94
BbF 13 0.8 93
BkF 5 1 88
BaP 13 0.9 93
IPy 22 0.8 96
DBA 4 0.2 95
BPy 35 2 95
Cor 12 1 94
∑PAH 1122 158 86
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the ambient urban atmosphere of Birmingham respectively. This previ-
ous studywas conducted in central Birmingham duringwinter. The QT/
EROS ratio in the present study is shown to be a factor ~10 and ~4.5
higher than the previous study for 1NPyr and 9NAnt respectively. This
may partly be attributed to higher input of pollutants in the city centre
compared to the background EROS site and the fact that sampling in the
present study was conducted in the late summer leading to potentially
faster rates of photolytic degradation in the ambient atmosphere.

The tunnel/ambient ratio of 1NNap is a factor ~ 2.2 higher than that
of 2NNap. Experimental studies indicate 1NNap will exhibit a rate of
photolysis ~1.3–8 times higher than that of 2NNap (Atkinson et al.,
1989; Phousongphouang and Arey, 2003). This would suggest the ob-
served difference in ratios for the two NNap isomers is due to differ-
ences in the rates of photolytic degradation and the relatively long
exposure time of air samples collected at EROS.

The relatively low ratios observed for 7NBaA indicate only a minor
contribution from traffic for this compound at the ambient site. 7NBaA
has been measured in vehicular emissions (Karavalakis et al., 2009;
Zhu et al., 2003). However, the previous study in Birmingham did not
detect this compound in the QT but did observe measureable levels in
the city centre (Dimashki et al., 2000).

2NFlt and 2NPyr are expected to result from atmospheric reactions
with minor input from road traffic (Atkinson and Arey, 1994). A tun-
nel/ambient ratio of b1 was observed for 2NFlt, consistent with little
formation in the tunnel. However, 2NPyr displays a ratio of ~5 which
is unexpected.

3.6. Temporal trend in PAH and NPAH in QT concentrations

Previous measurements of PAH (Smith and Harrison, 1996) and
NPAH (Dimashki et al., 2000) concentrations have been made in the
Queensway Road Tunnel. A comparison between the results of the pres-
ent study and these previous investigations could therefore provide an
assessment of temporal changes in emission profiles. Some caution is
needed in interpreting thesis changes as both sets of data derive from
relatively short periods of measurement and hence week-to-week var-
iability cannot be assessed. Concentrations of OPAHs have not previous-
ly been measured in the tunnel.

A comparison of total (gas+particle phase) PAH levels measured in
the tunnel in 2012 and 1992 is shown in Table 3. A decline of ~85% for
total PAH concentration is noted between 1992 and 2012 measure-
ments. This observation is in agreement with the historical reduction
in PAH levels reported in road tunnel studies in the United States
(Benner et al., 1989; Eiguren-Fernandez andMiguel, 2012). The magni-
tude of concentration reduction varies considerably between individual
compounds. The majority of compounds (Ace, Flo and HMW PAHs) ex-
hibit a decline of N90% while Phe, Flt and Pyr exhibit a decline of b80%.

A number of factors have been shown to be responsible for reduction
of PAHs from road vehicles. These include changes to fuel formulations
(Westerholm and Egebäck, 1994) e.g. use of biofuels (Ratcliff et al.,
2010) or use of additives to enhance the cetane or octane number
(Williams et al., 1986; Zhu et al., 2003); innovations in engine design
e.g. use of three-way catalysts (Rogge et al., 1993a; Schauer et al.,
2002; Westerholm and Egebäck, 1994; Zielinska et al., 2004b) and im-
provement in exhaust emission control measures e.g. particulate filters
(Hu et al., 2013), with their implementation being principally driven by
increasingly strict government legislation (Perrone et al., 2014). Other
factors e.g. state of vehicle maintenance and ambient conditions (e.g.
temperature) are also shown to influence PAH emissions from road traf-
fic (Zielinska et al., 2004b).

The observed reduction of PAH levels in theQT can be attributed, to a
large degree, to the introduction of mandatory catalytic converters to
the U.K in 1993. Catalytic converters have been shown to reduce the
emissions of PAHs in gasoline-fuelled vehicles by 92–99% (Rogge et al.,
1993a; Schauer et al., 2002; Westerholm and Egebäck, 1994; Zielinska
et al., 2004b). For example, Benner et al. (1989) measured PAH
concentrations in the Baltimore Harbour Tunnel, USA, a factor 5–10
lower than a study conducted 10 years earlier (Fox and Stanley,
1976). This was attributed to the introduction of catalytic converters
which were first used in the USA in 1974.

However, progressively stringent legislation pertaining to vehicular
emissions of both gasoline and diesel vehicles is also likely to have con-
tributed to PAH emission reductions. It is indicated that different stages
of EU legislation on new vehicle emission limits (91/441/EEC) has re-
sulted in progressively reduced PAH emissions since 1993 (Perrone et
al., 2014).

The relative concentration of individual PAHs has changed signifi-
cantly over this period. Indeed, the combined contribution of
(Phe + Flt + Pyr) to ƩPAH burden has increased from ~44% in 1992
to ~72% in 2012. Gasoline-fuelled vehicles are shown to emit higher
levels of HMW compounds e.g. BaP, IPy, BPy, Cor (Marr et al., 1999;
Miguel and Pereira, 1989; Miguel et al., 1998) while diesel is generally
shown to be a greater source of semi-volatile compounds such as Phe,
Flt, and Pyr (Chen et al., 2013; Harrison et al., 1996; Miguel et al.,
1998). This observation could therefore suggest a greater contribution
of diesel emissions over the previous 20 years in the tunnel.

In the period 1994 to 2012, the number of gasoline-fuelled cars in
the U.K decreased by ~500,000 while the number of diesel-fuelled pas-
senger cars increased by ~7.8 million (DfT, 2014). This trend has seen
the relative proportion of diesel cars in the U.K traffic fleet increase
from ~7% in 1994 to ~33% in 2012 (see Fig. S3).

The trend in the number of gasoline and diesel vehicles on the road
is reflected in the volume of gasoline and diesel fuel supplied to the U.K
market (see Fig. S4) and national fuel sales. In the UK, sales of gasoline
fuel decreased by ~43% between 1990 and 2011, from 33 billion litres
to 19 billion litres.Meanwhile the sales of diesel fuelmore than doubled
over this period, from ~12 billion litres in 1992 to ~25 billion litres in
2011 (UKPIA, 2012).

A comparison in concentrations of four NPAHsmeasured in the pres-
ent study in 2012 and thosemeasured by Dimashki et al. (2000) in 1996
is shown in Table 4. The previous measurements were made on only
one sampling day, while the current study is the average of four sepa-
rate sampling days so comparison of results must be donewith caution.

In contrast to the significant historical decline noted for PAH concen-
trations, little or no decline in NPAH concentration is noted. The mean
levels of NNap isomers measured in the present study fall within the
range of concentrations measured in 1996 while the concentrations of
9NAnt and 1NPyr were within 1 standard deviation of the lower range
of concentrations measured in 1996.



Table 4
Comparison of total (particulate + vapour) NPAH concentrations measured in the
Queensway Road Tunnel in 1996 (Dimashki et al., 2000) and 2012 (present study).

Tunnel concentration (pg m−3)

2012 (This study) 1996 (Dimashki et al., 2000)

1NNap 1918 ± 461 560–2120
2NNap 980 ± 820 620–1570
9NAnt 294 ± 165 370–760
1NPyr 343 ± 157 440–690
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1NNap, 2NNap, 9NAnt and 1NPyr are all present in diesel exhaust
emissions in relatively high levels (Campbell and Lee, 1984; Draper,
1986; Paputa-Peck et al., 1983; Zhu et al., 2003) and are present in
low/negligible emissions from gasoline vehicles (Zielinska et al.,
2004b). The increase in relative contribution of diesel vehicles in the
U.K traffic fleet from 1996 to 2012 may therefore have a stronger influ-
ence on changes in observed NPAH concentrations relative to PAHs.

Evidence for the increased importance of NPAH in urban air over
time has been indicated previously. For example, Matsumoto et al.
(1998) noted the concentration of BaP declined significantly in the peri-
od 1975 to 1992 in the heavily trafficked region of Sapporo, Japan, while
the mutagenicity of collected particles remained unchanged. The au-
thors suggested this could be attributed to an increase in diesel traffic
and the possible associated increase in NPAH concentrations.

The lack of increase in observed NPAH levels in the tunnel over this
time may suggest that while the volume of diesel traffic has increased,
the emissions of NPAHs from individual diesel vehicles may have de-
clined. Indeed, improved exhaust after-treatment (e.g. use of catalytic
devices or particulate traps) and fuel formulation has been shown to re-
duce NPAH and OPAH emissions (Fiedler and Mücke, 1991; Marinov et
al., 2009; Nielsen et al., 1999; Ratcliff et al., 2010; Westerholm and
Egebäck, 1994; Zhu et al., 2003).

The results of the present study therefore suggest that the temporal
variation in PAH and NPAH concentrations in the QT have been influ-
enced by both an increase in the number of diesel vehicles in the U.K
traffic fleet and a net reduction in emissions from individual vehicles
in response to changes in fuel formulation and engine/exhaust system
design. The results suggest the NPAH/PAH ratio from on-road vehicular
emissions in theU.K. has increased substantially in the last 20 years. This
demonstrates the need to monitor more carefully the concentrations of
NPAHs and their contribution to poor ambient air quality in urban areas.
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