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Abstract The first nitryl chloride (ClNO2) measurements in the UK were made during the summer
2012 ClearfLo campaign with a chemical ionization mass spectrometer, utilizing an I� ionization scheme.
Concentrations of ClNO2 exceeded detectable limits (11 ppt) every night with a maximum concentration of
724ppt. A diurnal profile of ClNO2 peaking between 4 and 5 A.M., decreasing directly after sunrise, was observed.
Concentrations of ClNO2 above the detection limit are generally observed between 8 P.M. and 11 A.M. Different
ratios of the production of ClNO2:N2O5 were observed throughout with both positive and negative correlations
between the two species being reported. The photolysis of ClNO2 and a box model utilizing the Master
Chemical Mechanism modified to include chlorine chemistry was used to calculate Cl atom concentrations.
Simultaneous measurements of hydroxyl radicals (OH) using low pressure laser-induced fluorescence and
ozone enabled the relative importance of the oxidation of three groups of measured VOCs (alkanes, alkenes,
and alkynes) by OH radicals, Cl atoms, and O3 to be compared. For the day with the maximum calculated Cl
atom concentration, Cl atoms in the early morning were the dominant oxidant for alkanes and, over the entire
day, contributed 15%, 3%, and 26% toward the oxidation of alkanes, alkenes, and alkynes, respectively.

1. Introduction

The fate of many anthropogenic trace gas pollutants impacting on health and climate is controlled by
chemical oxidation in the troposphere [Prinn, 2003]. A rich, complex chemistry influences levels of
atmospheric oxidants, with one precursor species, ClNO2, having a potentially important role [Osthoff et al.,
2008; Phillips et al., 2012]. ClNO2 releases NOx and chlorine (Cl) upon photolysis [Illies and Takacs, 1977;
Ganske et al., 1992] at a time when other oxidants are low, i.e., immediately after sunrise, with Ghosh et al.
[2011] illustrating that ClNO2 can act as a radical source in the 3–5 h following sunrise. Rate coefficients for
reaction of Cl atoms with some volatile organic compounds have been shown to be up to 200 times faster
than the comparable reaction with OH. Hence, given a sufficient concentration, this halogen may have an
important influence on both air quality and climate [e.g., Spicer et al., 1998], while NOx is essential for
tropospheric ozone production [e.g., Haagen-Smit and Fox, 1954].

Laboratory studies have confirmed that heterogeneous uptake of N2O5 on aerosols containing chloride
produces ClNO2 (R1) [Finlayson-Pitts et al., 1989; Roberts et al., 2009] and ultimately lead to the production
of Cl atoms via photolysis (R2) [e.g., Ganske et al., 1992; Osthoff et al., 2008]. However, there are limited
field measurements of ClNO2 globally. Measurements from coastal sites [Osthoff et al., 2008; Kercher et al.,
2009; Riedel et al., 2012, 2013; Mielke et al., 2013; Tham et al., 2014] and continental settings of Colorado
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(USA), Calgary (Canada), and Frankfurt (Germany) by Thornton et al. [2010]; Mielke et al. [2011], and Phillips
et al. [2012], respectively, have been recently reported. So far, no such measurements have been made in
the UK and in an area that Sarwar et al. [2014] predict considerable concentrations of ClNO2 to be formed.
Furthermore, the conversion from unreactive sources of chlorine, such as NaCl, to reactive Cl in the
troposphere remains uncertain [Spicer et al., 1998; Simpson et al., 2007].

(R1) N2O5 gð Þ þ Cl�aqð Þ → ClNO2 gð Þ þNO3
�
aqð Þ

(R2) ClNO2 þ hv→ Cl þ NO2

ClNO2 concentrations of more than 1 ppb have been observed on board a ship in the Gulf of Mexico, where
plumes originated from both urban and industrial areas [Osthoff et al., 2008]. Other measurements on a
research vessel have been made by Riedel et al. [2012] who saw a maximum of 2.2 ppb in the Los Angeles
(LA) region. Recently, Mielke et al. [2013] reported measurements of up to 3.6 ppb in LA, again during the
Calnex (California Nexus) campaign [Ryerson et al., 2013]. Thornton et al. [2010] observed up to 450 ppt of
ClNO2 inland, 1400 km from the coastline in Boulder, Colorado, which illustrated for the first time that even
in the absence of a significant marine source of NaCl, Cl containing aerosols from sources other than
marine could lead to ClNO2 production. Vertically resolved ClNO2 measurements from the same region in
Colorado by Riedel et al. [2013] also illustrated this with mixing ratios of up to 1.3 ppb being observed,
reaching levels observed in polluted marine locations. When in an urban plume, Mielke et al. [2011]
measured concentrations of 100–400 ppt in Calgary, Canada, up to around a half of the levels Osthoff et al.
[2008] and Kercher et al. [2009] observed at polluted coastal sites. Peaks of 800 ppt of ClNO2 were recently
observed in mid-continental Europe, and it was suggested that production of ClNO2 in such a setting was
expected owing to a strong influence of a marine source of Cl atoms even in continental Europe [Phillips
et al., 2012]. ClNO2 measurement sites have been generally concentrated around North America, with the
exception of Kercher et al. [2009] and Phillips et al. [2012]. Sarwar et al. [2014], however, recently modeled
the importance of tropospheric ClNO2 across the northern hemisphere predicting monthly mean nightly
maximum concentrations of 400 ppt to be formed in summer in certain areas of western Europe including
the UK, with this study also highlighting the importance of seasonality to production.

Osthoff et al. [2008] were the first to document that N2O5 was the source of ClNO2 in the field, as illustrated by
the positive correlation between them. Since then, Kercher et al. [2009], Thornton et al. [2010], and Phillips et al.
[2012] have also documented a positive correlation between the two gaseous species. ClNO2 is relatively
unreactive at night, allowing concentrations to build up in the absence of sunlight, and acting as a
nighttime sink of NOx and Cl, but a source of both species upon sunrise [Osthoff et al., 2008; Kercher et al.,
2009; Thornton et al., 2010; Phillips et al., 2012].

Until recently, Cl-induced oxidation was thought to be of greatest importance in coastal environments and in
the marine boundary layer as the primary source of this atom was considered to be production from sea salt
[Keene et al., 1999]. Sources of Cl for ClNO2 production are not confined to sea salt only [Mielke et al., 2011];
likely sources in urban environments are known to be industrial and vehicle combustion providing HCl
and aerosol chloride [Graedel and Keene, 1995]. Back trajectory modeling completed by the two US studies,
Thornton et al. [2010] and Mielke et al. [2011], suggested that in the absence of a marine influence, the
source of Cl in forming ClNO2 is anthropogenic. However, the European study of Phillips et al. [2012]
disagreed with this stating that very little ClNO2 was produced, even in relatively high N2O5 conditions,
without a marine influence.

With numerous studies reporting sources of Cl atoms in locations up to an excess of 900miles away from a
marine source [Thornton et al., 2010; Mielke et al., 2011; Phillips et al., 2012], Cl atom-induced oxidation may
have a more significant global influence than initially considered, often enhancing tropospheric ozone
production [Simon et al., 2009; Sarwar et al., 2012, 2014]. This release of Cl may be particularly important
atmospherically as Cl rate constants for reactions with VOCs are almost exclusively an order of magnitude
larger than those of OH. This is particularly so for smaller alkanes which are fairly unreactive with OH.

Phillips et al. [2012] calculated that when a significant amount of ClNO2 is formed, in the few hours following
sunrise, the rate of Cl atom production will be greater than the rate of production of OH by O3 photolysis. This
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illustrates the significant role that ClNO2 production and destruction to form Cl atoms may have on the rates
of chemical oxidation directly following sunrise, especially as it is at this time when concentrations of other
oxidants (OH, NO3, and O3) tend to be at a minimum. Riedel et al. [2012] suggested that from their
measurements made offshore from LA, 25% of total alkane oxidation is driven by Cl atoms, with 45% of
the Cl source being from ClNO2 photolysis, in comparison with the oxidation by OH. Young et al. [2012]
and Mielke et al. [2013] also showed that ClNO2 was an important source of Cl atoms in Los Angeles during
the 2010 CalNex campaign despite the contribution of Cl from ClNO2 being small in comparison to OH
production. Most recently, Tham et al. [2014] showed that Cl atom production from fast ClNO2 photolysis
exceeded that of OH production from O3 photolysis by a factor of 3, thus having a significant influence on
morning photochemistry in the polluted marine boundary layer of Southern China.

NOx (NO and NO2) chemistry influences the oxidizing capacity of the atmosphere, primarily by controlling
tropospheric ozone production [e.g., Crutzen, 1979]. NO3 is produced by reaction with NO2 and O3 (R4) in
both day and night conditions [Brown et al., 2006], but in daylight, NO3 very quickly undergoes photolysis,
reproducing O3 and NO2. In high levels of NO at the surface, concentrations of NO3 are likely to be low
owing to fast reaction between NO and NO3. Primarily during the night, NO3 reacts with NO2 to form N2O5

(R5) [Wayne et al., 1991; Brown et al., 2003].

The effect of NOx emissions from urban areas on a global and regional scale depends on its lifetime [Kercher
et al., 2009]. The NOx lifetime is fundamentally controlled by nitric acid (HNO3) production and production of
peroxyacyl nitrates (PAN), the latter extending its lifetime and spatial extent. Nitrogen oxides are for the most
part removed from the atmosphere via production of nitric acid, via R6 during the day but also R7 at night.
Nitric acid is removed from the atmosphere by wet and dry deposition and is regarded as a terminal sink of
NOx [Finlayson-Pitts and Pitts, 1999]. Reaction (6) alone is estimated to account for 30–50% of total NOx

removed in polluted urban regions [Alexander et al., 2009; Kercher et al., 2009]. However, ClNO2 production
can disrupt nitric acid formation during the nighttime hours, when N2O5 reacts with chloride containing
aerosol (R1) instead ofwith H2O (R7) and hence limiting the primarymethod of NOx removal by HNO3 formation.

(R3) NO þO3 → NO2 þO2

(R4) NO2 þ O3 →NO3 þ O2

(R5) NO3 þNO2 þ M⇄ N2O5 þ M

(R6) NO2 þ OH→ HNO3

(R7) N2O5 þ H2O→ 2HNO3

Here the first measurements of ClNO2 in London, UK, are presented. These measurements took place during
July and August 2012, using a chemical ionization mass spectrometer (CIMS) to simultaneously detect both
ClNO2 and N2O5. Na and Cl measurements were made using a rotating drum impactor (RDI). Measurements
of the hydroxyl radical using laser-induced fluorescence at low pressure [Heard and Pilling, 2003; Whalley
et al., 2010], and a comprehensive suite of supporting measurements, for example of speciated VOCs,
ozone, and photolysis frequencies, enabled the relative contribution of Cl atoms to the oxidation of VOCs
compared with OH and O3 to be evaluated.

2. Experimental
2.1. Site Description

The summer intensive observation period as part of the ClearfLo (Clean Air for London) campaign
(http://www.clearflo.ac.uk/) were made in North Kensington, London, between the 20th of July and 19th of
August 2012. This is an urban background site located at 51.52 N, 0.21 W, based in the grounds of the Sion
Manning School. This school is situated within a residential area of London situated 7 km west of Central
London. Colocated is an air quality monitoring station run by the Automatic Urban and Rural Network;
details of which are documented in Bigi and Harrison [2010], which present an overview of hourly data of
CO, NO, NO2, SO2, and PM10 between the years of 1996–2008.

The ClearfLo project fundamentally aims to provide long-term combined atmospheric measurements,
resulting in a greater accuracy for future atmospheric predictions, specifically within the city of London.
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For this project, a large suite of instrumentation, comprising both ground and airborne measurements, with
meteorological, gas, and aerosol phase measurements, is combined. The range of chemical species measured
at a number of locations, coupled with the extensive urban network of measurements (NOx, CO, particles,
and in many cases O3) already in place, is intended to provide a database that can be used to improve
urban models.

Measurements were primarily taken during two approximately 1month long intensive observation periods,
one in the winter (January–February 2012) and the second in summer (July–August 2012). ClNO2 was
however not measured in the winter. The second campaign, discussed here, ran during the period of the
2012 Olympic Games and provided an opportunity to assess how such a large event in a city affects
important atmospheric species, although this is not the focus of this paper. An overview of the ClearfLo
project is given by Bohnenstengel et al. [2014].

2.2. Analytical Techniques
2.2.1. Chemical Ionization Mass Spectrometry
A chemical ionization mass spectrometer (CIMS) was used to make measurements of ClNO2 and N2O5, at a
frequency of 1 Hz. The CIMS was constructed and designed by the Georgia Institute of Technology and has
been described in detail by Nowak et al. [2007] (see also the schematic in Figure 1). Briefly, the CIMS
detects trace gasses in the atmosphere by selectively ionizing specific molecules and then detects ions
using mass spectrometry [Nowak et al., 2007]. Detailed description of the instrument and its operation can
be found in Bannan et al. [2014].

The ion molecule chemistry using iodide ions (I�) to detect N2O5 as NO3
� (m/z= 62) has been described in

detail by Le Breton et al. [2014a] and was also employed for measurements of N2O5 in this study. Le Breton
et al. [2014a] illustrated the reliability of this method after intercomparison with the broadband cavity
enhanced absorption spectrometer (BBCEAS). Wang et al. [2014] suggested that the use of m/z 62 is prone
to interferences from species such as PAN, HO2NO2, and HNO3 and use m/z 62 to measure the sum of
N2O5 and NO3 with their thermal dissociation-CIMS. The setup of our ion optics, inlet, and ionization
system in our “cold” CIMS does not allow detection of NO3, as found from numerous laboratory
calibrations. Possible interferences from HNO3 at both atmospherically relevant and very high
concentrations m/z 62 have been extensively studied in the laboratory, and no evidence for this has been
observed. Possible interferences from PAN or HO2NO2 at m/z 62 have not been specifically checked
for this work; however, both absolute concentrations and time series against the BBCEAS when
intercomparison projects have been run, such as Le Breton et al. [2014a], show very good agreement in
N2O5 measurements. Such interferences are therefore not deemed important here.

ClNO2 was measured at the mass I.ClNO2 (m/z 207.9) as in Phillips et al. [2012]. Formic acid and nitric acid,
which were utilized for relative calibration of ClNO2 and N2O5, were detected at m/z 173 and m/z 189
[Bannan et al., 2014; Le Breton et al., 2014b].

The methyl iodide reagent ions were produced as previously described by Le Breton et al. [2012], from a gas
mixture which comprised 0.5%methyl iodide [CH3I (99.5%, Sigma-Aldrich), H2O (0.5%) in N2 (99.998%, BOC)].
The CH3I mixture and N2 (99.998%, BOC), at flow rates of 1 sccm and 1.5 slm, respectively, are passed over the

Figure 1. Schematic of the CIMS instrument.
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alpha emitting radioactive source (Polonium-210 inline ionizer, NRDinc Static Solutions Limited) creating an
excess of I- and I. (H2O)

� in the ionization region which react with the species of interest for detection.
2.2.1.1. Calibrations, Sensitivity, and Limit of Detection of the CIMS
The final calibration of the CIMSwas completed post campaign for both N2O5 and ClNO2, relative to formic acid,
which was calibrated and measured throughout the campaign. This relative calibration has been successfully
utilized by Le Breton et al. [2014a] for N2O5. It is assumed that the ratio between formic acid and ClNO2

sensitivity remains a constant throughout. Formic and nitric acid calibrations were run twice daily to ensure a
stable sensitivity over time, with sensitivities of 1.2 and 0.84 ion counts ppt�1, respectively (Bannan et al., in
prep). The 3σ limit of detection (LOD) for formic acid was calculated to be 34ppt.

Calibration of N2O5 was completed by flowing dry N2 over solid purified N2O5 into the CIMS and a NOx analyzer
(Thermo Fisher, model 42i NO–NO2–NOx Analyzer), with the concentration determined by the stoichiometric
ratio of NO2:N2O5, in R5. The flow of N2O5 is separated into two flows, one to the CIMS and the other to the
NOx analyzer. The N2O5 passing into the NOx analyzer is thermally decomposed to produce NO2 and NO3, of
which NO2 is then detected. Detailed description of which can be found in Le Breton et al. [2014a]. There
have been reported instances where NO3 is sensitive on the NOx analyzer, thus influencing the
concentrations of N2O5 that are reported in this study. However, numerous intercomparisons with the
BBCEAS, also independently measuring N2O5, as in Le Breton et al. [2014a], show that this calibration method
works well, producing very good agreements in total concentrations reported. The possible interference of
NO3 on the NOx analyzer is therefore not deemed important in terms of our reported concentrations.

The solid N2O5 was prepared by the gas phase reaction of NO2 and O3, R4 and R5. Details of procedure, while
ensuring that the N2O5 was of the highest purification possible, are detailed in Le Breton et al. [2014a] which
include numerous purification steps. Water vapor was excluded from this procedure by first flushing the
system with O3 for 20min prior to the introduction of NO2 and using dry nitrogen in the calibration flows.
These measures were taken in order to reduce the production of HNO3 as an impurity as much as
possible. During calibration, HNO3 was simultaneously measured by the CIMS throughout. It was found
that only up to 7% of the sample was found to be nitric acid; thus, the possible interference of HNO3 on
observed NOx on the Thermo 42i was negligible.

(R4) NO2 þ O3 →NO3 þ O2

(R5) NO3 þNO2 þ M⇄ N2O5 þ M

ClNO2 was produced by flowing 1 slm of a known concentration of N2O5 in dry N2 through a wetted NaCl
scrubber, which is dispersed on the surface of 25 cm tubing with a 2.2 cm OD as well as on the surface thin
of nylon filings to increase surface area for R1 to take place. The conversion of N2O5 to ClNO2 has been
shown to have a 100% conversion yield as a result of the reaction with NaCl [Finlayson-Pitts et al., 1989]
and is an assumption made here. The loss of N2O5 signal, i.e., loss of a known concentration of N2O5, in
comparison with the gain of ClNO2 was used to determine our sensitivity to ClNO2, a process used in
Osthoff et al. [2008] and Kercher et al. [2009].

The ionization efficiency and thus sensitivity of the CIMS has been previously shown to be dependent on the
counts per second of I.H2O

�, which is dependent on the relative humidity of the sample [Slusher et al., 2004].
As illustrated in Le Breton et al. [2014a], above a threshold of 100,000 cps of I.H2O

�, the sensitivity to formic
acid is independent of relative humidity with the tuning of our system. Due to the linearity between formic
and N2O5 sensitivities at varying I.H2O cps, it is assumed that the independent threshold for N2O5 is also
100,000 cps of I.H2O

�, as described by Le Breton et al. [2014a]. This assumption was also made for the ClNO2

measurements. Throughout the ClearfLo measurement period, the average I.H2O
� was in excess of

400,000 cps, well above the threshold required for sensitivity independent of changes in water vapor. This was
achieved through the tuning of the ion optics and introduction of H2O into the ionization mix. It is therefore
concluded that the measurements during this period are independent of ambient relative humidity changes.

The sensitivity of the system for N2O5 and ClNO2 was 1.09 and 0.093 counts ppt�1, respectively, throughout
the ClearfLo campaign. The 3σ ClNO2 and N2O5 LOD during the summer ClearfLo campaign was 11 and 4 ppt,
respectively, when calculated over a 30 s averaging period. Using the error in the individual slope of the
calibrations results in a total uncertainty of 30%.
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Figure 2 illustrates that the sodium
bicarbonate scrubber efficiently removed
the majority of ClNO2 during background
measurements. However, in times of
high nighttime production, background
levels obtained using the installed
scrubber were not sufficient to remove
all ClNO2 signals to instrumental back-
ground; therefore, daytime counts,
which have a very low background, were
used in data analysis and calculation of
the LOD.

On the 19th and 20th of July 2012, mass
scans were set to automatically run
every 30min during nighttime hours

between 200 and 210 amu with a step change of 0.05 amu, to determine the exact mass speak of ClNO2.
Upon analysis of these mass scans, a value of 207.9 was determined and used throughout the campaign,
agreeing with the previous laboratory calibrations. Complete spectral scans from 0 to 300 amu were
automatically taken every 2 h throughout the campaign. Analysis of these regularly ensured that the
system was stable and ensured the peaks were assigned correctly, although no variation in the m/z axis
was observed.

Numerous tests and preventative measures were employed throughout the campaign to ensure that ClNO2

measurements remain unaffected by the inlet in use and that N2O5 was not being converted to ClNO2 on
the inlet walls. A heated inlet, held at 40°C, was used in conjunction with a very low residence time of 0.3 s
and ensured reaction time here was at a minimum. A total flow rate of 35 slm in sample mode ensured that
residence time in the inlet was minimal. During periods of high N2O5 concentrations and in the absence of
ClNO2, there was no difference between the raw counts of sample mode and background mode, i.e., no
increase in ClNO2 as a result of an increase of N2O5, suggesting no conversion on the inlet walls is taking
place. This can be illustrated during one 20min background on the night of the 17th of August where the
raw counts of ClNO2 at m/z 207.9 were 3.15± 1.02 cps and the following 20min in sample mode that gave
raw counts of 3.42± 1.41 cps at a time when significant N2O5 concentrations were present (229±13ppt). On
this night, enhancements of ClNO2 rarely exceeded the limit of detection, but significant peaks of 500ppt of
N2O5 were recorded with an average of 285ppt. Inlet conversion of N2O5 to ClNO2 would be greatest at the
end of the campaign during these periods of high N2O5; however, no evidence for this was observed.

Furthermore, throughout the campaign, there were periods when N2O5 dropped below the LOD and ClNO2

remained constant, again showing that there was no conversion of N2O5 to ClNO2 on the inlet walls. This is
illustrated during periods such as on the 1st of August at 05:00–05:30 where an N2O5 signal below that of the
limit of detection was observed and a concentration of 95 ppt of ClNO2 was observed during this period.

The CIMS monitored 11 masses with a dwell time of 100ms. One second data from sampling and calibration
cycles are averaged to 30 s. Correlation with meteorological data is completed with 5min averaged data.
Backgrounds were applied using daily averages. Using this approach, a maximum error of ±8 ppt was
estimated for the reported nighttime concentrations.
2.2.2. Rotating Drum Impactor (RDI)
Aerosols were sampled with a rotating drum impactor with a 2 h time resolution in three aerodynamic
diameter size fractions (0.3–1.0, 1.0–2.5, and 2.5–10μm). The particle containing air is sampled through the
instrument with a flow rate of 1m3 h�1. Size segregation results when the particles pass through three
rectangular nozzles of decreasing size. The particles are deposited by impaction on Apiezon-coated
polypropylene foils mounted on aluminum wheels. After each 2 h sampling interval, the wheels
automatically rotate stepwise to a blank section of the foil before a new sampling interval takes place.

Trace elemental composition in the aerosol samples was determined with synchrotron radiation-induced
X-ray fluorescence spectrometry at the X05DA beamline [Flechsig et al., 2009] at the Swiss Light Source at
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Figure 2. Raw counts of ClNO2 on the 27th of July 2012. Backgrounds at
11 P.M., 2 A.M., 5 A.M., 7 A.M., and 10 A.M. (UTC) indicated by the boxed
regions illustrate the effectiveness of the sodium bicarbonate-covered
nylon filings acting as the scrubber. Data here are averaged to 5 s.
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the Paul Scherrer Institute, Villigen PSI, CH. Kα lines of the elements with atomic number Z=11–30 (Na–Zn)
were measured. Further details of the sampling and analysis of the trace elements can be found in Visser
et al. [2014] and in previous application examples including Bukowiecki et al. [2010] and Richard et al. [2011].

Na, because of the lack of other major sources than marine, is used as an indicator of marine influence acting
on the site at any one time. Because of the very high correlation between the Cl and Na (R2 = 0.97 for size
fractions 1.0–2.5 and 2.5–10μm) throughout the whole measurement period, it can be assumed that the
vast majority of the chloride containing aerosol during the summer measurement period is of a
marine source.
2.2.3. Hydroxyl Radical Measurements
OH radical concentrations were measured by laser-induced fluorescence spectroscopy at low pressure, using
the so-called FAGE (fluorescence assay by gas expansion) technique [Heard and Pilling, 2003]. The instrument
is described in detail in Whalley et al. [2010], and only a brief overview is given here. An air-conditioned
converted shipping container housed the FAGE instrument, with the OH fluorescence cell located within a
weather-proof enclosure on the container roof, with feedthroughs for a pumping line and signal/control
electronics. OH is excited at ~308 nm via the Q1(1) transition of the OH (A2Σ+, v′= 0� X2Πi, v″= 0) band

using a 5 kHz pulse repetition frequency YAG pumped titanium sapphire laser. The subsequent

fluorescence, also at ~308 nm, is collected by a fast-lens arrangement, passed through a narrow-band
interference filter, and focused onto the photocathode of a channel photomultiplier, which is switched off
during the laser pulse and whose output is processed via a photon counter. The photon counter uses two

integration gates to enable the contribution from any solar-scattered radiation and dark counts to be
accounted for, and tuning the laser wavelength on and off the OH line center enables the contribution
from laser-scattered light to be subtracted. Air was sampled through a 1mm diameter pinhole into a

fluorescence cell held at 1.1 Torr, and a fast-flow rate through the cell was achieved using a Roots blower
backed by a rotary pump. The sampling pinhole was 3.5m above the ground and ~10m horizontally away

from the CIMS instrument for ClNO2 measurements in the Manchester container. The instrument was

calibrated in the field using photolysis at 185 nm of a known concentration of water vapor in zero air

within a turbulent flow tube to generate OH, with the product of the photon flux at 185 nm and the water
vapor photolysis residence time measured using a chemical actinometer. The average sensitivity of the

instrument, obtained from this calibration was C(OH) = 1.56 × 10�7 cts s�1 molecule�1 cm3 mW�1, from

which a detection limit of 3.8 × 105 molecule cm�3 was obtained for a typical laser power of 12mW,

signal-to-noise ratio of 1, and averaging period of 200 s. The measurements were recorded with 1 s time
resolution, and the accuracy of the measurements was ~26%.
2.2.4. VOC Measurements
VOC measurements were obtained using two gas chromatography (GC) instruments. The volatile fraction of
VOCs (C2–C7 hydrocarbons, with a small selection of OVOCs) was measured using a dual channel (DC)-GC-FID,
while a comprehensive two dimensional GC (GC×GC-FID) measured the less volatile fraction (C6–C13, with a
large group of OVOCs). The DC-GC-FID instrument and calibration setup is described in detail in Hopkins et al.
[2003]. The GC×GC-FID is composed of an Agilent 7890 GC (equipped with a splitless injector and FID
operating at 200Hz, Agilent Technologies, Wilmington, DE, USA), Markes TT24-7 thermal desorption unit
(with an air server attachment, Markes International, Llantrisant, UK),and a total transfer flow modulator
(6-port, 2-way diaphragm valve modulator, Valco Instruments, Houston, TX, USA) actuated using a solenoid
valve and controlled by “in house” software. The GC×GC-FID setup is described in detail in Lidster et al.
[2011]. Calibrations on both instruments were performed at regular intervals using a gas standard with 30
ozone precursor species (NPL30, National Physical Laboratory, Teddington, UK).
2.2.5. NOx Measurements
NO and NO2 data were taken using an Air Quality Design custom built high sensitivity chemiluminescence
analyzer with blue light NO2 converter. The instrument consists of two channels measuring NO by reaction
with excess O3 to form excited state NO2, followed by the detection of the resultant chemiluminescence.
The air flow in one of the channels first passes through a photolytic converter where light at 395 nm
photolysis NO2 to NO. Calibration of the instrument is done every 2 days using 5 ppm NO in nitrogen
cylinder (BOC certified to NPL scale), diluted to ~20 ppb using scrubbed zero air (BOC BTCA 178). The NO2

conversion efficiency was calibrated using gas phase titration of the NO standard by O3. NOy data were
taken using TEI 42i TL NO analyzer with molybdenum converter.
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2.2.6. Photolysis Rate Measurements
Actinic fluxes of solar radiation were measured using a Metcon spectral radiometer [Edwards and Monks,
2003] and were used to calculate the photolysis frequencies of a number of trace gasses, including NO2

j(NO2). j(NO2) was calculated from actinic flux measured with a 2Π receiver optic with a horizontal shadow
ring which provides a measure of the downwelling flux in one hemisphere. The spectral radiometer was
operated at ground level. Under these conditions, upwelling radiation can be neglected [Hofzumahaus
et al., 1999], as the low ground albedo or reflectivity has a negligible impact on the calculated photolysis
rates (we expect this to be the case for all photolabile compounds). J(ClNO2) was scaled to this
measurement, as described in the next section.

3. Modeling

A box model was used to calculate Cl atom concentrations during the campaign so that the rate of oxidation
of VOCs by Cl atoms could be compared with oxidation by measured OH and measured ozone. The model
contained part of the Master Chemical Mechanism v3.2 [Jenkin et al., 2012] which in its entirety treats
the degradation of 135 VOCs following oxidation by OH, O3, and NO3, and for alkanes only, oxidation by
Cl atoms, and contains ~6700 species and ~17,000 reactions. Complete details of the kinetic and
photochemical data used in the mechanism are available at the MCM website (MCM; http://mcm.leeds.ac.
uk/MCM/). Here a subset of the MCM was used which contained the Cl atom oxidation of 11 measured
alkanes (C1–C8) by H atom abstraction to form HCl:

(R9) Cl þ RH→ HCl þ R

The MCM does not contain a mechanism for the Cl atom-initiated oxidation of alkenes (C2–C5) or alkynes
(acetylene), which were also measured during the campaign. Reactions of Cl atoms with these measured
species were added to the MCM v3.2 mechanism using rate coefficients taken from the NIST database
[Manion et al., 2014]. Rate constants for the additional Cl atom reactions that are included in the model are
detailed in Table S2 in the supporting information. For H-atom abstraction channels, the reported yield
was used to generate HCl, but for other channels, for example, the addition to double or triple bonds, the
reaction was treated as a simple loss for Cl atoms, with no recycling of Cl atoms, for example, by photolysis
of any intermediates. In addition, reaction of Cl atoms with model generated organic intermediates was
not considered. This is in contrast with the initial oxidation by OH and O3 which proceeds completely to
water vapor and CO2. The model does not contain an inorganic mechanism for chlorine, and so the
following gas phase reactions were added as outlined by Riedel et al. [2014], including the thermal
decomposition of ClONO2 [Anderson and Fahey, 1990].

(R2) ClNO2 þ hv→ Cl þNO2

(R10) HCl þOH→ Cl þ H2O

(R11) Cl þO3 → ClO þO2

(R12) ClO þNO2 → ClONO2

(R13) ClO þ HO2 → HOCl þO2

(R14) ClO þ NO→ Cl þNO2

(R15) ClONO2 þ hv→ Cl þNO3

(R16) ClONO2 þ hv→ ClO þNO2

(R17) ClONO2 þ M→ ClO þNO2 þ M

(R18) HOCl þhv→ Cl þOH

J(ClNO2) was calculated using the Tropospheric Ultraviolet and Visible Radiation Model, version 4.1, and then
scaled to measured J(NO2) using a surface albedo of 0.0. This approach, as used in Stone et al. [2010], allows
for variation in solar radiation, as affected by cloud cover, to be accounted in the photolysis rates.

The only source of Cl atoms considered in the model was the initial photolysis of ClNO2, and hence, HCl and
other gas phase inorganic Cl species in the reaction mechanism described earlier are only generated by the
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model with an assumed initial concentration of zero. Chlorine atom concentrations were then calculated by
the box model using a Facsimile integrator [Curtis and Sweetenham, 1987] and constrained with comeasured
concentrations of VOCs, NOx, HO2, and O3 photolysis frequencies and other species. The model was
integrated forward for 10 days after which time a diurnal steady state Cl atom concentration was reached,
with the peak Cl atom concentration varying by less than 1%. Further details regarding the box model
methodology can be found in Whalley et al. [2010].

4. Results and Discussion

Complete time series of ClNO2, N2O5, Na, and Cl are shown in Figure 3, illustrating that ClNO2 was detected
every night of the campaign. A mean nighttime, i.e., sunset to sunrise, ClNO2 concentration of 84 ppt was
observed and a maximum peak of 724 ppt at 2:55 A.M. on the 12 of August 2014, from 1min averaged
data. ClNO2 measured results are comparable with those made by Phillips et al. [2012], with ClNO2 peaks of
750 ppt. Peak concentrations of ClNO2 are 40% smaller than those reported by Osthoff et al. [2008] but
60% larger than peaks reported in Colorado by Thornton et al. [2010], almost certainly as a result of the
measurement locations. Mean nightly maximum concentrations of 207 ppt are reported, around half of
what was predicted for parts of Western Europe in summer by Sarwar et al. [2014]. Increased
concentrations of chloride aerosol generally coincide with air masses of a predominantly marine origin
(Figure 3). A large chloride containing aerosol concentration does not, however, directly translate into
enhanced ClNO2 production. Likewise, a large amount of N2O5 does not continuously mean an enhanced
production of ClNO2.

4.1. Diurnal Profile of ClNO2 and Daytime Peaks

A very distinct pattern is observed in the daily ClNO2 production and destruction (Figure 4), similar to that of
previous studies [Osthoff et al., 2008; Kercher et al., 2009; Thornton et al., 2010;Mielke et al., 2011]. ClNO2 signal
above that of the limit of detection wasmeasured, on average, until 11 A.M. and only exceed detectable limits
after sunset (LOD= 11 ppt), consistent with ClNO2 being produced in the absence of sunlight. In nighttime
hours, a gradual build-up of ClNO2 is observed and concentrations increase until sunrise, at which point
concentrations decrease rapidly. The average values for the mean diurnal cycle range between below the

Figure 3. Complete time series of ClNO2, N2O5, Na (PM2.5–1.0 + PM10–2.5), and Cl (PM1–0.3 + PM2.5–1.0 + PM10–2.5), and
% marine influence during the summer ClearfLo campaign. Purple trace shows percentage of the air masses originating
from amarine origin, as defined by NAMEmodeling. Blue boxes indicate air masses primarily defined by amarine influence,
and blank areas are air masses primarily of a continental dominance.
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LOD and 150 ppt with peaks in ClNO2 concentrations being seen between 4 A.M. and 5 A.M., just prior to
sunrise at approximately 5 A.M. (local time).

In keeping with the work of Phillips et al. [2012], the ClNO2 mass that was recorded (m/z 207.9) has a very low
daytime background, agreeing well with the expectation that no ClNO2 would be observed at these times.
However, there are two examples when small peaks of ClNO2 are observed soon after sunrise, as illustrated
in Figure 5. Here following the nights of the 30th July and 2nd August 2012, increases in ClNO2

concentrations are observed after sunrise, a result that has not previously been reported. N2O5

measurements do not, however, reflect this pattern. Such daytime peaks only occur very soon after sunrise,
at a time when the daily solar radiation and thus photolysis rates are at their lowest. Such daytime peaks are
unlikely to be produced as this time but from movement of air parcels from a region of higher
concentrations of ClNO2, possibly higher in the troposphere where emissions of NO are reduced and N2O5

concentrations are likely to be enhanced in comparison to ground level.

Figure 4. Average diurnal cycle of ClNO2 and solar radiation for the 27 days of summer ClearfLo. The box and whisker plots
show the median, and 5th and 95th percentiles of ClNO2, with the solid black circles with connecting lines illustrating the
mean values. Data between 12 A.M. and 8 A.M. whose mean values are below the LOD (signified by the blue line) are
excluded from statistical analysis. Red line illustrates j(ClNO2).

Figure 5. Post-sunrise peaks of ClNO2 on the nights of the 30th of July and 2nd of August. Black trace indicates ClNO2
concentration, and red shows j(ClNO2).
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An average ClNO2 lifetime was also calculated using the slope of the decrease of the average diurnal profile
of ClNO2 against time to get the loss rate, assuming no change in air mass had occurred. Decreases in the
concentration of ClNO2 are also occasionally observed during the nighttime hours, at a time when
photolysis cannot be the removal mechanism, e.g., specifically on 28th, 29th, and 30th of July. Nocturnal
ClNO2 removal pathways have generally been reported to be negligible, with ClNO2 being assumed to be
relatively inert [Wilkins et al., 1974; Frenzel et al., 1998; Rossi, 2003; Osthoff et al., 2008]; however, the work
of Roberts et al. [2008] and Kim et al. [2014] would suggest that this may not be strictly true. Nighttime
removal mechanisms are not, however, observed in the average diurnal cycle, and for this reason,
observed losses are attributed solely to photolysis, with J(ClNO2) controlling the lifetime. Using this
methodology, an average lifetime of ClNO2 of 2.6 ± 0.23 h is calculated, within the range reported by
previous studies [e.g., Ganske et al., 1992; Ghosh et al., 2011].

4.2. Meteorological and Chemical Regimes

Dispersion modeling was carried out using the UK Met Office’s Numerical Atmospheric-dispersion Modelling
Environment (NAME) dispersion model [Jones et al., 2007]; see detail in Bohnenstengel et al. [2014]. The NAME
dispersion model was used to produce three hourly averaged air mass footprints for the campaign period
that track the air mass origins during the previous 24 h. More details are included in the supporting
information. A count of particle concentration was taken every 15min during the 24 h period and summed
together to create a probability footprint, highlighting the number of particles traveling through pre-
defined regions including UK continental, Atlantic Ocean, the Channel, the North Sea, and continental
Europe (see Figure 6 and examples of continental and marine air masses) that reach the measurement site.
For each three hourly footprint, the total amount of particles counted in each region was translated into a
% regional influence (from the total particle count in the whole domain).

To quantify the extent of the marine influence during each three hourly period, the Atlantic Ocean, the
Channel, and the North Sea were combined, resulting in a % marine influence as shown in Figure 3. This
represents the amount of time the air mass has spent over marine areas, irrespective of which continental
regions it has also passed over before or after the marine surface.

Figure 6. (a) 28th July (6:00) and (b) 21st August (21:00) are examples of continental and marine periods. (c) A map of the
regional division used to define marine and continental is shown. (d) Scale of particle concentration for Figures 6A and 6B.
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Using gas phase and aerosol data, as well as NAME dispersion modeling, it is possible to separate the time
series into two different regimes: marine and continental. A classification of either a continental or marine
dominance is illustrated in Figure 3 with blue boxes around the marine periods and in Table S1 in the
supporting information. In this study, we will define a marine influenced air mass as above the 15%
marine as defined by NAME, as it is at this level when a general enhancement of Na is observed in the RDI
analysis. As can be seen in this figure, Na and Cl aerosol concentrations are generally highest during
marine-dominated regimes, while N2O5 concentrations are significantly lower than average. The converse
is generally true under continental regimes where measured N2O5 concentrations are high and Na and Cl
aerosol measurements are comparatively low.

4.3. ClNO2:N2O5 Ratios

In keeping with the work of Osthoff et al. [2008], Mielke et al. [2011], and Phillips et al. [2012], there are large
differences in concentrations of ClNO2 each night as well as relative production rates of ClNO2:N2O5. Phillips
et al. [2012] showed that the concentration ratio of ClNO2 to N2O5 varied by over an order of magnitude from
3:1 to 0.2:1, similar to that reported by Thornton et al. [2010]. Two ratios are calculated for this study, one
using peak values from nighttime concentrations and another from mean nighttime values. When using
average nighttime concentrations, ratios of ClNO2:N2O5 ranged from 0.017:1 to 2.4:1 with a mean of 0.51:1.
Nighttime peak concentration values give a range of 0.04:1 to 3.6:1 and a mean ratio of 0.72:1. The daily
ClNO2:N2O5 ratios are included in Table S1 in the supporting information.

In this location and time, ClNO2 production is generally limited to ClNO2:N2O5 ratios of less than 1:1 with the
exception of the 3rd and 4th of August, closer to the lower ratio values reported by Phillips et al. [2012]. The
mean ratio for the defined continental conditions is calculated to be 0.15:1, in comparison with 0.74:1 in
the defined marine regime, suggestive that an enhanced marine source of aerosol chloride increased
ClNO2 production.

The diurnal profile of particulate ammonium chloride and its peaks in nighttime concentration show a similar
structure to measured ClNO2, as shown in Figure 7. Ammonium chloride measurements were performed
using an Aerodyne High-Resolution Time-of-Flight Aerosol Mass Spectrometer. Details regarding this
instrument and data analysis can be found in Young et al. [2014]. The correlation with ammonium chloride
suggests that a number of sources of chloride could be of importance to ClNO2 production. It should,
however, be noted that the NH4Cl peaks at night are most likely due to a temperature effect (semivolatile
repartitioning to gaseous NH3 and HCl during the day), so the day-night modulation is probably not
related to the production of ClNO2; however, it does not rule out the possibility of this particulate chloride
acting as a precursor to ClNO2 production.

4.4. Relationship Between N2O5 and ClNO2

ClNO2 concentrations show a large variability each night as well as relative production rates of ClNO2:N2O5.

Also reported here is the variability in the relationship between production and loss of ClNO2 and N2O5.

Figure 7. ClNO2 and primary ammonium chloride aerosol concentrations.
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Studies concurrently measuring N2O5 and
ClNO2 have generally reported that as
N2O5 increases, ClNO2 also increases
[Osthoff et al., 2008; Kercher et al., 2009;
Thornton et al., 2010; Phillips et al., 2012].
This is to be expected, as increasing the
reactants increases the products of such
reactions (R1). However, in this study, the
nighttime relationship between N2O5

and ClNO2 varies as well as the ratio
between the two (Table S1). A positive
correlation between the two gaseous
species is observed for certain parts of
the study as shown in Figure 8. This
concurs with studies such as Phillips et al.
[2012], but there are noticeably different
regimes where ClNO2 and N2O5 anti-
correlate (Figure 8).

Figure 8 and Table S1 illustrate that N2O5

and ClNO2 regularly positively correlate in
predominantly continental air masses. In
such conditions, N2O5 concentrations are
some of the highest measured during the
campaign, while Na and Cl concentrations
are small, i.e., little marine influence.
Negative correlations between N2O5 and
ClNO2 are also observed as seen in
Figure 9. This relationship is often
associated with marine define air mass,
which is generally defined by high
chloride containing aerosol and low N2O5.
This is, however, not true of every night,
and there are examples where neither a
positive nor negative relationship is
observed. The positive and negative
relationships that have been described
are not exclusively defined by the regimes
presented, and this classification approach
is not always valid.

The continental and marine regimes can
be inspected using a very simple model

Figure 8. (a–c) Three examples of nighttime
relationships between ClNO2 and N2O5. All
examples here are defined as primarily
continental air masses with predominantly
continental England and/or Europe influence.
22rd and 23th of July corresponded to some
air masses primarily from continental England.
On the night of the 17th of August, the air
masses were primarily of a European continental
influence. Figure 8d shows the linear relationship
between N2O5 and ClNO2 for the night of the
22nd inclusive of hours 8 P.M. to 4 A.M.
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that includes both N2O5 and ClNO2

production and using the steady state
approximation, assuming the following
reactions govern the production of ClNO2.

(R4) NO2 þ O3 → NO3

(R5) NO3 þ NO2 ⇄ N2O5

(R19) N2O5 þ aerosolNaCl → ClNO2

Here it should be noted that kR19 is a
composite rate coefficient and that no
attempt is made to model the detailed
microphysics of this system; we are
merely interested to know whether a
change in available [Cl�], here modeled as
[NaCl] for which we have measurements
for, can alter the correlation between
N2O5 and ClNO2. The size-segregated
Na and Cl data of the two larger size
fractions (PM2.5–1.0 + PM10–2.5) are added
to total PM10 concentrations to give
total NaCl concentrations. Throughout the
measurement campaign, the R2 between
the Cl and Na was 0.97. This shows that
the addition of the two species is a fairly
reliable method for detecting sea salt
given the limited sources of both species
other than marine in the supermicron
fraction (note that this is only valid for
measurement locations strongly influenced
by marine air masses).

We are well aware that conversion of N2O5

to ClNO2 occurs over a range of [Cl�]
and indeed much lower than that
corresponding to pure NaCl [Bertram and
Thornton, 2009; Roberts et al., 2009]. We
also note that Osthoff et al. [2008] show
that reactions of N2O5 can take place
on all aerosol particles, with uptake
efficiencies dependent on water content,
presence of organic coating, and nitrate
and chloride concentrations and that the
efficiency of ClNO2 formation depends
on chloride concentration. We note that
NaCl is unlikely to have enough surface
area and often do not have enough total

chloride to provide the observed ClNO2 and that HCl for example may well be a more important source
whenever sea salt-derived aerosol mixes with urban pollution. Nevertheless, the basic question we seek to
answer using the simplest of models is whether a change in [Cl�] can give rise to the change in
correlation observed.

By increasing the concentrations of [Cl�] via NaCl within this simple model, N2O5 versus ClNO2 will first
correlate (Figure 10a) and finally switch to an anti-correlation as concentrations of Cl- (NaCl) increase
(Figure 10b). NaCl concentrations used to produce these modeled results are based on values observed.

Figure 9. (a and b) Two examples of nighttime relationships between
ClNO2 and N2O5. On the night of the 26th of July, there was a big
marine influence from the northwest, i.e., the North Sea. On the night
of the 4th of August, the English Channel provides the majority of the
air mass. Figure 8c shows strong linear negative correlation between
N2O5 and ClNO2 on the 31st of July 2012 (between 6 P.M. and 9 A.M.).
All case studies here are defined by air primarily of a marine origin.
Please note differences in concentration scales.
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For this, values from the 22nd of July
and the 14th of August are used
where Na +Cl peak at 0.31 and
2.63μgm�3, respectively, and are
used to represent the continental
and marine regimes, respectively.
Figure 10 shows that the relationship
between ClNO2 and N2O5 first is
positively correlated, and then as the
NaCl loading increased, a negative
correlation between the two emerges.
This in effect is recreating the marine
versus continental regimes but does
not take into consideration a change
in N2O5 concentrations. As Figure 10
illustrates, the relationship between
N2O5 and ClNO2 is reproduced
qualitatively by this simple model,
especially so for the positive and
negative correlations, but we have
made no attempt to model the detailed
microphysics of the heterogeneous
process and simply used a fixed rate

coefficient for R19. The point of this exercise is to investigate whether the change in correlation can be
explained by different NaCl loadings (really [Cl�]), and at this first approximation, it can.

4.5. Calculation of Relative Oxidation Rates of Alkanes, Alkenes, and Alkynes by ReactionWith OH, O3,
and Cl Atoms

The total rates of removal of alkanes, alkenes, and alkynes by reaction with the oxidants OH, O3, or Cl atoms at
a given time during the campaign were calculated using the following:

�d alkanes½ �=dt ¼ X½ �
X

i

kXþalkane;i alkane; i½ � (1)

�d alkenes½ �=dt ¼ X½ �
X

i

kXþalkene;i alkene; i½ � (2)

�d alkynes½ �=dt ¼ X½ �
X

i

kXþalkyne;i alkyne; i½ � (3)

where [X] is the concentration of measured OH, measured O3, or Cl atoms calculated using the MCM at a
given time in the campaign, and [alkane,i], [alkene,i], and [alkyne,i] represent the corresponding measured
speciated concentration of each alkane, alkene, and alkyne, and kX is the individual bimolecular rate
coefficient for the reaction of X with each species at the measured pressure and temperature. Rate
coefficients were taken from those used in the MCM [Jenkin et al., 1997; Saunders et al., 2003] or from the NIST
database [Manion et al., 2014].

For this study, two model runs for London were performed using this method. In the first run, the time series
of the Cl atom concentration was calculated for 12th August 2008, during which the ClNO2 concentration was
the highest observed during the campaign (724 ppt at ~3 A.M.; Figure 3). In the second run, the diurnal
variation of [ClNO2] averaged for the entire campaign was used to drive the production of Cl atoms in the
model. For both runs, the campaign-averaged diurnal concentrations for [OH], [O3], and VOCs were used
to calculate the rates of oxidation. The OH concentration measured by FAGE, the measured O3

concentration, and the Cl atom concentration calculated using the MCM are shown in Figure 11.

It can be seen that Cl atom concentrations rise rapidly after sunrise (5 A.M. local time), as expected given
their source being ClNO2 photolysis, peaking around 6 A.M. local time, and for 12th August,
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Figure 10. Simulation of the relationship between N2O5 and ClNO2 under
different NaCl concentrations. (a) NaCl set 0.31 μgm�3. (b) NaCl set
2.63μgm�3. Please note arbitrary units for time and concentration of species.
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concentrations reached ~0.95 × 104 atoms cm3, which is about 150 times lower than the average peak
concentration of OH, which occurs around solar noon. This peak Cl atom concentration is approximately
10 times lower than calculated in Los Angeles during the CALNEX study [Riedel et al., 2014], reflecting
the lower ClNO2 concentration observed in London (peak of 724 ppt) compared to Los Angeles
(~1500 ppt). Any differences in the model photolysis rates and overall Cl reactivity from the two cities
will also impact the steady state Cl atom concentration predicted. Although ClNO2 concentrations in this
study are very low by noon, Cl atoms are recycled via reactions ((R2), (R10)–(R18)) and do not reach zero
again until later in the afternoon. The chemical turnover rates for the oxidation of the sum of measured
alkanes, alkenes, and alkynes by reaction with OH, O3, or Cl atoms, as calculated by equations (1)–(3) are
shown in Figure 12 for 12th August, when Cl atoms peaked, and in Figure 13 for the average behavior of
all oxidants over the campaign.

By summing the oxidation rate across the entire 24 h period shown in Figures 12 and 13, the total % removed
by reaction with the three oxidants for each type of VOC was calculated and is shown in Table 1.

Figure 12. Rate of removal of alkanes, alkenes, and alkynes by reaction with the oxidants OH (measured, campaign
average), O3 (measured, campaign average), and Cl atoms calculated for 12th August 2012, when the calculated Cl atom
concentration was at its maximum.
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Figure 11. Cl atom concentration profile calculated for 12th August 2012 (black), during which the maximum observed
concentration of ClNO2 was observed; Cl atom concentration profile calculated as an average for the entire campaign
(blue); and the measured OH concentration averaged for the entire campaign (red), together with the 1σ day to day
variability of the OH data used to generate the average diurnal profile (light red shading). Campaign-averaged measured
O3 concentration is also included (green).
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The% removal by Cl atoms for tailpipe emissions, Boston, and LAwas again determined using equations (1)–(3),
and using NIST kinetic data [Manion et al., 2014] but using the mean Cl atom concentration from the campaign
average, but calculated using steady state approximations. For these calculations, rather than using theMCM to
calculate Cl atom concentrations, they were calculated using a simple steady state expression with the Cl atom
production rate estimated from the observed loss rate of ClNO2 and removal of Cl atoms via reaction with the
VOC concentrations from each environment. Regeneration of Cl atoms via R2, R10 through R18 were not
considered. Final calculations of % influence were made using the mean diurnal profile of measured O3 and
OH, with the result also included in Table 1.

From Table 1, it can be seen that although OH is the dominant oxidant in London during the summer ClearfLo
campaign, Cl atoms on average remove ~4%, 1%, and 7% of alkanes, alkenes, and alkynes, respectively,
which is significant. For 12th August, when Cl atoms were calculated to be at a maximum, Cl atoms
removed ~15%, 3%, and 26% of these species and in the early morning are the dominant oxidants
for alkanes.

Outputs from the MCM agree well with the calculations of the Tailpipe, Boston, and LA environments, despite
a much more simplistic approach for the latter. In comparison with the London average, MCM calculations
show a slightly smaller impact in terms of alkane oxidation by Cl but larger in terms of the alkene. Using
both of these approaches has illustrated that neglecting the contributions made by Cl atoms will
significantly underestimate the degree of chemical processing of VOCs in central London and the other
environments that have been calculated in this study.

Figure 13. Rate of removal of alkanes, alkenes, and alkynes by reaction with the oxidants OH (measured), O3 (measured),
and Cl atoms (calculated), all averaged over the entire campaign.

Table 1. Relative Importance of Cl, OH, and O3 to the Oxidation of Three Groups of VOCs From Both Tailpipe Emissions
and Cities Around the Worlda

Tailpipe Boston LA London (12/8/12) London Average

Alkane Cl% 8.49 8.49 9.91 15.28 3.72
Alkane OH% 91.51 91.51 90.09 84.72 96.28
Alkane O3% – – – – –
Alkene Cl% 0.50 0.31 0.30 2.82 0.66
Alkene OH% 43.67 32.99 31.26 76.19 77.89
Alkene O3% 55.83 66.70 68.44 20.99 21.45
Alkyne Cl% 7.52 8.70 8.70 26.21 7.38
Alkyne OH% 77.02 89.70 89.70 72.79 91.38
Alkyne O3% 15.46 1.60 1.60 1.00 1.24

aVOC concentration data used for the calculations for Boston [AQIRP, 1995], tailpipe [Simmons and Burridge, 1981;
Cullen, 1993; Stevenson et al., 1998], and LA [Fraser et al., 1997] are included as well as for London, using measured
VOC data. See text for details of calculations.
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5. Conclusions

Significant nighttime concentrations of up to 724 ppt of ClNO2 during the summer ClearfLo campaign in
summer 2012 have been observed, and mean nighttime concentrations of 84 ppt suggest that production
of this species is a common occurrence in Central London. The average diurnal profile of ClNO2 saw an
increase directly after sunset and increased until sunrise at approximately 5 A.M. at which point photolysis
occurred. ClNO2 concentrations on average reached a level below that of the LOD around 11 A.M. On two
occasions, however, an early morning rise in ClNO2 concentrations was observed after sunrise, a feature
previously not reported.

Amarine source of chloride is deemed to be themost important source of chloride aerosol for the production
of ClNO2, based on the higher ClNO2:N2O5 production ratios during periods when Na and Cl concentrations
are high. Both positive and negative correlations between ClNO2 and N2O5 are observed, and the cause was
inspected using a very simple model. This model showed that the change in relationship can potentially be
explained by different loadings of chloride containing aerosol.

Despite OH being the dominant oxidant, Cl has been shown to have a significant affect. Cl atoms on average
remove ~4%, 1%, and 7% of alkanes, alkenes, and alkynes, respectively, but removed ~15%, 3%, and 26% of
these species following the night of greatest ClNO2 production (724 ppt). Results suggest that neglecting the
contributions made by Cl atoms will underestimate the degree of chemical processing of VOCs in central
London, Boston, LA, and from tailpipe emissions.

Here the first ever measurements of ClNO2 in the UK have been reported, as well as their effect on total VOC
oxidation in numerous scenarios. Further measurement studies in different local conditions and environments
in the UK as well as globally are important. Extensive modeling must also be carried out to further
understand how the Cl released from ClNO2 photolysis affects the overall oxidizing capacity of the atmosphere.
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