Response to Reviewer 1

The authors would like to thank the reviewer for their detailed comments and suggestions to
improve the manuscript. Please find below our responses and details of corrections made to the
manuscript.

Introduction, page 1, line 29:
References:
..... Villena et al., 2011 change to Villena et al., 2012, (please see Reference, page 22, line 13)

There are two different publications by Villena et al. cited in our manuscript. The paper from 2011 is
about HOy production from HONO photolysis and the 2012 paper is about interferences in NO,
chemiluminescence instruments. We therefore believe that these are both cited correctly.

Introduction, page 3, line 11, 20....: General a range of numbers should be specified as "a to b" and
not "a - b". And add for all given physical quantities one space between number and unit (please see
guidelines for authors, mathematical notation and terminology). E.g. please change.....ranging from
0.16-1.00%.... to ....ranging from 0.16 to 1.00 %....

We thank the reviewer for noting these errors. The manuscript has now been revised to change
these instances.

Introduction, page 3, line 34: Data taken at site in North Kensington, London during 2012 as part of
Clean Air for London (ClenarLo)...., please add the reference Bohnenstengel et al., 2015

Reference has been added.

Introduction, page 4, line 11: Supplememtary table S1: Why are for the motorcycles and in particular
buses in comparison with cars and light and heavy goods only the total number of licensed vehicles
are listed? Buses and coaches have often a diesel engine and the contribution of diesel fuelled
vehicles to the total number of vehicles will be higher than 44%.

The reviewer is correct in that if buses and coaches are included the contribution of total diesel
vehicles if would be higher than 44%. The statistics from Driving and Vehicle Licensing Agency
(DVLA) and Department for Transport (DfT), however, only provide numbers of vehicles by body type
for buses and coaches (see: https://www.gov.uk/government/statistical-data-sets/veh06-licensed-
buses-and-coaches) and not fuel type, therefore we are unable to provide an accurate number for
the total licensed diesel buses and coaches. The total number of buses and coaches will include
some minibuses which may be petrol fuelled and ultra-low emission buses.



https://www.gov.uk/government/statistical-data-sets/veh06-licensed-buses-and-coaches
https://www.gov.uk/government/statistical-data-sets/veh06-licensed-buses-and-coaches

Experimental, page 4, line 27: Please used Sl units, e.g. please change 52 kph to 52 km h-1 and
please check also all other units in text and in figures!

(please see guidelines for authors, mathematical notation and terminology) Experimental, page 5,
line 22: Please change ...0.9 L/min to 0.9 L min-1 (please see guidelines for authors, mathematical
notation and terminology).

We thank the reviewer for bringing these errors to our attention. Units have now been changed to
the appropriate format in the revised manuscript. We have also added vehicle speed values in
kilometres per hour (km h™) in addition to miles per hour (commonly used in the UK) in parentheses
on page 4 line 27. The following text has also been added to the caption for Figure S2 in the
supplementary material to provide further information on vehicle speeds in the tunnel:

“The speed limit in the tunnel is 30 miles per hour (48 km h™%), therefore, most vehicles drive slightly
above the speed limit, except when the tunnel is congested.”

Experimental, page 6, line 6: Statistical errors are given in £ range, please add for all statistical errors
t, e.g. change .....were 0.8 ppbv......to .... were + 0.8 ppbv.....(see also line 8, 9, 12...) (please see
guidelines for authors, mathematical notation and terminology).

Changes have been made to the final manuscript to include * for all statistical errors.

We also have adjusted the text on page 6, lines 14 & 15, to emphasise the origin of the systematic
errors in the BBCEAS measurements of HONO and NO;: “...were dominated by the systematic
uncertainties in the cross sections and the mirror reflectivity.” And we have added the bracketed
text “(from combining the statistical and systematic errors)” on page 6, line 16, to make it clear that
the total measurement uncertainty includes both these two types of error.

Result and discussion, page 7, line 2 In figure 2 also the diurnal cycle of NO is shown, but not
mention or discuss in the paper. In contrast to the shown diurnal cycle of NO the NOx diurnal cycle is
discuss but not shown in figure 2, why?

When NOy is discussed in this section the authors were referring to the NO and NO; cycles together.
As the reviewer has rightly demonstrated however this is not clear, therefore the text in this section
has been changed to the following:

“Figure 4 presents 15 minute averaged time series for gases measured in the tunnel. NO, NO, HONO
and CO; follow the same diurnal cycle as each other indicating that they have a similar source. There
is a clear difference in weekday and weekend diurnal cycles with peaks associated with rush hour
traffic observed in NO, NO,, HONO and CO,during the weekdays, which are not present at the
weekend. The measured concentrations are also lower at the weekend, on average.”

Result and discussion, page 10, line 13 How was the uncertainty of the wind speed measurements
(see also table 1) ? Better than + 0.3 % ?, if not please change the given wind speed from ....3.89 m s-
1 to 3.9ms-1.



The reviewer is correct; we quoted too many decimal places, and the last decimal is not significant.
The wind speed has now been changed from 3.89 m s to 3.9 m s*. This change brings the text into
alignment with the manufacturer’s specification for the Kestrel anemometer that we used to record
wind speed: “accuracy = + 3 % or the last digit of the reading”, which in our case means + 0.1 m s™.

Result and discussion, page 14, line 25 Please change... Liang et al. estimated.... to Liang et al.
(2017) estimated....

Change has been completed.

Result and discussion, page 15, line 4, 5, 9... References Carslaw et al., 2016 Matthaios et al., 2108
and Grange et al., 2017 are mention in the text but not listed in the references list, please add these
references to the list and check all others!!!

We thank the reviewer for spotting this error. The references have been checked and updated to
ensure they are all correct.

References The reference list contains some typos, some reference are unlisted and should be
carefully checked by the authors. For example: References, page 20, line 41 Rappengluck, B. change
to Rappengliick, B.....

As above, all references have been checked and corrected where needed.

Figures and Figure captions: Some displayed measurement data have no error bars e.g. figure 6, S1
and S7, why? Are the errors of the measured data are taken into account by the calculation of the
regression parameters (e.g. slope and intercept) Please check the mathematical notation and
terminology. e.g. figure 3a, y-axis, please change number of vehicles/hour....to.... number of vehicles
h-1

Mathematical notation and terminology have been changed in the figures for the revised
manuscript.

Error bars representing 1-o standard deviation of the mean have now been added to Figures 7b and
7c in the main paper and Figure S7 in the supplementary material. In the original manuscript the
diesel and petrol fractions in Figure 7 and Figure S7 were determined for each 1-hour bin from the
sum of the number of vehicles over the four days of ANPR measurements. In the revised version the
mean and 1-o standard deviation for each 1-hour bin has been calculated to 2 decimal places.
Additionally, the AHONO/ANOy data plotted in Figure S7 has also been rounded to 2 decimal places.
These revisions have resulted in a small change in the slope and intercept from the previous version.
The revised data also changed the calculated values of ERpy and ERnpy in section 3.2.3, however the
final conclusions remain the same.

Additional text given below has also been added to the main paper on page 12, lines 31 & 32, to
provide a calculated value of the emission ratio for diesel vehicles, and associated error.



“Extrapolating the best fit line in Figure S7 to x = 1 gives a plausible emission ratio for diesel vehicles
OfERDV: 1.35+0.50 %.”

Error bars have not been included on the regression plots for Figure 6 and Figure S1 because this
makes the figures look crowded and the regression lines are less clear. The regression was not
weighted by the errors in the measurements. We have instead used a non-weighted reduced-major-
axis method when calculating the regression parameters and quoted the 95% confidence interval on
the slope to provide information on the uncertainty in the calculation of AHONO/ANOx.



Response to Reviewer 2

We would like to thank the reviewer for their kind comments and suggestions. Please find below our
responses and details of corrections made to the manuscript.

1. 2.3 Instrumental techniques. There is no information for the components of the BBCEAS. Because
the BBCEAS system for HONO have been originally built up by the authors, the authors should show
the company name and products number for the parts of the BBCEAS, especially LED, mirror and
detector.

We agree that more technical information should have been provided about the BBCEAS instrument
built by Dr Ball and his research group. The following text has been added to section 2.3:

* LED light source: “LEDengin LZ1-10UV00, nominal peak wavelength = 365 nm”.

* Mirrors: “a cavity formed by two highly reflective mirrors (Layertec GmbH, 25 mm diameter, 0.5 m
radius of curvature, high reflectivity 370 to 395 nm)”. And a few lines later: “their measured
reflectivity peaked at 99.940 % at 387 nm.”

* Spectrometer: “BBCEAS spectra were integrated... using an OceanOptics QEPro spectrometer
(instrument line shape = 0.20 nm HWHM).”

2. 3.2.3 HONO emission ratios The definition of "delta"HONO seems to be ambiguous. Does
"delta_HONO" mean the background corrected HONO (delta_ HONO=HONO_tunnel - HONO_bg), or
the background and secondary formation corrected HONO(delta_ HONO=HONO_tunnel - HONO_bg -
HONO_secondary formation)? The authors should make clear.

We thank the reviewer for bringing this to our attention. We can see how the of use of AHONO
could be ambiguous here. AHONO in this case represents the HONO corrected for background and
secondary HONO formation.

We have added the following text at end of section 3.2.2 to clarify this point.

“In the following sections the final HONO dataset (AHONO) is corrected for both background HONO
levels and the heterogeneous HONO contribution.”
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Abstract.

Measurements of atmospheric boundary layer nitrous acid (HONO) and nitrogen oxides (NOx) were performed in summer
2016 inside a city centre road tunnel in Birmingham, United Kingdom. HONO and NOx mixing ratios were strongly correlated
with traffic density, with peak levels observed during the early evening rush hour as a result of traffic congestion in the tunnel.
A daytime AHONO/ANOx ratio of 0.85 % (0.72 to -1.01%, 95 % Clconfidence interval) was calculated using reduced major

axis regression as-for the overall fleet-average (comprising 59 % diesel-fuelled vehicles). A comparison with previous tunnel

studies and analysis on the composition of the fleet suggest that goods-vehicles have a large impact on the overall HONO
vehicle emissions; however, new technologies aimed at reducing exhaust emissions, particularly for diesel vehicles, may have
reduced the overall direct HONO emission in the UK. This result suggests that in order to accurately represent urban
atmospheric emissions and the OH radical budget, fleet-weighted HONO/NOy ratios may better quantify HONO vehicle
emissions in models, compared with use of a single emissions ratio for all vehicles. The contribution of the direct vehicular
source of HONO to total ambient HONO concentrations is also investigated and results show that, in areas with high traffic

density, vehicle exhaust emissions are likely to be the dominant HONO source to the boundary layer.

1 Introduction

Nitrous acid (HONO) is an important atmospheric constituent in the boundary layer, as its photolysis leads to the formation of
OH radicals (R1), which drive atmospheric oxidation reactions, pollutant removal and the formation of secondary species.
This is particularly important in urban areas where the measured HONO mixing ratios can reach up to parts per billion, and
HONO photolysis can be the dominant HOx source (Alicke et al., 2002; Elshorbany et al., 2009; Kleffmann, 2007; Lee et al.,
2016; Michoud et al., 2012; Villena et al., 2011).
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A<400nm
HONO + hv ——— OH + NO (R1)

The sources of HONO in the atmosphere can be primary or secondary (Figure 1). Primary sources include; direct emissions
from combustion processes such as vehicle emissions (Kirchstetter et al., 1996; Liu et al., 2017; Rappengliick et al., 2013;
Trinhetal., 2017; Xu et al., 2015), soil microbial activity (Laufs et al., 2017; Maljanen et al., 2013; Meusel et al., 2018; Oswald
etal., 2013; Su et al., 2011) and biocrusts (Maier et al., 2018; Meusel et al., 2018; Weber et al., 2015). Secondary sources were
thought to be dominated by the homogeneous gas phase reaction of NO and OH during the day (resulting in a null cycle with
R1), and the heterogeneous production of HONO from NO; on surfaces at night (Calvert et al., 1994; Finlayson-Pitts et al.,
2003; Jenkin et al., 1988; Kleffmann et al., 1998; Stutz et al., 2002). More recently, studies have shown that heterogeneous
reactions are also important sources of HONO during the day and include photo-enhanced reduction of NO; on organic
substrates (George et al., 2005; Monge et al., 2010; Stemmler et al., 2006) and nitrate photolysis (Reed et al., 2017; Ye et al.,
2017; Zhou et al., 2011). Despite numerous studies over the last few decades, substantial uncertainties remain regarding the
relative magnitude of these sources, with models frequently unable to account for total measured HONO concentrations
without the inclusion of unknown sources, typically driven by photolysis (Huang et al., 2017; Lee et al., 2016; Michoud et al.,
2014; Vandenboer et al., 2014; Vogel et al., 2003; Wang et al., 2017). A photo-stationary steady state method based on
measurements of HONO, OH and NOy has previously been used to infer missing HONO sources; however, in areas of high
spatial heterogeneity this method breaks down because the lifetime of HONO is much longer than that of OH, or of NO (with
respect to NOx-Os equilibrium)-and-NO, (Crilley et al., 2016; Lee et al., 2013).

In areas with high traffic density, HONO emitted directly from vehicle exhausts is an important source, as indicated by large
peaks in ambient HONO concentrations observed during rush hour periods (e.g. Qin et al., 2009; Rappengliick et al., 2013;
Stutz et al., 2004; Tong et al., 2016; Wang et al., 2017; Xu et al., 2015). Tong et al. (2016) estimated that direct emissions
from vehicles at an urban site in Beijing contributed 48.8 % of the total measured HONO, almost 5 times higher than the

contribution at a suburban site (10.3 %) located 50 km northeast of Beijing city centre.

A HONO/NOy emission ratio is often used to parameterise the HONO contribution from vehicles. Various studies have
determined this ratio either directly via chassis dynamometers (Calvert et al., 1994; Liu et al., 2017; Nakashima and Kajii,
2017; Pittsetal., 1984; Trinh et al., 2017) or from ambient roadside/tunnel measurements (Kirchstetter et al., 1996; Kurtenbach
etal., 2001; Liang et al., 2017; Rappengliick et al., 2013; Yang et al., 2014). Chassis dynamometer studies benefit by the direct
quantification of HONO from vehicle exhausts under different driving cycles; however, the number of vehicles nchuded-tested
in these studies is very limited and may not be representative of the wider fleet or real world operational conditions. Both

tunnel and ambient roadside measurements on the other hand allow for analysis of HONO emissions fe+from a larger vehicle
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fleet, under real-world driving conditions. Tunnel studies have the additional benefits of eliminating photolytic loss and photo-
enhanced surface sources of HONO and of reducing dispersion. However, care must be taken to accurately correct for
background levels of HONO at the tunnel entrance and for other HONO sources, such as heterogeneous reactions on tunnel
walls and emitted particles.

Reports of the HONO/NOy emission ratio from chassis dynamometer and ambient/tunnel studies are highly variable, ranging
between 0.03 and 2.1 %, depending on fuel type and implementation of technologies aimed at reducing emissions, such as

diesel oxidation catalysts (DOCs) and diesel particulate filters (DPFs). An emission ratio of 0.8 % is widely used in modelling

studies, which is based on a tunnel study with a fleet comprising primarily gasoline vehicles (~75 %) conducted in 1997/98
(Kurtenbach et al., 2001). However, a recent chassis dynamometer study by Trinh et al. (2017), showed that HONO/NOx ratios
were higher from diesel vehicles (ranging from 0.16 to -1.00 %) compared to petrol vehicles (0 to -0.95 %), under most driving
conditions. The higher HONO/NOx ratio observed from diesel vehicle exhausts is thought to be due to a reduction-oxidation
reaction as proposed by Ammann et al. (1998) and Gerecke et al. (1998) where NO- can be converted heterogeneously to
HONO on soot via R2.

NO, + [C—H],.,q — HONO + [C],, (R2)

where, [C — H],..q is a surface site on the soot particle.

A number of laboratory studies have supported this reaction, with HONO vyields varying between 20 and -100 % depending
on the fuel type used to generate the soot, initial NO, concentrations and soot coatings (Arens et al., 2001; Aubin and Abbatt,
2007; Gerecke et al., 1998; Guan et al., 2017; Khalizov et al., 2010; Kleffmann et al., 1999; Leliévre et al., 2004; Romanias et
al., 2013; Stadler and Rossi, 2000). An observation that is consistent across many laboratory experiments is that the uptake of
NO- decreases over time, which has previously been attributed to the deactivation of soot surface receptor sites (Kalberer et
al., 1999). Leliévre et al. (2004) observed complete deactivation after the soot was exposed to ambient outdoor conditions for
approximately 20 hours. As a result of the soot surface deactivation, reaction R2 is not expected to have a large impact on
atmospheric HONO levels once soot has been exhausted from the vehicle. However, Khalizov et al. (2010) found that if soot
was pre-heated up to 300 °C, the HONO vyield increases, as a result of the removal of products from incomplete combustion,
allowing for a greater number of reactive sites to reduce NO, to HONO. Reactions within the vehicle exhaust pipe, on fresh
soot, may still be a potential source of HONO from vehicles. Determining the magnitude of this source under real-world
conditions, however, is challenging. Two recent studies in Hong Kong investigated the relationship between soot and HONO
directly emitted from vehicles, with contrasting results. Xu et al. (2015) found a strong positive correlation (R? = 0.83) between
HONO/NOy and black carbon (BC) in fresh traffic plumes sampled at an ambient air monitoring site, but no correlation was

ascertained in a separate road tunnel experiment by Liang et al. (2017). Data taken at a site in North Kensington, London,

3
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during 2012 as part of the Clean Air for London (ClearfLo) project (Bohnenstengel et al., 2015)_show a modest correlation

between HONO and BC (R?=0.71); however, there is no clear correlation between HONO/NOy and BC when sampling fresh
pollution plumes (i.e. when NO/NOy ratios are large) (see Figure S1 in the supplementary material). This agrees with Liang et
al. (2017) who suggested that HONO formed via NO, conversion on BC may be insignificant even in a road tunnel scenario

shortly after emission.

The primary aim of this study is to determine HONO/NOy emission ratios under real-world driving conditions, with a fleet
containing a high proportion of diesel vehicles. Inthe UK, at the end of 2016, there were over 38 million vehicles licensed for
use on the roads (DfT, 2017). The majority of Heensed-vehicles were passenger cars (~83_%) and goods vehicles (11.4 %),
with the remainder consisting of motorcycles, buses/coaches and other vehicles (e.g. agricultural machines, ambulances).
Diesel fuelled cars and goods vehicles, in total, account for 44 % of the vehicles on the road in the UK in 2016 (data on the
statistics discussed here can be found in Table S1 in the supplementary material). To our knowledge this is the first study of
direct HONO exhaust emissions performed in the UK and the first study in any country that has a diesel composition greater
than 40_% of the vehicle fleet. Using co-located HONO, NOx and CO, data, we investigated the HONO/NOx ratio using
measurements taken in a road-tunnel in the city centre of Birmingham and considered the impact of new technologies
implemented in the European emission standards on the measured HONO emissions. Finally, the contribution of direct HONO

emissions to the total HONO measured in an urban area was determined.

2 Experimental
2.1 Queensway Tunnel

Measurements took place in the southbound bore of the Queensway Tunnel (Figure 2), a two-bore, twin lane tunnel, 548 m in
length located in the centre of Birmingham, UK (52° 28' 46" N, 1° 54' 20" W). The tunnel forms part of the A38 roadway
which is a major route in to and out of Birmingham City Centre, and links to the M6 motorway north of the city. The
instruments were located at the distant end of a maintenance area approximately 435 m from the entrance to the southbound
tunnel. The two bores of the tunnel are separated by a solid wall eliminating any influence in the measurements from vehicles
travelling in the northbound bore. The tunnel was not mechanically ventilated during the measurement period. Airflow through
the tunnel therefore is via natural wind flow or induced by vehicle movement (piston effect). The average speed of vehicles
through the tunnel during the daytime (06:00 to -19:59) is 52 km h-*kgh (33 miles per hour (mph)mph) which drops to 33 km
h~tkph (21 mphmph) at 17:00 during peak evening rush hour as a result of congestion (see Figure S2).




10

15

20

25

2.2 Fleet information

Data from an Automatic Number Plate Recognition (ANPR) camera commissioned by Birmingham City Council were used
to obtain information on the vehicle fleet passing through the tunnel. ANPR data were taken from 8_to -11 November 2016
and included vehicle type, euro-Euro classification and capture rate of the vehicle number plates, on a 15 minute time scale.
The ANPR capture rate is based on a comparison of manual classified counts (MCC) with the ANPR data. The capture rate
was typically around 90 % of MCC, with counts missing from ANPR usually as a result of the number plate being obscured
(Rhead et al., 2012). We assumed the same fleet proportions for the missing vehicle counts and adjusted the final data
accordingly. Figure 3 shows the mean hourly number of vehicles travelling through the tunnel during the weekdays and a
breakdown of vehicles by type. The ANPR data were also compared to manual traffic counts performed at the exit of the
southbound tunnel on selected days during the measurement period with good agreement. Approximately 37,700 vehicles
travel through the southbound bore of the Queensway tunnel during an average weekday. The majority of these vehicles are
petrol (40 %) and diesel (44 %) fuelled passenger cars, with the remaining fleet comprised primarily of diesel fuelled light-
goods vehicles (LGVs, e.g. vans, small pick-ups) (10.4 %), ordinary goods vehicles (OGVs, e.g. trucks, articulated vehicles)
(2.5.%) and passenger vehicles (taxis and buses) (1.3 %).

2.3 Instrumental techniques

The instruments were installed in the tunnel in close proximity (1.5 m) to the roadside and made measurements from 29t July
until 8" August 2016. Access to the instruments was only possible when the tunnel was closed to traffic during maintenance
periods, which occurred approximately every 2 weeks. Table 1 provides an overview of the instrumentation deployed in the

tunnel during the campaign.

Direct spectroscopic measurements of HONO and NO; were made by broadband cavity enhanced absorption spectroscopy
(BBCEAS) (Langridge et al., 2009; Thalman et al., 2015). The BBCEAS instrument operated in the wavelength range 363 to
—388 nm, which includes a highly structured part of the NO, spectrum and two HONO absorption bands at 368 and 385 nm.
Ultraviolet light from an LED light source (LEDengin LZ1-10UV00, nominal peak wavelength = 365 nm) was directed

through a cavity formed by two highly reflective mirrors (Layertec GmbH, 25 mm diameter, 0.5 m radius of curvature, high

reflectivity 370 to 395 nm99.94%) separated by 80 cm, giving an effective path length of approximately 1.4 km. The mirrors

were housed in bespoke mirror mounts (length = 11 cm) which were purged with nitrogen (0.9 L min—* L/min-divided between
the two mounts), and thus BBCEAS data were corrected for the cavity’s length factor (LF = 1.37). The cavity was operated
“open path”, i.e. the portion of the cavity between the mirror mounts was open to the ambient atmosphere. This open path

configuration has the advantage that there were no wall losses or heterogeneous production of HONO within the instrument.
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In-the-field—aA Teflon tube was inserted between the mirror mounts in order to measure the reference spectrum of light
transmitted when the cavity was purged with nitrogen. The reflectivity of the cavity mirrors (as a function of wavelength) was
characterised in the laboratory before the campaign; their measured reflectivity peaked at 99.940 % at 387 nm. The reflectivity

was verified in the field by measuring the 380 nm absorption band of O, when purging the cavity with pure oxygen, and

measurements taken at the start and end of the campaign agreed to within 4.5 %.

BBCEAS spectra were integrated for 20 s (the average of two 10 s acquisitions) using an OceanOptics QEPro spectrometer

(instrument line shape = 0.20 nm HWHM). Spectra were fitted with reference absorption cross sections for HONO (Stutz et
al., 2000), NO; (Vandaele et al., 1998) and O, (Hermans as given in the HITRAN database, Richard et al., 2012), and any

remaining unfitted broadband absorption was attributed to extinction by ambient aerosol particles. Typical statistical errors for

retrieving HONO and NO; concentrations from the spectral structure were + 0.8 ppbv and £ 0.9 ppbv, (15 in 20 s) respectively.
The BBCEAS measurements are also affected by systematic uncertainties in the molecules’ reference absorption cross sections
(typically + 3 %) and for determining the mirror reflectivity in the field (x 4.5 %). Extinction by ambient aerosol also reduced
the effective path length of the BBCEAS measurement. HONO retrievals tended to be dominated by statistical (spectral fitting)
errors, whereas retrievals of the much high ambient NO concentrations were dominated by the systematic uncertainties_in the
cross sections and the mirror reflectivity. For the mean HONO (3 ppbv) and NO- (75 ppbv) amounts recorded during the

campaign, the total measurement uncertainties (from combining the statistical and systematic errors) were + 1.2 ppbv for
HONO and % 5 ppbv for NO,.

NO was measured by a commercial chemiluminescence NOy analyser (Thermo Environmental Instruments Inc: Model 42C).
The detection limit of the 42C was determined from 3 times the standard deviation of the measurement in zero air and was
calculated to be approximately 0.2 pbbv for a 1 minute averaging period. The uncertainty of the instrument was estimated to
be £ 10 % from calibrations. The analyser is capable of measuring NO, and NOy, however the instrument utilises a
molybdenum converter to covert NO, to NO, an approach which is known to be influenced by positive interference from other
NOy species such as HONO, nitric acid (HNOgs), peroxyacetyl nitrate (PAN), and alkyl nitrates (e.g. Dunlea et al., 2007; Villena
et al., 2012); therefore the final NOy used in this study is calculated from the sum of the NO measured by the 42C and NO; by
the BBCEAS. The inlet for the 42C instrument was shared with a non-dispersive infrared instrument (LI-COR: Model L1-820)
to measure CO,. The LI-COR was calibrated with pure N2 (0 ppmv CO;) and 1500 ppmv CO; to determine the relative
uncertainty (£ 5 %) and precision (1.2 %, 2-6). The LI-COR and 42C analysers were evaluated for drift from zero
measurements taken before and after the measurement campaign. The drift for CO, and NOyx were determined to be 1.45 ppmv
and 0.42 ppbv, respectively. The drift for both instruments was less than 2_% of the minimum measured values in the tunnel
(NO =1.27 %, CO, = 0.35 %), therefore no correction was deemed necessary here. A mini-met station/anemometer (Kestrel
4500) was deployed near the top of the tunnel (3m above ground level and 1m from the read-sideroadside) to measure the

temperature, relative humidity and air flow in the tunnel.
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3 Results and discussion

3.1. Data Overview

Figure 4 presents 15 -minute averaged time series for gases measured in the tunnel. NO, NO, HONO and CO- follow the same
diurnal cycle as each other indicating that they have a similar source. There is a clear difference in weekday and weekend
diurnal cycles with peaks associated with rush hour traffic observed in NOx, NO,, -HONO and CO. during the weekdays, which
are not present at the weekend-. - The measured NO,,- HONO-and-CO, concentrations -are also lower at the weekend, on average.
On weekdays, Fthe mixing ratios of all gas species during-weekdays-increase from around 06:00 (start of morning rush hour)
and drop away in the afternoon. A large spike in the evening around 17:30 to— 18:00 is observed, which coincides with
congestion in the southbound tunnel during peak evening rush hour. The congestion is also evident by the lower mean vehicle
speeds at 17:00 to 18:00 (Figure S2).

The mean weekday HONO mixing ratio during the daytime (06:00 to 19:59, calculated from the 15 minute averages) is 3.4 +
1.0 ppbv (1-6), which decreased to 2.4 + 0.7 ppbv overnight. The maximum observed 15 minute average HONO level occurred
during the evening rush hour, reaching 9.7 ppbv on 3 August. Observed HONO levels in the current work are typically lower
than in previous tunnel studies. Liang et al. (2017) measured a mean HONO level of 15.7 * 4.2 ppbv during their study in
Hong Kong, whereas Kurtenbach et al. (2001) observed peak HONO levels of 45 ppbv in the daytime. Kirchstetter et al. (1999)
only performed measurements between 16:00 to 18:00 in the Caldecott Tunnel, California and observed a mean HONO level
of 6.9 + 1.4 ppbv, higher than the mean level of 4.1 + 1.4 ppbv for the same hours in this study. The lower levels measured in
the current study may be the result of differences in vehicle fleet between studies as discussed further in Section 3.3, in

combination with shorter tunnel length (Table 2) and shorter distance of the-our sampling point into the tunnel.

The persistence of HONO overnight is unlikely to be due to vehicle exhaust emissions as traffic flow is low during this period,
but rather from background ambient HONO entering at the tunnel’s entrance and from heterogeneous formation of HONO on
particles deposited onto the walls of the tunnel (Kurtenbach et al., 2001). This also suggests that vehicles were not the only

source of HONO during the day, and the impact of heterogeneous HONO formation is considered in emission ratio calculations
in Section 3.2.1.

From late evening on 1% August until mid-morning on 2" August the HONO mixing ratios are lower than otherwise observed
for a weekday. Precipitation data from a nearby weather station (Figure S3) revealed that it rained continuously from 17:00 on
1%t August to 16:00 on 2" August with corresponding high relative humidity recorded inside the tunnel. It is likely that wet
surfaces inside the tunnel, as a result of spray from tyres, resulted in a loss in HONO. The Henry’s law constant (in water) of
HONO (ky = 4.8 x 107t mol m=2 Pa™) is approximately 4800 times greater than that of NO; (ky = 9.9 x 107> mol m= Pa™?)
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(Sander, 2015), therefore HONO is likely to be washed out more rapidly than NO on wet surfaces, resulting in a deviation

reduction in the HONO/NOy ratios. As a result, this precipitation event was excluded from the final dataset for calculation of

emission ratios.

3.2 Relative HONO emission ratios

To determine a HONO/NOy emission ratio representative of direct exhaust emissions, corrections for both heterogeneous

formation of HONO from NO- and background HONO levels were considered.
3.2.1 Heterogeneous HONO formation from NO:

A number of heterogeneous reactions resulting in the formation of HONO have been proposed in the literature, however, the
formation of HONO from NO; on humid surfaces (R3) is thought to be the main pathway (Spataro and lanniello, 2014 and

references therein).

2 NOy(g) + Hy0(aq5) = HONO(g) + HNO3 (4 (R3)
The rate ofreaction-coefficient for R3 (knet) is dependent on the geometric uptake coefficient of NO2 on the tunnel walls (ygeo)
and is given by:

1_ S
khet = gVNOZ ;]/geo: (Eq- 1)

where vy, is the mean molecular velocity of NO; and S/V is the surface-to-volume ratio of the tunnel (Kurtenbach et al.,
2001). Kurtenbach et al. (2001) performed laboratory experiments to measure HONO generated on tunnel wall residue to

directly calculate ygeo and determined Knet= 3 x 1073 min..
The rate of formation of HONO from NO; can then be calculated via Eq. 2.

d[HONO] 1 d[NO,]
o =5 o = knet[NO] (Eq. 2)

where dt is the residence time of the gases in the tunnel from the entrance to the sampling point.



10

15

20

25

30

Kurtenbach et al. (2001) calculated that the heterogeneous conversion on the tunnel wall contributed to approximately 13_%
of the measured HONO during the day and up to 80_% at night (for a maximum NO; mixing ratio of 250 ppbv). This result is
in contrast to measurements obtained in the Caldecott Tunnel by Kirchstetter et al. (1996) who showed that the HONO/NOy
ratio did not change between the middle of the tunnel and the tunnel exit, suggesting that there was no significant formation
of HONO (or deposition of HONO) on the tunnel walls in their study.

Liang et al. (2017) determined knet= 1.31 x 10~ min~tin the Shing Mun tunnel, Hong Kong from using an upper limit of ygeo
= 1078 as calculated by Kurtenbach et al. (2001). Using wind speed data in the tunnel to determine the residence time, Liang
et al. found en-average-that the contribution of HONO/NOy from heterogeneous reactions on the tunnel walls alone was 0.04 %
on average. Since this value was less than the error when calculating HONO/NOy from direct emissions, the authors did not
perform any corrections to the-their final HONO/NOy ratio. As there is no consensus in the literature to-about the relative
contribution from tunnel walls to measured HONO, we calculated the contribution from heterogeneous HONO formation in
the Queensway tunnel during the measurement period. Using Eq. 1, a geometric uptake coefficient for NO, of ygeo = 10-%and

the surface-to-volume ratio of the Queensway tunnel (0.64 m™), we calculated ket to be 1.9 x 10 min™..

The Kestrel anemometer used in this study logged data every 20 minutes, and as a result, the wind speed measurements inside
the tunnel only provide a “snap-shot” of the data and are dependent on the traffic flow. Care should be taken when using wind
speed measured by an anemometer to calculate the air’s residence time in a tunnel. Rogak et al. (1998) compared residence
times in a tunnel calculated using an SFg tracer and anemometer data and found that the wind speed in the tunnel measured by
the anemometer overestimates volumetric flow during high wind speeds and underestimates when wind speed is low, requiring
a correction factor for the determination of emission factors in the tunnel. Tracer measurements were not performed during
our study, consequently a modelling approach was used to correct the wind speed data from the anemometer. As outlined
below the wall source contribution to the observed HONO was small (~5 % on average) during the daytime periods used to

derive our final results.

“True” wind speeds were inferred from computational fluid dynamics (CFD) modelling of CO, profiles measured along the
tunnel. After the campaign, the LI-COR CO; instrument was installed into a van and driven repeatedly through the south-
bound bore of the tunnel at four different times of the day (late morning, late afternoon, evening and at night). Data recorded
when the van was inside the tunnel were extracted from the CO- time series. The timestamps of these data points were
converted into distance along the tunnel using the speed of the van and the time that it entered the tunnel, as recorded by a
camera mounted on the van’s dashboard. The CO; data were then averaged into 50 m bins along the tunnel to produce a profile
of the CO; concentration increasing with distance into the tunnel. The CO, profiles were simulated by a CFD model which

took as its inputs the tunnel’s physical dimensions, the anemometer wind speed, the ANPR traffic counts and traffic
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composition, and emission factors from the DEFRA Emissions Factor Toolkit version (EFT v8.0.1) (DEFRA, 2017). Further
information on the DEFRA EFT is provided in the supplementary material. The wind speeds that produced the optimum fits
between modelled and measured CO, profiles are shown as the crosses in Figure S4. These wind speeds match closely with
the anemometer wind speeds increased by a factor of 3.0 and they correctly capture the day and night-time differences. The
optimum CFD-inferred wind speeds at 10:00, 16:00 and 20:00 (3.4 to 3.9 m s™1) are also in agreement with the 3.6 m s~ wind
speed (06:00 to 23:59) in the tunnel study by Liang et al. (2017); and consistent with the empirical correction factor produced
by Rogak et al. (1998) of x3.5 for an anemometer-measured wind speed of 1.5 m s~ applicable during much of the daytime.
The results of CFD modelling of CO,, NO, and HONO profiles measured in the Queensway tunnel will be published in a

separate paper.

During the night, the measured wind speed was often below the minimum speed required to turn the anemometer’s impeller
(< 0.4 m s7%) so the residence time of the air parcel overnight is difficult to determine directly. As a result, we focus here on
the heterogeneous formation of HONO in the tunnel during the daytime (see comments below, in Section 3.2.3, regarding use
of daytime only data to infer the fleet average emission ratios). Between 06:00 and 19:59 the mean wind speed in the tunnel
was 3.89 m s, giving a residence time of air in the tunnel up to it reaching the sampling point of 1.86 minutes. If we assume
the mean residence time of NO, emissions in the tunnel is half of this residence time (Liang et al., 2017; Pierson et al., 1978),
the HONO produced from heterogeneous formation on the tunnel walls is 0.18 ppbv for a mean daily weekday NO. mixing
ratio of 98 ppbv, which is approximately 5 % of the mean measured HONO in-during the day. Although the mean
heterogeneous contribution to HONO during the daytime is small, the heterogeneous contribution is higher (8 %) when the
tunnel becomes congested and the residence time of the air in the tunnel increases. Therefore, the final HONO data used in
this study was-were corrected for the heterogeneous HONO contribution using measured NO, and the modelled wind speed,

to better represent the direct HONO emissions in the tunnel.

3.2.2 Background corrections for HONO, NOx and CO:2

As vehicles travel through the tunnel, cleaner air from outside is drawn into the tunnel diluting the vehicle emissions, known
as the piston effect. To obtain direct vehicle emission measurements it is necessary to correct for the-this dilution by subtracting

ambient background levels from the concentrations measured i-inside the tunnel. As no concurrent measurements were

available at the tunnel entrance during this campaign, ambient NOx, HONO and CO; data from nearby air monitoring stations
were used to correct for the background levels. Hourly averaged background NOy mixing ratios during the measurement period
were taken from Acocks Green (AG), an Automatic Urban Rural Network (AURN) site located 6.9 km south east of the

10



10

15

20

25

Queensway Tunnel (http://uk-air. defra.gov.uk/). The AURN station does not measure HONO or CO;, so data previously taken
at the Birmingham Air Quality Supersite (BAQS) on the University of Birmingham campus (52° 27" 1" N, 1° 55" 30" W) 3 km
south west of the tunnel was used in this study. As CO; is well mixed within the troposphere, variability in background CO,
mixing ratios tevels-is primarily the result of a changing boundary layer height. Therefore, in this study, an average diurnal
CO; cycle measured at BAQS was used to correct for background CO». The overnight background corrected CO, (ACO, =
CO2.umel — CO2.kg) levels dropped to near zero (see panel C of Figure 5) suggesting that the procedure was suitable. HONO
on the other hand has a much shorter lifetime than CO,, and HONO mixing ratios vary depending on local sources and the
availability of NO; (Crilley et al., 2016). An average diurnal HONO/NOy cycle (Figure S5) was calculated from measurements
taken at BAQS between 18™ March and 1% April, 2015 (Singh, 2017) and applied to the background NOy from Acocks Green
to determine hourly background HONO mixing ratios (Eq 3).

[HONO]

[NOx] )BAQS (Eq 3)

[HONO]pkg = [NOX]pkgacy X (

Figure 5 shows the hourly time series of NOx, HONO and CO, measured in the tunnel and the corresponding data corrected
for background mixing ratios. The results show that mixing ratios measured in the tunnel were, on average, 73 and 44 times
higher than the background NOx and HONO, respectively, suggesting that direct emissions from vehicles were indeed the
dominant source of these gases. Consequently, any uncertainties in the background HONO mixing ratios that were subtracted
from the measured HONO have little impact on the final results._In the following sections, the final HONO dataset (AHONO)

is corrected for both background HONO levels and the heterogeneous HONO contribution.

3.2.3 HONO emission ratios

To determine the HONO to NOy emission ratio, a reduced-major-axis (RMA) regression (Figure 6) was performed using the
weekday hourly averaged data from 06:00 to 19:00, i.e. when there was minimal contribution from heterogeneous HONO
sources and the traffic flow was high (> 1500 vehicles per hour). The slope of the regression gives an average emission ratio
of AHONO/ANOx = 0.85 -% (95 % confidence interval = 0.72 to -1.01 -%) for this time period.

Figure 7a shows that the AHONO/ANO, emission ratio varies during the day, from 0.66 % at 07:00 to 1.10 % at 19:00. In this
section, we explore the relationship between AHONO/ANOy and changes in vehicle fleet composition using information on
fuel and vehicle type from the ANPR dataset. Figure 7c shows the fraction of diesel and non-diesel (petrol, LPG and electric)
vehicles travelling through the Queensway tunnel during an average weekday. Between 06:00 and 17:00, the AHONO/ANOy

ratio appears to vary closely with changes in the fraction of diesel vehicles, with both variables peaking at 10:00 when the
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AHONO/ANOx emission ratio reaches a value of 0.91 % and the percentage of diesel fuelled vehicles in the fleet reaches a

maximum of 66 %.

The AHONO/ACO:; ratio (Figure 7b and Table S2) also follows the change in fleet composition, with a higher ratio observed
at 10:00 (3.3.%) compared to 17:00 (1.5 %). However this may also be the result of higher CO, emissions from petrol fuelled
vehicles compared to diesel vehicles; for example, a study of 149 passengers cars showed that CO, emissions were 13 to —
66_% higher for petrol vehicles than diesel (O’Driscoll et al., 2018). Modelled emission factors from the DEFRA Emissions
Factors Toolkit (EFT v8.0.1) indicate a maximum in the CO, emissions (mg veh™' km™) at 17:00 (Figure S6), in line with the

46_% maximum in the non-diesel vehicle fraction at evening rush hour.

From 17:00 to 19:00 the relationship between the AHONO ratios and fuel type is less clear. During this period the fraction of
diesel vehicles remains almost constant, however, the AHONO/ANOx and AHONO/ACO, emission ratios both sharply
increase. Analysis of the modelled NOy and CO; emission factors from the EFT (Figure S6) indicate a decrease in both NOx
and CO; emission factors from 17:00 to 19:00, which is likely to be related to the total vehicle flow and lower vehicle speed

at times of peak congestion (because the fleet composition remains very similar). The EFT does not have the capability to

determine a HONO emission factor, therefore information on HONO emission variability with speed and vehicle flow is not
available a priori. However, assuming the HONO emissions do not reduce by the same percentage after 17:00, this would lead
to the increase in the observed AHONO/ANOx and AHONO/ACO; ratios. As no conclusion can be made at this point, without

additional information, we focus the analysis in the following section on the data between 06:00 and 17:00 only.

Ho et al. (2007) used equation 4 to determine emission factors (mg veh™' km™) for diesel and non-diesel fuelled vehicles based

on a method described by Pierson et al. (Pierson et al., 1996).

EF=(EFDV_EFNDV)‘X+EFNDV (Eq.4)

where, x is the fraction of diesel-fuelled vehicles, EFpy is the emission factor for diesel vehicles, EFnpv the emission factor
for non-diesel vehicles and EF is the emission factor for the mixed fleet. In this format, a linear regression of x versus EF,

based on equation 4, gives EFpyvat x = 1 and EFypvat x = 0.

In this study, instead of calculating emission factors, we investigated apphicatien-the applicability of equation 4 to determine
AHONO/ANOy emission ratios for diesel (ERpv) and non-diesel (ERnov) Vehicles (see Figure S7). Extrapolating the best fit
line in Figure S7 to x = 1 gives an plausible emission ratio for diesel vehicles of ERpy = 1.35 + 0.50 %. HoweverUnfortunately,

this method resulted in an unrealistic small negative emission ratio for non-diesel vehicles (ERnpv = -0.6204 + 0.26 %). This
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method may not be appropriate for the current work because the range in the fuel fraction of vehicles is small, thus extrapolating
to x = 0 and x = 1 resulted in very-large uncertainties.

An alternative approach is to determine emission ratios using a pair of simultaneous equations based on the fraction of diesel
vehicles and AHONO/ANOy values for different hours of the day. For example, using the data as given in Table S2, the
equation at 17:00 is given by:

AHONO

= =0.73% = 0.54 X ERpy + 0.46 X ERypy (Eq. 5)

Using the-another equation for a different hour (i.e. different set of fractions), the values for ERpy and ERnpv can be

determined. Care must be taken when interpreting these results, however, as the calculated ERs depend on the selection of
pairs of measurement points and some pairs from our data resulted in negative ER values. Thus average ERs were determined
using many pairs of simultaneous equations. Here we calculated the average of ten ERs, using one set of fractions at 17:00 and
a second set for each hour from 06:00 to 15:00. The data from 16:00 was not used here as there was no change in the diesel
fraction between 16:00 and 17:00. -The mean (z 1o) for ERpv and ERnpyv are {1.66-04 + 20.247) -% and {0.4-37 + 0.55) -%,
respectively, suggesting that diesel fuelled vehicles do have higher AHONO/ANOX ratios.

It has previously been suggested that higher HONO/NOx ratios are observed when the tunnel fleet contains a greater number
of heavy duty vehicles (Trinh et al., 2017). A similar calculation to that outlined in the previous paragraph was performed here
to determine the average emission ratio for cars and for heavy duty vehicles (goods vehicles and buses) by apportioning the
observed AHONO/ANOXx ratios between the car and heavy duty vehicle numbers given in Table S2. The AHONO/ANO ratie
emission ratio for heavy duty vehicles (ERup) is estimated to be 1.328 + 0.634 %, approximately 1.9 times higher than the
ratio determined for cars (ERcar = 0.69 % 0.05 %). The impact of heavy duty vehicles on the HONO/NOx emission ratio is
discussed further in section-Section 3.3.

It should be noted that the methods described above can only provide an estimate of the emission ratios for different fuel and
vehicle types. In our study, the variability in the fraction of diesel vehicles and heavy duty vehicles across the day was small,
therefore extracting emission ratios for individual vehicle types is challenging. To obtain more precise emission ratios for

different engine types, a larger dataset (i.e. longer time series) and fully-contemporaneous ANPR data would be required.
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3.3 Comparison of HONO/NOx emission ratios across tunnel studies

Table 2 shows a comparison of measured HONO/NO emission ratios fer-from studies performed in road tunnels, along with
summaries of their reported vehicle fleets. The lowest HONO/NOy ratio (0.29_%) was measured in the Caldecott tunnel,
California (Kirchstetter et al., 1996). As 99 % of the fleet was comprised of petrol fuelled vehicles, the low HONO/NOy ratio
is expected because the analysis in sectien-Section 3.2.3 above and previous dynamometer studies have both demonstrated
that petrol vehicles typically emit less HONO than diesel. On the other hand, Liang et al. (2017) observed a HONO/NOx
emission ratio of 1.24 + 0.35-% in the Shing Mun Tunnel, Hong Kong in 2015, approximately 1.4 times higher than in the

current work despite the Queensway Tunnel having a higher proportion of diesel vehicles compared to the Shing Mun Tunnel
(59 % and 38 -% respectively). The differences observed in the HONO/NOy emission ratio between the Shing Mun and
Queensway tunnel studies may therefore be related to 1) the percentage of heavy duty & goods vehicles within the fleet, and

2) exhaust after--treatment technologies that affect NO, emitted directly from vehicle exhausts (known as primary NO3).

In addition to these two points, which are discussed further below, it should also be noted that the fleet in the Shing Mun
Tunnel consisted of 15 % liquefied petroleum gas (LPG) fuelled vehicles. On road sampling of emissions from buses fuelled
by diesel and LPG in Hong Kong have indicated that LPG vehicles have lower NO, emissions when compared to diesel (Ning
etal., 2012). However, as far as we are aware there have been no published studies investigating HONO emissions from LPG
fuelled vehicles, and therefore no conclusions can be made at this point regarding the impact of the LPG fleet on the observed
differences in HONO/NOx ratios.

Liang et al. (2017) investigated the impact of diesel particle filters (DPFs) on HONO vehicle emissions and found that HONO
emissions ratios were higher in vehicles equipped with DPFs (based on a higher ANO2/ANOx ratio) and suggest that this may
be due to HONO formation from heterogeneous reactions involving NO, and black carbon within the filter. The diesel

oxidation catalysts (DOCs) oxidise hydrocarbons and CO in excess oxygen over platinum/palladium catalysts;

heweverhowever, NO can also be oxidized to NO, during this process. DPFs were mandatory for all new diesel vehicles from
2009 (Euro Class V) and operate by trapping soot in the exhaust where it is then oxidized at high temperatures. To ensure the
filters do not become blocked from engines that run at lower temperatures, many DPFs use catalysts to convert NO to NO; to
periodically oxidise the soot (He et al., 2015; Kim et al., 2010). Consequently, DOCs and DPFs both result in an increase in

NO- emitted from exhausts, which may also lead to an increase in HONO emissions.

Liang et al. (2017) estimated that half of the diesel fleet in their study were buses and goods vehicles (Euro Class IV and
above) equipped with diesel particulate filters. In the current work less than a quarter of diesel fuelled vehicles were goods
vehicles or buses, and of those only 58 % were Euro Class V and above (i.e. with DPFs fitted). As a result, the percentage of

diesel vehicles emitting high NOy and HONO levels is expected to be much lower in the Queensway tunnel than the Shing
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Mun tunnel, and this likely accounts for the lower HONO/NOy emission ratio we observed. In contrast in the Kiesbergtunnel
(Kurtenbach et al., 2001), medium and heavy-duty vehicles represented 12 % of the fleet (6_% heavy-duty trucks, 6_%
commercial vans), similar to the fleet in the Queensway tunnel, which may explain why the observed HONO/NOy emission
ratios were so similar (0.85 % and 0.8 %, for the Queensway tunnel and Kiesbergtunnel studies, respectively). It should be
noted that the Kiesbergtunnel fleet were all pre-Euro 111 standard, so higher emissions of NOy are expected compared to later
Euro standard vehicle classes. However, few of these vehicles in the Kiesbergtunnel would have been fitted with DOCs or
DPFs, so this may have offset the amount of NO- (and thus HONO) emitted.

Recent trend analysis studies have shown that primary NO; has been decreasing over the last decade in the UK (Carslaw et al.,
2016; Matthaios et al., 2019) and across Europe (Grange et al., 2017). For example, the mean NO2/NOx emission ratio
measured from ambient roadside monitoring sites in inner-London has decreased from a peak value of 25 % in 2009 to 15 %
in 2014 (Carslaw et al., 2016). Although the exact cause of the NO- reduction is not clear, it is thought that the introduction of
after-treatment technologies, such as selective catalytic reduction (SCR) installed on buses and heavy duty vehicles, and a
reduction in the use of platinum group metals in catalysts may have contribute-contributed to the observed decrease (Carslaw
et al., 2016; Grange et al., 2017). With a reduction in NO, emissions from diesel vehicles overall, a decrease in HONO may
also be expected in the UK. In contrast, Wang et al., (2018) reported an increase in the NO2/NOx ratio at the outlet of the Shing
Mun tunnel, from 9.5 % in 2003 to 16.3 % in 2015. Therefore, the higher HONO/NOx ratio observed in Hong Kong (Liang et
al., 2017) compared to our current work may also be related to differences in primary NO, emissions. It should be noted that
in the study by Wang et al., NO, was measured using a standard chemiluminescence monitor, which typically use a
molybdenum converter. Molybdenum converters also convert other NOy, species, such as HONO, resulting in an
overestimation of the reported NO.. However, as the HONO/NOy ratio was only 1.24 %, it is unlikely that HONO has

contributed to the factor of 1.7 increase in primary NO; recorded near the Shin Mung Tunnel.

4 Impact of HONO emissions from vehicles on total HONO measured in Birmingham.

Previous work has shown that ambient HONO has large heterogeneity when sampling-sampled close to roads (Crilley et al.,
2016). Here we use the mean HONO/NOy emission factor of 0.85 %, determined from the tunnel measurements in section
Section 3.2.3, to investigate the contribution of direct HONO vehicle emissions to ambient HONO levels in urban and suburban
areas. Measurements of HONO and NOy were taken in a mobile laboratory on a return journey between Birmingham and
Leicester, two cities in the UK Midlands separated by 55 km (straight line measurement from city centres). NO and NO; were
measured every 60 s by a-our chemiluminescence analyser fitted with a molybdenum NO, converter (Thermo 42i-TL). As
discussed in seetion-Section 2.3, molybdenum converters are known to result in interferences from NOy species, therefore the
NOy measurements presented here represent an upper limit on NO + NO;_concentrations. HONO was measured every 5

minutes with a Long-Path Absorption Photometer (LOPAP, Model 03, QUMA). Measurement uncertainties are primarily the
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result of uncertainties in the calibrations and are estimated to be 5 % and 10_%, for NOyx and HONO, respectively. Further
details regarding the measurement techniques and the driving route can be found in Crilley et al. (2016).

Figure 8 shows meastred-HONO and NOy mixing ratios measured during the transect from Birmingham to Leicester and the
return journey; on 23 October 2015. Also shown is the directly emitted vehicular HONO (HONO\.n) calculated from the mean
AHONO/ANOy emission ratio (0.85 %). For the two transects, HONO.e, contributed on average 66 % to the total measured
HONO. The highest contribution was observed on the M6 motorway, where HONO.e, typically accounted for 86 % of the
measured HONO. During the motorway segments of the journeys, the mobile laboratory was operating in “chase mode”, i.e.
deliberately sampling plumes from a single vehicle ahead. Therefore, it was likely the high HONO,/HONO ratios observed
on the motorway were the result of predominantly sampling vehicle emission plumes with low background contribution. The
lowest HONOyen contribution was observed around the Birmingham University campus (24 %), which is expected as traffic
density was low in this area. Whilst travelling through Birmingham city centre, HONO,e,/HONO increased to 70 %, indicating
that vehicle exhaust emissions were the dominant source of HONO in this area. This value is higher than determined by Tong
et al. (2016) in Beijing (48_%); however, in our study we were sampling directly on the road, whereas the site in Beijing was
located in a building at the Institute of Chemistry, Chinese Academy of Sciences, therefore significantly less influenced by
direct traffic sources. This estimate neglects the differing atmospheric lifetimes of HONO and NOy; the longer lifetime of the
latter implies that HONO/NOx ratios will fall as the airmass-air mass ages. Accordingly, estimates of the vehicular contribution
derived from measurements made as close as possible to the emission source, i.e. on the roadway, as described here, will give

the lewest-highest estimate of the relative importance of vehicle emissions.

Overall direct vehicle emissions can be an important source of HONO in urban areas, particularly near roads with very-high
traffic density. Further investigation in these areas is paramount to fully understand the impact of OH produced from HONO

photolysis on chemical processing of gases in the overlying atmosphere.

5 Summary

Measurements of HONO, NOx and CO; were performed in a city centre road tunnel in Birmingham, UK, for two weeks in
July_and /August 2016, to investigate direct HONO emissions from vehicle exhausts under real-world driving conditions.
HONO mixing ratios peaked when NOx and CO; peaked during traffic congestion in the weekday evening rush hours (17:30
to 18:00), confirming that vehicle exhausts were the dominant source of HONO in the tunnel.

A HONO/NOy emission ratio of 0.85 % (0.72- to 1.01 %_at; 95 % Clconfidence interval) was determined for an average

weekday fleet comprising 59 % diesel fuelled vehicles. Our value is similar to the ratio of 0.8 % which is typically used in
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modelling studies and which was determined for a predominately petrol--fuelled fleet over 20 years ago in Germany. The
results show that despite an increase in the number-proportion of diesel fuelled vehicles over the past two decades in Europe,
and updated emissions control technologies, the HONO/NOy emission ratio has not varied significantly. A comparison with a
tunnel study in Hong Kong suggested that the HONO/NOx ratio may be less dependent on the percentage of diesel vehicles
but rather the percentage of large goods vehicles within the fleet, and the after-treatment technologies implemented on those

vehicles.

The HONO/NOy emission ratio determined in this study was used to investigate the contribution of vehicle exhaust HONO to
ambient HONO in Birmingham. The results show that direct vehicles emissions contribute up to 70 % of the total measured
HONO in the city centre. As direct HONO emissions were found to be the dominant source where traffic density is high, it is
important to obtain fuel-based emission ratios which also take into account after-treatment technologies, to ensure models can

accurately simulate daytime OH radical production rates.

In this study the focus has been primarily on HONO emissions from diesel and petrol--fuelled vehicle-HONO-emissionss.

However, in countries where alternative fuels such as liquefied petroleum gas (LPG) and compressed natural gas (CNG) are
becoming more prevalent, in particular in the public transport sector, further investigation into HONO emissions from these
fuel types is needed.
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Figure 1: Sources and sinks of HONO in the troposphere, showing direct emission (red arrows), secondary sources (blue arrows)
and HONO sinks (green arrows), dashed arrows represent solar driven reactions.
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Figure 2: Map of Birmingham City Centre showing the M6 motorway (red dashed line) and schematic of the Queensway Tunnel

(highlighted in blue on the map). © OpenStreetMap contributors 2019. Distributed under a Creative Commons BY-SA License.
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Figure 3: a) Average hourly vehicle fleet in the southbound tunnel from the corrected ANPR counts for weekdays (LGV = light
goods vehicles, HD = heavy duty vehicles e.g. trucks, lorries and buses), orange points represent the counts estimated from video

footage recorded during the measurement period, b) percentage of vehicle types, determined from all weekday ANPR data in
5 November 2016.
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Figure 6: RMA regression for hourly averaged ANOy versus AHONO, for weekdays between 06:00 and 19:00. The blue line
represents the RMA slope and the grey lines the 95 % confidence intervals of the regression.
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10 1009 are the result of uncertainties in the HONO and NOx measurements and the HONO/NOy emission ratio.
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Tables

Table 1: Overview of instruments deployed in the Queensway Tunnel

Instrument Measurement Method Sampling | Uncertainty
time (s)
TEI: 42¢ NO (and NOy) Chemiluminescence 60 +10-%
(Mo converterComnv)
BBCEAS HONO and NO; Broadband cavity enhanced | 20 + 5 ppbv (NO)
(open-path) absorption spectroscopy + 12 ppbv
(HONO)
LICOR: LI-820 CO; non-dispersive infrared 1 +5%
Kestrel 4500:Mini- -Impeller (WS) 600 The larger of £ 3
; 5 =}
Met anemometer Wind speed (WS), Solid state sensor (T, RH) % or 0.1 m s
(WS)
Temperature (T), £ 05°C
Relative Humidity (RH) + 3% RH units

5 Table 2: Comparison of HONO/NOx ratios from different tunnel studies.

Location Year | Tunnel | Avg. Diesel Petrol Other | HONO/NOx | Reference
of Length | Vehicles | Vehicles | Vehicles | (%0) (%)
Study | (m) /Day (%) (%)
Queensway 2016 | 548 37,700 | 59 40 <1 0.85 This study
Tunnel (Cl:0.72-
Birmingham, 1.01)
U.K.
Shing Mun | 2015 | 1600 26,970 | 38 47 152 1.24+0.35 Liang et al.,
Tunnel 2017
Hong Kong
Kiesbergtunnel, | 1997/ | 1100 22,000 24.3° 74.7 1 0.80 £0.10 Kurtenbach
Wuppertal, 1998 etal., 2001
Germany
Caldecott 1995 | 1100 - <0.2 99 - 0.29 £ 0.05 Kirchstetter
Tunnel et al. 1996
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California, U.S.

2] PG fuelled
b Includes LGVs and OGVs (assumption made here that these are diesel fuelled)
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Supplementary Material

DEFRA Emission Factor Toolkit

The DEFRA Emissions Factors Toolkit (EFT v8.0.1) (DEFRA, 2017) is used by local authorities in the
United Kingdom (UK) to determine vehicle emissions. The EFT includes updated PM and NOy emission
equations and Euro 6 standards from the European Environment Agency (EEA) v5 COPERT (COmputer
Program to calculate Emissions from Road Transport) emission factor model. To determine CO, and NOx
emission factors from the EFT, detailed hourly fleet composition from the ANPR data was inputted along
with information on the region (not London), road type (A road), year (2016), traffic flow (corrected ANPR
counts) and average vehicle speeds (Figure S2). Euro class proportions for 2016 are automatically selected
in the EFT and are based on the Department for Transport vehicle fleet composition projections (Base 2016)
(DfT, 2016)

Supplementary Tables

Table S1: Number of licensed vehicles in the UK (units of 1000) at the end of 2016 (Source: DVLA/DfT
https://www.gov.uk/government/collections/vehicles-statistics)

Vehicle Type Petrol Diesel Hybrid | Gas | Electric | Other | Total % of
Electric total
Cars 18,825.2 | 12,574.3 322.3 36.0 34.1 0.4 31,792.3 82.8
Motorcycles 1,270.2 3.3
Light Goods 130.5 3,745.3 7.8 5.3 0.8 3,889.7 10.1
Vehicles
Heavy Goods 517.1 517.1 1.3
Vehicles
Buses and 167.1 0.4
coaches
Other vehicles * 751.9 2.0
Total 38,388.2
1. Includes rear diggers, lift trucks, rollers, ambulances, Hackney Carriages (i.e. taxis), three wheelers,
tricycles and agricultural vehicles.




Table S2: Fraction of fuel type and vehicle type for the vehicles travelling through the Queensway tunnel from
06:00 to 19:59 (timestamp is the start of the hourly average). The last two columns show hourly mean
AHONO/ANOx and AHONO/ACO:2 emission ratios measured at the sampling site inside the tunnel.

Start | Diesel | Non-Diesel | Car LGV+HD | AHONO/ANOx | AHONO/ACO;
Hour | fraction | fraction® | fraction® | fraction® | (ppb/ppb) (ppb/ppm)
06:00 0.60 0.40 0.81 0.19 0.0071 0.033
07:00 0.58 0.42 0.82 0.18 0.0066 0.026
08:00 0.57 0.43 0.85 0.15 0.0075 0.027
09:00 0.62 0.38 0.83 0.17 0.0078 0.028
10:00 0.66 0.34 0.81 0.19 0.0091 0.033
11:00 0.63 0.37 0.81 0.19 0.0086 0.031
12:00 0.64 0.36 0.82 0.18 0.0088 0.029
13:00 0.61 0.39 0.84 0.16 0.0083 0.028
14:00 0.61 0.39 0.84 0.16 0.0079 0.026
15:00 0.58 0.42 0.87 0.13 0.0076 0.023
16:00 0.54 0.46 0.89 0.11 0.0078 0.021
17:00 0.54 0.46 0.93 0.07 0.0073 0.015
18:00 0.54 0.46 0.94 0.06 0.0095 0.021
19:00 0.56 0.44 0.94 0.06 0.0111 0.031
2 petrol, biofuel and electric vehicles, ° cars and other small vehicles (e.g. motor cycles),
“light goods vehicles, heavy duty goods vehicles and buses




Supplementary Figures
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Figure S1: a) Hourly averaged BC vs HONO data taken at the North Kensington site in London in 2012 during
the ClearfLo project (Bohnenstengel et al., 2015), b) BC vs HONO/NOx coloured by the NO/NOx ratio for the
same period.jHigh NO/NOx ratios (yellow/red coloured points) are indicative of fresh pollution plumes and low
chemical processing.[[BSM(l] There is no clear correlation observed here between BC and HONO/NOx for fresh
pollution plumes. HONO formation via NO2 conversion on BC, therefore, may not be a large source of HONO
after emission from the vehicle exhaust.
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Figure S2: Hourly mean vehicle speed (km h™') measured in the Southbound bore of the Queensway tunnel
over 2015.
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Figure S3: An extract of 15 minute averaged HONO data sampled inside the tunnel (green) and hourly
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Figure S6: Hourly averaged CO2 and NOx emission factors calculated using the DEFRA Emissions Factors
Toolkit (EFT v8.0.1) (DEFRA, 2017) for traffic flows in Queensway tunnel on weekdays from 06:00 to 19:00.
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