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Abstract

A highly sensitive Long Path Absorption Photometer (LOPAP) was constructed and used
to investigate HONO chemistry at rural and urban sites in Southern Ontario. The instrument
utilizes liquid core waveguides {LCW’s) to achieve part per trillion (pptv) sensitivities. The 3¢
detection limit of the instrument was determined to be 5 pptv. The only interference of note
was NO, and it was quantitatively removed by the subtraction of the signal due to NO,in a

second channel.

The instrument was deployed in Southern Ontario for the measurement of HONO at
three different measurement sites, one urban (Toronto), one forested (Borden) and one semi-
rural (BAQS-Met, Harrow super site). High concentrations of HONO were observed at the urban
site, which was located next to a major highway. These concentrations can largely be explained
by traffic emissions from the highway. While the largest HONO mixing ratios measured were
found at the urban sampling site, high HONO/NO, ratios were observed at the forested site (as
high as 16%, mean=1.9%). The forested site (Borden, Ontario) was a very clean site with mean
NO, concentrations of only 1.5 ppbv. The mean first order conversion rate of NO, to HONO
during the night-time hours at this site was found to be 1.4 x 10 s, two orders of magnitude
smaller than HONO photolysis at midday. Since measurable amounts of HONO were present
during the midday hours this lead to the conclusion that there was a very efficient conversion
process of NO, to HONO in the forested environment. High daytime concentrations of HONO

were also observed at the Harrow supersite during the BAQS-Met campaign. These



concentrations were also well in excess of predicted HONO values using traditional HONO

chemistry,

Analysis of the daytime data from both the forested site and BAQS-Met suggests a
HONO source with a dependence on UV radiation, NO, and H,0 mixing ratio. The data set at
Harrow, a site impacted by different pollution sources depending on wind direction, produced a
variety of apparent rate constants for HONO production in the range of 2.9-7.8 x 10
cm’molec’s?, which suggests that the HONO production was heterogeneous. In contrast at the
forested site at Borden the apparent rate constants varying from only 1.2x10™ to 1.6 x 10"
cm®molec’’s™. These are similar to one reported (but disputed) value for a gas phase process
involving photoexcited NO, in a reaction with water vapour which may yield HONO, but the
small variation in rate is more likely a result of the lack of dependence of the nature of the fetch

on wind direction at Borden.
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1 Introduction

1.1 Nitrous Acid (HONO)

Nitrous acid plays an impoﬁant rb!e in the atmospheric chemistry of the troposphere. It
usually follows a diurnal cycle where the concentration of HONO increases at night and is
destroyed in the morning through photolysis (R 1). The photolysis of HONO results in the
production of the hydroxyl radical and may be the dominant early mofﬁing source of the hydroxyl
radical [Platt et al., (1980); Harris et al., (1982); Lammel and Cape, (1996);.Alicke et al., (2003);

Kleffmann et al., (2005)].

HONO + hu(300 — 400 nm) - NO + OH R1

Reaction 1 can cause a morning spike in hydroxyl radical concentrations, which begins the
oxidation of hydrocarbons. Besides HONO photolysis, OH can be produced by photolysis of ozone
and formaldehyde (followed by the reaction of HO, with NO). it is also a secondary product of the
ozonolysis of alkenes. Table 1 lists the reactions involved in OH production. During the day the OH
production is dominated by O; photolysis however in the morning, O; concentrations (due to loss
by dry deposition during the night) and photolysis rates are low, formaldehyde and nitrous acid
photolysis become the dominant sources. Thus HONO can have a large impact on the morning OH

production rates.



Table 1: Reactions leading to OH production in the troposphere [Finlayson-Pitts and Pitts, (2000)].

Chemical Processes

0 + hv (A < 340 nm) - o('D) + 02(11.\,)
O('D) + H,0 > OH + OH
HONO + hv (A < 400 nm) - OH + NO
HCHO + hv (A <370 nm) = H + HCO
D H+ COX ) |
.'Hv:+:o,.+ MD>HO +M .
'» Hco}bzé) HO, + co

HO, +NO =>O0H+ NO,

Alkene + 0; —) ... > OH + other pfoduéts -

In urban environments night-time HONO mixing ratios can reach several parts per billion (ppbv),
while in rural or remote environments 10’s to 100’s of parts per trillion (pptv) are reached. A
recent study of HONO in a German forest found that 33% of the daytime OH budget was
attributed to HONO, surpassing all other OH formation pathways [Kleffmann et al., (2005)]. Similar
results have been found to be widespread now that very sensitive methods are available. Nitrous
acid also has an indirect effect on other oxidants. A modelling study [Harris et al., (1982)] found
large increases in O; formation earlier in the day when a given amount of HONO was included in
the model. Their study showed that the inclusion of an initial 5 ppbv of HONO led to a given
amount of ozone 45 minutes earlier in the day than when HONO was not included. When 10 ppbv
of HONQ was included, the same ozone level was reached 75 minutes earlier than in the absence

of HONO in the model. While the addition of HONO did not affect the overall ozone maximum,
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which is governed by the overall amounts of NO, and hydrocarbons in the system and is
dependent on whether the regime is NO, or hydrocarbon limited, HONO was found to have a large
effect on the integrated dose of ozone received by an exposed population. The influence of
HONO on oxidants in plumes in less polluted environments has also been investigated [Staffelbach
et al., (1997a); Staffelbach et al., (1997b)]. They determined that while HONO was important to

early morning oxidant formation only small overall changes to OH and O; were found.

Nitrous acid is not only important in atmospheric chemistry, it has been suggested that it
may be harmful to human health or may react to produce products harmful to human health.
Nitrous acid can react with amines to produce carcinogenic nitrosamines (R 2) [Hanst et al.,

(1977); Pitts et al., (1978)].

In addition, chamber studies have shown HONO can adversely affect lung function and tear fluid in
the eye [Rasmussen et al., (1995)]. Studies of HONO in indoor environments have also suggested
that HONO produced from gas cooking appliances could lead to decreased lung function [Jarvis et

al., (2005)].



1.2 Sources of HONO

The sources of HONO in the atmosphere are not fully understood. Measurements indicate
that the sources of HONO have been underestimated [Kleffmann et al., (2005)]. Daytime
measurements of HONO have found concentrations well in excess of what can be explained by

classical HONO chemistry. In this section the current understanding of HONO sources is examined.

Nitrous acid can be formed homogeneously from the recombination of NO and OH and a

third body (R 3).

NO+OH+M - HONO+ M R3
This reaction can be relevant during periods of high OH, however in the absence of other sources
HONO mixing ratios would only be expected to be a few pptv. Another gas phase reaction which
appears to be too slow to produce significant amounts of HONO is the NO, reaction with water

(R4).

NO; + H,0 - HONO + OH R4

NO; + H,0 —» HONO + OH RS
Svensson et al., (1987) found the reaction of NO, with water vapour (R 4) to be too slow in the gas
phase to be atmospherically relevant [Svensson et al., (1987)]. Crutzen (cited in Crowley and Carl,
(1997)) suggested that the reaction might occur more rapidly when NO, is photo-excited (R 5).
Reaction 5 was examined by Crowley and Carl, {1997) using NO, that had been photo-excited to
the red of the dissociation threshold at 432-449 nm and 532 nm. The photoexcited NO; is a mix of
the B?B, and A’B, excited electronic states in addition to the X*A, ground electronic state
[Thornton et al., (2000)]. They determined an upper limit of for the rate constant of 1.2x10™ ¢cm?

molec™ simplying that R 5 is too slow to be relevant under atmospheric conditions. However the



reaction was re-examined by Li et al., (2008) using excitation of the NO, in the region between 560
and 640 nm. Their results showed the reaction proceeding at a rate an order of magnitude larger
than the upper limit reported by Crowley and Carl, (1997). This discrepancy has yet to be
resolved, but if the Li et al., (2008) report is correct, R5 may be very important under some

conditions.

Nitrous acid has been shown to be formed heterogeneously on surfaces in the presence of
NO, and H,O (R 6, R 7) [Lammel and Perner, (1988); Junkermann and Ibusuki, (1992); Ammann et

al., (1998); Barney and Finlayson-Pitts, (2000)].

NO,(g) + NO(g) + H,0(1) -» 2ZHONO(g) R6
2NO,(g) + H,0(1) —» HONO(g) + HNO3(ads) R7
Chamber experiments have also shown HONO production to be first order in NO, and H,0,
[Svensson et al., (1987); Jenkin et al., (1988); Kleffmann et al., (1998)] but independent of NO,
suggesting that R 7 is more important that R 6 in the formation of HONO. While HONO production
from (R 7) is second order in the bulk aqueous phase [Lee and Schwartz, (1981)] as the
stoichiometry suggests, production of HONO from the heterogeneous reaction is found to be first

order in NO, due to limitations by physical mass transfer of the reactant.

Nitrous acid may also be directly emitted from combustion. Several traffic studies have
been performed and the measured ratio of HONO/NO, emitted was found to be between ~0.03-
1.0%.[Kirchstetter et al., (1996); Kurtenbach et al., (2001); Kleffmann et al., (2003)] Some part of
the variability in the measured emission ratios is likely due to differences in automobile fleets
between Europe and North America. Kirchstetter et al., (1996) found the HONO/NO, ratios to be
0.06% in experiments performed in North America, significantly lower than that found by

Kurtenbach et al.,, (2001) in the European fleet which is comprised of a larger number of diesel



engines. Nitrous acid has also been detected by Fourier Transform Infrared Spectroscopy (FTIR) as

an important product of biomass burning (private communication I. Burling. (2009})).

In recent years it has become apparent that there are other daytime sources of HONO.
During the 2003 ECHO study [Kleffmann et al., (2005)] relatively large daytime mixing ratios were
measured under a forest canopy. When compared with modelled data of known classical HONO
chemistry (R 1, R 3, R 6) it was determined that an additional daytime HONO source of
approximately 500 pptv hr'! would be needed to explain the observed concentrations. George et
al., (2005) suggested that production of HONO from the uptake of NO, on organic surfaces
encountered in the troposphere is highly enhanced when the system is irradiated by light between

300-420 nm if electron donors such as phenolic compounds are present.

In experiments performed by George et al., (2005) 4-benzoylbenzoic acid (4-BBA) was
used as the light absorbing species and excited to a triplet state. The 4-BBA then underwent an
electron transfer reaction with the phenol shown in Figure 1. Nitrogen dioxide then acted as an
electron acceptor leading to production of HONO and regeneration of the 4-BBA. The reaction was
performed in a flow reactor coated with the phenol and the absorber molecule, in this case 4-BBA.
Nitrogen dioxide was then introduced to the reactor in a flow of zero air at 20% relative humidity.
The yield of HONO from this reaction using 4-BBA as the photo absorber was found to be very high
(between 80-100% relative to NO,) for NO, mixing ratios between 0 and 20 ppbv, while there was

no yield from the dark reaction. Their proposed reaction is shown in Figure 1.
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Figure 1: Proposed reaction mechanism for the photoreduction of NO, to HONO in the presence of 4-8BA (absorbing
photosensitizer) and substituted phenol {electron donor) [George et al., {2005)].

Other laboratory studies have suggested possible HONO sources from organic surfaces.
Stemmler et al., (2006) suggested photo reduction of NO, on humic acid type compounds could be
a potential surface source of HONO, with the mechanism for the reaction being similar to that of
George et al., (2005). They demonstrated that NO, could be very efficiently converted into HONO
on humic acid surfaces. Humic acids are ubiquitous in soils and while NO, (17 ppbv) reacting on
humic surfaces in the dark yielded only small quantities of HONO (2.5 x 10*® molec cms™), when
irradiated with UV radiation (300-420 nm), HONO formation increased by a factor of 30. Stemmler

et al., (2006) described the mechanism of formation with the following three reactions.



HA+ hv - ARED 4 x R8
ARED 4 x A R9

ARED 4 NO, - HONO+ A’ R 10

The humic acid (HA) has it’s reductive centres activated (A*°) by the UV radiation, (R 8). At this
point two routes are possible, either the centres are deactivated (R 9) or they can react with NO,
to form HONO (R 10). The compound X represents any reducible compound other than NO, that
could inhibit the photolytically excited reductive centres of the humic acid from reacting with NO,.
The analogous reaction on humic acid aerosol was found to be unimportant under most
atmospheric conditions [Stemmler et al., (2007)] as uptake coefficients for NO, were found to

smaller than that for a humic acid bulk sample.

Bejan et al., (2006) suggested a mechanism of HONO production involving photolysis of
ortho-nitrophenols. The proposed reaction is shown in Figure 2. The formation of HONO was
found to be linearly dependant on photolysis light intensity and the reactant concentration.
Nitrophenols can be found in both the gas and liquid phase [Harrison et al., {2005)] and are
produced by direct emission, hydrolysis of pesticides and secondary formation through nitration
of phenols, which can occur in either the gas or liquid phase. Another proposed secondary source
of nitrophenols is the transformation of benzaldehyde under photochemical smog conditions. it is
believed that atmospheric formation accounts for over one-third of the nitrophenols in the
atmosphere and likely a higher fraction in remote regions. Photolysis has been shown to be a

dominant process for removal of nitrophenols during the daytime [Vione et al., (2009)}.

Ndour et al., (2008) found that NO; could efficiently be taken up on mineral dust and

converted into HONO. Mixed TiO,-SiO; Saharan dust and Arizona Test Dust were exposed to NO,



in an illuminated flow reactor (light source 300-420 nm, 24% relative humidity).The conversion
efficiency of NO, to HONO (up to 100%) appeared to vary with the content of TiO, in the dust.
Exposure of 24 ppbv of NO, to a sample of ground Saharan sand (5 wt.% TiO,), irradiated with UV
radiation (300-420 nm) produced an 80% yield of HONO. The exact mechanism of NO, reduction

to HONO on TiO, surfaces is as yet unknown.
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Figure 2: Proposed mechanism of ortho-nitrophenol photolysis to form HONO [Bejan et al., (2006)].



With a large number of important new daytime HONO formation mechanisms proposed in
the past several years, further laboratory and field work need to be done to determine the relative

importance of each, as well as determine any other potential missing sources.
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1.3 Nitrous Acid Loss Processes

The dominant loss process for HONO during the daytime hours is photolysis (R 1). Typical
lifetimes vary from 10 to 20 minutes at midday during the summer months at mid latitude [Stutz
et al., (2002)]. Lifetimes can be significantly extended on heavily cloudy days by the attenuation of

solar radiation.
Nitrous acid may also be lost by the homogeneous reaction with OH radicals (R 11).

HONO + OH - H,0 + NO, R11
This reaction can be important near midday however the rate constant is too small for it to be
competitive with photolysis [Jenkin and Cox, (1987)] accounting for at most 10% of the total loss

rate. Nitrous acid may also be lost by the gas phase self reaction (R 12) [Kaiser and Wu, (1977)].

HONO + HONO - NO, + NO + H,0 R 12
While R 12 may be relevant during laboratory experiments, where HONO concentrations are high,

it is not significant under atmospheric conditions [Kaiser and Wu, (1977); Mebel et al., (1998)].

In addition to the loss of HONO due to homogeneous reactions in the atmosphere, it may
also be lost to dry and wet deposition. Dry deposition has been observed over grass surfaces,
[Stutz et al., (2002); Harrison and Kitto, {1994); Harrison et al., (1996)]. Stutz et al., (2002)
estimated the deposition velocity of HONO to be 0.3 cm s™ from gradient measurements using
DOAS over a grass surface. Nitrous acid uptake by cloud water has also been shown to be an
important sink [Cape et al., (1992)] or at least a reservoir [Cape et al., {1997)}] making the
measurement of HONO during foggy conditions challenging. Increased moisture on sampling inlet
surfaces makes HONO measurement difficult due to artefact formation under conditions of high
liquid water content (private communication M. Sorgel University Bayreuth, 2008). While HONO

11



can be lost to deposition, deposition of NO, on plant stomata has also been suggested as a
possible daytime source of HONO. However, laboratory studies indicate that HONO uptake on
plant stomata [Schimang et al., (2006)] is a net loss process. Many types of plants quickly
metabolize the NO, produced when HONO is taken up, creating a net sink. The uptake of HONO
by plants also appears to have a negative effect on their photosynthetic ability. Experiments
performed specifically on the Scots Pine [Sakugawa and Cape, (2007)] under conditions simulating
an urban environment showed a negative effect on the photosynthetic ability of the pine needles

caused by both HONO uptake onto the needles and OH oxidation from HONO photolysis.
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1.4 Nitrous Acid measurement techniques

Nitrous acid in the atmosphere was initially unambiguously measured by Perner and Platt

in the late 1970’s using differential optical absorption spectroscopy (DOAS) [Platt et al., (1980);

Perner and Platt, (1979)]. Since that time, numerous techniques have been developed to measure

HONO. Table 2 outlines the various techniques, investigators and detection limits achieved by

their technique.

Table 2: List of techniques for measuring HONO with detection limits.

Technique Gas Phase Detection Reference
or Liquid Limit (DL)
Sampling
DOAS Gas Phase -~ 2100 pptv Platt et al., (1980); Harris et al., (1982);
‘ . (pathlength = Ahcke et al., (2003); Stutz et al., {2002);
 dependant) Perner and Platt, (1979); Stutz et al.,
Co . (2000), Alicke et al, (2002), Stutz et aL, A
- : R " (2004) - -
Tunable Diode Laser Gas Phase 500 pptv, Schlller et al., (2001); Li et al., (2008)
Absorption Spectroscopy 200 pptv
(TDLAS) | |
‘ Long Path Absorption. Liquid -~ . . :21ppty Heland et al (2001); Kleffmann et aI
Spectroscopy (LOPAP) Sampling -~ =~ ©o(2002)
Photofragmentation Laser Gas Phase 10 pptv Rogers and Davis, (1989), Liao et aI (2006-
induced Fluorescence (PF-LIF) 05-10); Liao et al., (2006)
Chemical lonization Mass Gas Phase 60 pptv Longfellow et al., (1998); Hirokawa et al., K
Spectrometry (CIMS) . - R ’ " {2009) - ' R
Cavity Ringdown Gas Phase ~1 ppbv Wang and Zhang, (2000}
Spectroscopy 7
2,4-Dinitrophenylhydrazine Liquid <5 pptv Zhou et al., (1999)
(DNPH) Derivitization HPLC  Sampling
Measurement ' ‘ )
Denuder Sampling IC Liquid 1-10 pptv Genfa et al., (2003); Febo et al., (1995b);
Measurement Sampling Vecera and Dasgupta, (1991)
Proton Transfer Mass Gas Phase ~100 pptv Wisthaler et al., (2003)
Spectrometry (PTR-MS)
SA/NED HPLC Measurement Liquid 1 pptv Huang et al., (2002); Wall et al., (2006)
Sampling
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The most established of the techniques for measuring HONO is Differential Optical
Absorption Spectroscopy. It has excellent selectivity and since it is open path it is free of sampling
artefacts. The main limitation of DOAS is its sensitivity, with a detection limit of ~ 100 pptv. The
high detection limits make ambient measurements possible only at night-time and in polluted
urban environments, as daytime HONO mixing ratios in non-urban environments are typically

below the DOAS detection limit.

Tunable Diode Laser Absorption Spectroscopy (TDLAS) has been used successfully on two
occasions to measure HONO. Like DOAS, the usefulness of TDLAS is limited by detection limit
2200 pptv [Li et al., (2008)]. Schiller et al., {2001) also noted that sampling lines need to be used,
leading to possible artefact formation. Cavity Ring Down (CRD) is a spectroscopic technique which
has recently been tested in the laboratory [Wang et al., (2007)]. Detection limits attained were

only ~1 ppbv, limiting the usefulness of CRD to highly polluted environments.

In addition to the optical ébsorption‘tec‘hniques discussed above, laser induced
fluorescence has also been employed as a technique to measure HONO. The technique involves
photolysis of HONO and measures.OH by laser induced fluorescence, resulting in an excellent
detection limit of a few pptv [Rogers and Davis; (1989); Liao et.al., (2006)]. The technique does
however suffer the shortcoming of using.a 282 nm excitation laser-which can also phootolyze Os.
The O'D product can then react with water to form artefact OH. This interference limits the
usefulness of the technique torégions with low: humidity such'as polarenvironments or the upper
troposphere.. Changing the probe:-beam wavelength to 308 nm has been suggested as a method -

for decreasing the O; interference.

‘Chemical lonization Mass Spectrometers (CIMS):and Proton-Transfer Mass Spectrometers

(PTR-MS)-have been successfully used to measure:HONQO: Proton-Transfer Mass Spectrometry is a
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‘technique that-uses HsO' as the ion'source: When used in conjunction with a Selective lon Flow:
Drift Tube (SIFDT) the detection limit of the tgchnidde was found to be~100 pptv measured as NO*
[Wisthaler et al., {2003)]. Chemical lonization Mass Spectrometry (CIMS) measurements of HONO
have been performed in the laboratory using an SF;,"reagen't ion, to measure HONO solubility
[Longfellow et al., (1998)]. A recent laboratory. study has also shown SO,CI’ tobea suitable
reagent ion for the atmospheric measurement of HONO with reported détectionlimits of 60 pptv

[Hirokawa et al., (2009)].

Liquid sampling techniques have become common for ineasurement of HONO where
HONO is stripped from the gas phase and is detected as NO,' iri solution. Denuder lon
Chromatography (IC), High Pressure Liquid Chromatography (HPLC); and Long Path Absorption
Photometry (LOPAP) measurements all detect HONO as NO, . The denuder IC systems rely on the
solubility of HONO (and other acidic gases) in a neutral or alkaline solution on the surface of the
denuder. This liquid is collected and pre-concentrated using a column to assure a suitable
detection limit. The NO, ion concentrations are then analyied-'by ion chromatography. Unlike the
IC-technique, in the HPLC system NO, is not measured directly. HONO is sampled ina neutral or
alkaline solution as with denuder technique fqllowea by dgrivitization of the,NO;’ into a
compound such as an azo dye which can be measured by the HPLC's UV/VIS de';ector. Both
chromatographic detection systems suffer from varying interferences such as NO, which can react
with the sampling solutions to form HONO. The LOPAP is another liquid sampling technique and

will be discussed in detail in the next section.
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2 Long Path Absorption Photometer (LOPAP)

The long path absorption photometer (LOPAP) was developed in the Kleffmann group at
the University of Wuppertal, Germany [Heland et al., (2001); Kleffmann et al., (2002)]. it is a liquid
scrubbing technique that relies on the reaction of NO, in solution with sulfanilamide (SA) to form
a diazonium ion, which can then be reacted with 1-napthylethylene-diamine (NED) to form a

highly absorbing azo-dye (Figure 3).

SOz._NH2 SOZ—NHZ

NH, N=N'

Sulfanilamide Diazonium fon

(SA)
NHCH,CH,NH,
$0z2——NH,
NHCH,CH,NH,
+ — V— ] + HC!
N==N' a
N n-(1-naphthyl)ethylenediamine
Diazonium lon -dihydrochloride (NED)
HzN'—_ SO;
Azo Dye

Figure 3: LOPAP chemistry that converts NO, (aq) into an azo-dye.
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This dye can then be measured by photometry using a UV/VIS light source and a spectrometer as

its absorption follows Beer’s Law (Eq. 1).

I (Eq. 1)
ABS = log(ﬂ‘-‘—"iﬂr—"ﬂ’f’—) —k, xIxc
abs

The background intensity (lackerouna) i the measured light intensity with no absorber
present while I,y is the intensity in the presence of the absorber. The log of the ratio of the two is
linearly related to the concentration (c) of the absorber. The slope will be equal to the product of
the wavelength dependant absorption coefficient ky, and the pathlength (1) the light travels
through the absorber. The absorption coefficient (k) for the azo dye is 5x10* L mol’’cm™ at the

absorption maximum, 544 nm [Grasshoff et al., (1983)].

When performing a traditional Beer’s Law experiment a blank measurement is performed
to account for any absorption by materials other than the absorber. In the LOPAP application a
reference wavelength is used so that a blank measurement need not be taken for each
measurement. The intensity of light at a second wavelength is measured simultaneously with that
at the absorption wavelength. The absorption wavelength used in the LOPAP experiment is
between 544 and 590 nm, while a reference wavelength of 710 nm is used where the absorption
cross section is ~0. Since the starting materials used to form the azo dye also absorb slightly at
544 nm a constant is added to the equation. This yields (Eq. 2) where !, was the intensity at 710

nm and |, is the intensity at 544 nm.

(Eqg. 2)

I
ABS = log (Iref) = k; X I X ¢ + log(const.)
abs

The value of the constant is dependent on the batches of SA and NED. Therefore a background

measurement of the starting material must be performed whenever a new batch is used.
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As with any absorption technique lower detection limits can be achieved by increasing the
pathlength. The LOPAP technique uses a liquid core waveguide to increase the pathlength, which

will be discussed in detail in the following section.
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2.1 Liquid Core Waveguides

The use of liquid core waveguides (LCW) as absorption cells can increase the sensitivity of
an instrument by orders of magnitude due to the increase in pathlength. A LCW is effectively an
optical fibre with a liquid core and like an optical fibre it relies on total internal reflection [Dress
and Franke, (1996); Diemer et al., (1997); Gooijer et al., (1998); Dress et al., (1998); Dasgupta et
al., (1998); Belz et al., (1998); Manor et al., (2003); Dallas and Dasgupta, (2004); Altkorn et al.,
(1997); Dress et al., (1998)]. An optical fibre consists effectively of two parts, a core (typically glass
or polymer) and a cladding. The cladding needs only to be thick enough to provide the desired
isolation for the necessary application. In order to achieve total internal reflection Snell’s law must

be satisfied [Hecht, (1998)].

B. = cos™1 [—C-] (Fa-3)
Light will undergo total internal reflection when going from oné medium (refractive
index=n.) to another (refractive index=n¢} with an angle (B) which is less than the critical angle (f.).
The angle is measured with respect to the axial direction of the core. For a LCW the refractive
index of the cladding (n;) must be less than that of the core (ny). This is particularly challenging
when using an aqueous core since water has a low refractive index (n,) equal to 1.33. Thus
requiring n. to be <1.33. Teflon AF 2400 is typically used in these applications as it has a refractive
index of 1.29, allowing for total internal reflection with an aqueous core [Dallas and Dasgupta,
(2004)1. For a LCW made with Teflon AF and an aqueous core the critical angle is 14.1°, meaning
total internal reflection will occur for all angles less than 14.1°. Teflon AF can either be formed into
capillaries by itself or can be coated on the inside or outside of glass tubing. The Teflon AF

capillary is cut to give the desired pathlength for the application. In the case of the LOPAP a 2
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metre pathlength was chosen. A schematic showing the theoretical light transmission through a

LCW is shown in Figure 4.

tefloncoating glass tube wall
\(n=1.29) / @=151) g2

,' water glass fiber
(n=1.333)
|

Figure 4: Schematic taken from Dress and Franke, {1997) showing the theoretical transmission of light through a
liquid core waveguide.

Dress and Frank, (1997) use this simple model to divide the waveguide into three
important geometric regions. These are, the in-coupling region with the characteristics Zgs ,Wos ,B,
0, the middle region of the LCW with the parameters Z, s ,W,, 8 and the out coupling region with
the parameters Z,5, W, ,B, 6 . in all three regions Z defines the length of the region with the sum
of all three equal to Z,cw, the overall length of the waveguide; W refers to the length of a ray in
that particular region before it reflects off the surface of the waveguide; 8 is the angle of -
reflection, between the ray of light and a line perpendicular to the surface of the waveguide; B is
the angle between the propagating ray of light and the centre of the in-coupling or out-coupling

glass fibre.

20



2.2 LOPAP in Operation

The LOPAP instrument used in this work was a homebuilt version of the instrument
described by Heland et al., (2001). The instrument is composed of two sections, a sampling unit,
and a detection unit. The sampling section is composed of two glass coils (17 cm of glass each) in
series, one for each channel. A 0.06 M SA solution is pumped to and from each coil at a flow rate
of 0.4 mL min™ using an ISMATEC roller pump. Air is pulled through the coils at a flow rate of 1 L
min. No liquid is carried from channel 1 to channel 2. The liquid is quantitatively pumped from
the coil to the debubbler where any small air bubbles are separated from the liquid. The process
in channel 2 is identical. 1t was shown in this work that nitrous acid is sampled nearly
quantitatively in the first channel (99%). Other slightly soluble species are sampled in both
channels with the interference in the 1* channel removed by the subtraction of the signal in the
2" channel. The interferences will be discussed in a later section. The diazonium ion is formed
from reaction of the HONO with the SA. Once the diazonium ion is formed, the solution is pumped
through the debubbler and is mixed with a 0.2 mM solution of NED, (also pumped at 0.4 mL min™
using the ISMATEC roller pump) where it forms the azo dye. The azo dye is pumped from each

channel into separate liquid core waveguides (LCW).

The optical fibres were connected to the LCW’s using PEEK HPLC tees. The bare optical
fibre (OF) was fed straight through the tee, using PEEK tightening sleeve (TS) to ensure an effective
seal, iﬁto the Teflon AF tubing (CT). The liquid was pumped in through the top of the tee using
standard PEEK tubing (PT) and flowed around the bare fibre (OF) into the Teflon AF waveguide

(TAF) as shown in the Figure 5.
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Figure 5: Diagram of liquid and light input for a Teflon AF 2400 liquid core waveguide. The abbreviations are as
follows OF is the optical fibre, TS is a tightening sleeve around the fibre to ensure a seal. PT is standard 1/16” PEEK
tubing for carrying the liquid. TEE is a standard 1/16” PEEK HPLC tee. TAF is the liquid core waveguide.

The numerical aperture (NA) of the bare fibres was matched to that of the Teflon AF (0.22) to
minimize light losses. The fibres carrying light from the LCW’s to the spectrometer were set up in

an identical manner.

Initially the LCW’s used were made from Teflon®™® AF 2400 capillary tubing similar to the
original Heland et al., (2001) instrument. However the Teflon AF 2400 LCW’s posed a problem.
Since the azo dye was in direct contact with the Teflon, adsorption of the dye to the surface over
time became a problem. After a period of use the adsorption of the dye to the surface significantly
reduced the amount of light transmitted in the absorbing region of the azo dye. This had a
negative effect on instrument sensitivity and stability, reducing the benefits of the extra
pathlength provided by a LCW. It was decided that for durability, these LCW’s would be replaced

in favour of a glass lined LCW. The LCW’s used were Liquid Waveguide Capillary Cells from World
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Precision Instruments [Belz et al., (1999)]. In this LCW a quartz capillary is coated in Teflon AF so
that the dye does not come into contact with the Teflon. This prevents the Teflon from dirtying,
and eases the cleaning process. A schematic of the LWCC core and cladding is shown in Figure 6

taken from D'Sa et al., (1999).

Amorphous polymer cladding (n,=1.31)

Quartz (n,=1.46)

Seawater (n,=1.339)
Freshwater (n,=1.330)

light

Figure 6: Schematic of WP LWCC, showing internal reflection inside the cell. The refractive index of the Teflon
cladding is 1.31 instead of 1.29 as the Teflon used by D’Sa et. al. (1999) was Teflon AF 1600.

The light source for the LOPAP is a LS-1 tungsten halogen lamp from Ocean Optics. Light from the
lamp is directed into the two LCW’s using a pigtailed Y optical fibre (Ocean Optics, 600 um,
NA=0.22). The output light is directed from each channel using two optical fibres (Ocean Optics,
600 um, NA=0.22) into a two channel mini-CCD spectrometer (52000) from Ocean Optics. The
$2000 contains a high-sensitivity 2048 element linear CCD array. The usable detector range is
between 350-1000 nm. The spectrometer had a slit width of 50 um and a resolution of 1.5 nm.
The analog-to-digital converter for the spectrometer was an Ocean Optics ADC1000-USB, which
allowed the spectrometer to be connected to a>laptop using a simple USB cable. The spectrometer
is controlled using Ocean Optics OOIBase32 spectrometer software. Spectra are recorded on a

laptop PC and analysed. A schematic of the instrument is shown in Figure 7
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Figure 7: Schematic of LOPAP instrument. Glass is shown in magenta, PFA tubing is shown in blue, input optical fibres
are shown in green, output optical fibres are shown in red.
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The instrument is calibrated using either a liquid nitrite standard or by using a gas phase HONO
calibration source, the same source used by Wall et al., {2006) and first described by Febo et al.,
(1995a). The gas phase source uses humidified HCI gas which is passed over a bed of solid sodium

nitrite giving a quantitative production of HONO from the HCI (R 13).

HCl(g) + NaNO,(s) — NacCl(s) + HONO(g) R13

The gas is humidified since the reaction will only proceed in the presence of water vapour [Febo et
al., (1995a)]. Under dry condition the outside of NaNO, crystals becomes coated with NaCl
preventing the reaction from continuing. The stability of the HONO generation system is
dependent on the relative humidity since at high relative humidity deliquescence is a problem.
Under typical operating conditions the relative humidity of system is ~60%. The LOPAP instrument

demonstrated excellent linearity as can be seen from the gas phase calibration curve (Figure 8).
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Figure 8: LOPAP calibration curve. The coefficients b and a are the slope and y intercept {respectively) of the fit of
each line.

As stated earlier, the scrubbing efficiency of the instrument was found to be 99%. Since the
scrubbing was quantitative, calibrations by either a liquid standard or gas standard are equally
quantitative. During field experiments a liquid calibration was used due to the relatively
complicated nature of the gas calibration system. The relative uncertainties for each channel are
calculated from the sum of uncertainties of the gas flow rate, the liquid flow rate, and the
uncertainty of the slope of the calibration fit. The total uncertainty is ~10%. The detection limit is
calculated as three times the standard deviation of the measurement of the signal resulting from
the absorption of the starting materials, (equivalent to the intercept of the calibration curve). It is
typically 5 pptv. The absorption signal due to the starting materials (SA and NED) is obtained by

performing background measurements sampling a flow of zero air with no HONO present.
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2.3 Interferences

Interference tests were undertaken as part of the validation process of the instrument.
During these interference tests all tubing was kept as short as possible to minimize the potential

of artefact HONO formation and to eliminate potential interferences.

NO,: The interference resulting from NO, was closely studied since it has been found to be an
interference with other wet chemical methods [Huang et al., (2002)]. NO, calibration gas (2 ppmv
in Ny, B.O.C.) was diluted with zero air and sampled with the LOPAP sampling coil. The
interference was found to be 0.05 + 0.03% per channel, in good agreement with Heland et al.,
(2001), who determined a per channel interference of 0.06 + 0.02%. NO, is only slightly soluble
(Hno2=0.014 M/atm at 298 K, [Cheung et al., (2000)], while Huono is 49 M atm™ at 298 K, [Park and
Lee, (1988)] ). NO, is therefore sampled equally in both scrubbing coils. The signal from channel 2
is thus simply subtracted from channel 1 to correct for the effect of NO,. In a typical case of 10
ppbv NO,, and 100 pptv of HONO (1% HONO/NO, ratio) the NO, interference would result in a per
channel interference that is roughly equivalent to 6 pptv of HONO. The first channel of the LOPAP
would measure the signal equivalent to 106 pptv HONO (HONO+NO,) while the second channel
would measure a signal corresponding to 6 pptv of HONO. In an extreme case, for example 500
ppbv of NO,, it would result in an equivalent signal of 300 pptv of HONO per channel. If one
considers a low real world HONO/NO, ratio at that concentration of NO, e.g. 0.5%, the LOPAP
would still be measuring 2.5 ppbv of HONO in the first channel. Thus the signal in the first channel
would be equivalent to 2.8 ppbv of HONO (89% of which is due to HONO) and the signal in the

second channel would be equivalent to 0.3 ppbv HONO.
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NO: The pure NO interference was measured by diluting an NO calibration gas (2 ppmv in N,
B.0.C.) in zero air and sampling the diluted flow with the LOPAP. The true interference (channei 1

— channel 2) was found to be < 0.006%.

0s: Ozone mixing ratios were examined between 10 and 100 ppbv. Ozone was generated from
zero air using a UV light source in a flow tube and measured with an O; analyser. The true

interference was found to be < 0.004%.

HNO;: Nitric acid was examined as a potential interference. Solutions of aqueous HNO; (Sigma
Aldrich) equivalent to up to 150 ppbv were pumped into each channel of the LOPAP sampling coil

sampling coil. No signal above that of the background was observed.

0; + HONO: The interference due to O; + HONO was examined by producing O; as discussed
above and mixing it with HONO produced from the gas phase source discussed in the previous
section. The tests were performed to determine if the presence of O; would result in a negative
HONO interference. The interference was found to be negligible as there was no discernable

difference between this signal {with the ozone present) and the signal from pure HONO.

NH3: Ammonia (Sigma Aldrich) was analysed as a potential interference. Liquid ammonia samples
equivalent to several ppbv of ammonia were mixed with each channel of the LOPAP. The
interference was found to be negligible as the signal produced was below the detection limit of

the instrument.

Organics: Three organics, acetone, formaldehyde and benzene were also examined as potential
interferences. The liquid organics were individually mixed in the LOPAP sampling coils at

concentrations equivalent to up to 5 ppbv. The resuiting signals from formaldehyde and acetone
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were below the detection limit of the instrument while the signal from benzene yielded an

interference of <0.008%.

Other interferences have been examined by other groups such as PAN, ethane, toluene
and n-butane [Heland et al., (2001)] and were found to be negligible in all but the most polluted of

conditions. A summary of the interference tests in this work can be found in Table 3.

Table 3: List of measured LOPAP interferences using a gas flow rate of 1L/min and a liquid flow rate of 0.4 mL/min.

Component Interference (channel 1- channel 2)

CeHe <0.008%

ection limit
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2.4 Particulate Nitrite

One of the issues when using liquid sampling for HONO measurement is whether or not
particles containing nitrite are detected as well as gas phase HONO. Measurements of HONO
where filters are used have been found to be unreliable due to artefact HONO formation on the
filters and other surfaces [Gutzwiller et al., {2002); Zhou et al., {2002)); Kleffmann et al., (1998)]
and so it is not possible to simply use a filter to remove the particles from ambient air. According
to Broske et al., (2003) and Kleffmann et al., (2006) the LOPAP did not sample particles and only
measured gaseous HONO. It was unclear however whether or not there was in fact any nitrite on
the particles measured in those studies, (in a private communication with J. Kleffmann he stated
there was nitrite on the particles). While particulate nitrite was not believed to be an interference
Kleffmann et al., (2006) suggested that the lack of interference might not hold true for particles
smaller than 50 nm in diameter due faster diffusion of these particles or for particles larger than 1
um due to impaction. While Kleffmann et al., (2006)suggested smaller particles may be an
interference, they believed the particle interference would be corrected by the second LOPAP

channel.

A comparison of some LOPAP field measurements with those of an Ambient lon Monitor
lon Chromatograph (AIM-IC URG 9500) belonging to the group of Professor J.G. Murphy of the
University of Toronto was performed as part of this work during the BAQS-Met study. The AIM-IC
draws air in through a PM-2.5 sharp-cut cyclone at a volumetric-flow cqntrolled rate of 3 L min™ to
remove the large particles from the air stream. The sample is then drawn through a Liquid
Diffusion Denuder where acidic gases are removed. In order to achieve high collection efficiencies,
the particle-laden air stream next enters the Aerosol Super-Saturation Chamber to enhance

particle growth. An Inertial Particle separator collects these enlarged particles, which are then
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injected into an lon Chromatograph [Dionex URG 9000A. (2009)]. The HONO measurements of
the AIM-IC and LOPAP were compared to check the agreement of the two instruments. Figure 9
shows that there was little correlation between the HONO measurements performed by LOPAP
and those for gas phase (Total NO, -particle NO;) HONO of the AIM-IiC. When the LOPAP HONO
measurements were compared with the measurements of sum nitrite [particulate NO,+HONO] a

significantly stronger correlation was observed, (Figure 10).
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Figure 9: Plot of the correlation between AIM-IC HONO measurement and LOPAP HONO measurement.
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Figure 10: Correlation of LOPAP HONO and AIM-IC sum nitrite data.

Based on this, it appeared possible that LOPAP may be sampling particle nitrite as well as gaseous
HONO. However, it should be noted that at this time gas phase calibration of the AIM-IC has not
been performed and the collection efficiency of gaseous HONO was unknown, thus at the time the
measurements were performed the AIM-IC had not been rigorously tested. It is likely that HONO is

passing through the denuder and appearing as “particle nitrite”.

To investigate the effect of NO, particles on gas phase HONO measurements, particles of
various sizes were sampled by the LOPAP instrument in the lab. Sodium nitrite aerosols were
produced using a variety of sodium nitrite solutions and a nebulizer. Particles were size selected
using a differential mobility analyser (DMA). An initial qualitative experiment was performed
where a solution of NaNO, was nebulized and size selected to 5 nm using a DMA. The number

density of the particles was 2x10° cm. The sampling of particles this size in the atmosphere might
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be irrelevant since they do not contain a significant mass fraction of the aerosol. Figure 11 shows a
time series of the apparent HONO mixing ratios showing that particulate nitrite is being taken up

by the first channel of the LOPAP.

1500

1000 —

Apparent HONO (pptv)

500 —

P v SN P

1050 1100 1150 1200 1250 1300 1350
Time (s)

Figure 11: A plot of a nitrite particle interference test with the LOPAP. Sodium nitrite particles, size resolved to 5 nm
in diameter, were measured with the LOPAP. The shaded region shows the period of time where nitrite particles
were sampled. For the rest of time room air was sampled. The apparent HONO signal from channel 1 is displayed in
red, while the signal from channel 2 is displayed in blue.

Uptake of the particles was nearly quantitative in the first channel (shown in red), with only a
small amount of breakthrough to the second channel (shown in blue). This contradicts the
suggestion by Kleffmann et al., (2006) that particles smaller than 50 nm taken up by the LOPAP
would be corrected by the second channel, i.e. the particles would be sampled equally in each of
the two LOPAP channels. Filter experiments (using a 100 nm filter) were performed in order to

determine if a filter would be to remove particle nitrite from a flow. Figure 12 shows an
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experiment where a flow of NaNO, particles (500 nm, number density 2x10° cm™) where removed

by a filter. A time series is shown in Figure 12.
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Figure 12: Time series of raw un-averaged signal as a result particle nitrite with and without a filter. The time required
for the complete drop in signal is a result of the residence time of sampled nitrite in the LOPAP. The shaded area
shows the LOPAP signal generated while sampling a NaNO, particle flow with no filter present. The area with the
white background shows the LOPAP signal after a filter was placed in front the LOPAP’s sampling coil.

When the filter was placed in front of the LOPAP’s sampling coil, denoted by “filter on” in Figure
12, it was able to remove the NaNQ, interference. These experiments were performed with

NaNO, particle flow in zero air only. There was no NO, present during these experiments.

Since it was apparent that the LOPAP could measure particle nitrite when there was no
filter present, further experiments were undertaken using the York University smog chamber. The
impetus for this was twofold, 1). To determine whether or not the signal due to particles and the
signal due to HONO could be separated and 2) To potentially determine HONO uptake on a variety
of particles. Initial experiments using only zero air in the dark chamber showed consistent

background amounts of HONO in the 10’s of pptv’s. When the experiment shown in Figure 13 was
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performed, the chamber had been flushed with zero air for more than a week prior. The
concentration of NO, was below the detection limit of the NO, chemiluminescence detector.
When the chamber lights were turned on there was a dramatic increase in HONO signal. Nitrous
acid was believed to be desorbing from the chamber walls as the temperature increased. Chamber

walls have been shown to be a source of HONO in other studies as well [Rohrer et al., (2005)].
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Figure 13: A time series of the LOPAP measurement of HONO from the York University Smog Chamber after flushing
with zero air.

Experiments were then performed using the chamber to determine if filters would be effective for
removing the nitrite signal in the presence of NO,. .The chamber lights were also turned on which
generated HONO as shown in Figure 13. Using a calibration tank of NO,, 20 ppbv of NO, was put
into the chamber to act as an additional source of HONO. A flow of NaNO, aerosol (>500 nm in
diameter, size selected using a DMA) put into the chamber and the NaNO, particle NO,/HONO

mixture was sampled by the LOPAP with and without a 500 nm filter in front of the sampling coil.

Figure 14 shows the signal with and without the filter
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Figure 14: Time Series of HONO signal with and without a filter in the presence of particulate NO, and NO,.

The signal when the filter is off denoted by “Filter Off”, is due to the sum particulate nitrite and
gas phase HONO from the chamber. The signal when the filter is on denoted by “Filter On”, in
front of the LOPAP should only be due to the gas phase HONO; however, the signal is a factor of 2
larger than that without the filter. This indicates that artefact HONO is being formed on the filter,
consistent with other studies [Gutzwiller et al., (2002); Zhou et al., (2002)); Kleffmann et al.,
(1998)] making it impossible to distinguish between particulate nitrite and gas phase HONO by this
method. This interference generated by the filter made it impossible to perform further

experiments to determine whether HONO would be taken up on particles using the existing

LOPAP.
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While the particulate NO, sensitivity is clearly a problem in the laboratory setting it is
unlikely to have a large effect on ambient measurements of HONO. The likelihood of finding a
large fraction of the sum nitrite (HONO+NO;') in the particle phase appears to be low [Lammel and
Cape, (1996)]. The solubility of HONO is pH dependant, requiring an alkaline particle for
quantitative uptake [Park and Lee, (1988); Gutzwiller et al., (2002); Lammel and Cape, (1996)].
The anthropogenically influenced atmosphere is generally more acidic [Lammel and Cape, (1996)]
and HONO (pK,=3.25) will not be taken up by an acidic particle. While the potential exists for
uptake on neutral or alkaline ice or snow, it seems unlikely this would be a significant problem

under most measurement conditions.

Comparisons of the LOPAP technique with a well established DOAS system, which is
totally insensitive to particulate NO;', have been performed by other groups [Kleffmann et al.,
(2006)] under heavily polluted conditions (daytime HONO mixing ratios of >200 pptv). The
correlation between the LOPAP technique and DOAS was 0.987+0.015. The LOPAP technique has
also been .validated against the DOAS during two separate smog chamber experiments yielding

correlations of 0.99877+0.0003 and 0.978710.013 [Kleffmann et al., (2006)}.
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Figure 15: Correlation of LOPAP and DOAS data taken from smog chamber studies Kleffmann et al., (2006).
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The effects of particulate nitrite are expected to be of minor importance in ambient
measurements, although further comparisons with non chemical measurement (e.g.
spectroscopic) methods would be valuable to further confirm this. Since filters were clearly shown
to produce artefact HONO during chamber studies, no filters were used during ambient

measurements.
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3 Atmospheric Measurements

Ambient HONO concentrations were measured at three different types of sites: one
urban, one forested, and one agricultural. All of the sites were located in Southern Ontario. It was
expected that the urban site would be dominated by direct emissions of HONO from combustion
sources, predominantly automobile engines, while the forest and agricultural sites would be
dominated by secondary production. Figure 16 is a satellite image showing the locations of the
sites. The urban sampling site was near Highway 401 in Toronto. The forested sampling site is a
rural site located in a forested section of Canadian Forces Base Borden, and the agricultural site

was located on the property Agriculture Canada’ s Harrow research station in Harrow, Ontario.
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Figure 16: Map of locations of Southern Ontario sampling sites using Google Earth.
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3.1 Urban Site - Toronto

Measurements at an urban site were performed at the Ontario Ministry of the
Environment (OME) measurement station at 125 Resources Road Toronto, Ontario (43.709528°, -

79.543324°). An overhead image of the site is shown in Figure 17.

Gl X ’»::25\?

Figure 17: Overhead image of the Toronto sampling site using Google Earth.

Measurements were performed between February 15 and March 15, 2007. Directly north
of the measurement site is highway 401. Highway 401 is one of the busiest highways in the world
where 24 hour traffic volumes can exceed 370,000 automobiles on most days [Ontario Ministry of

Transportation. (2009)]. It is 16 lanes wide in the section directly north of the measurement site,
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thus it is a large pollution source. It is expected that the majority of the HONO measured would be
a result of direct emission or of HONO formation directly after emission of exhaust from

automobiles.
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3.1.1 Instrumentation at the Urban Site

The LOPAP was located in the main garage of the OME building. The main garage is a
North West to South East oriented building. The sampling coil of the LOPAP was mounted against
the wall with a PFA tube 20 cm in length running through a hole in the East facing wall for air
sampling. The LOPAP used a gas sampling rate of 1 L min™ and liquid flows (both SA and NED) of
0.4 mL min™. The measured data was averaged for five minutes and the detection limit of the
instrument was determined to be 5 pptv calculated as three times the standard deviation of the
absorption of the starting materials. The Ontario Ministry of the Environment measures NO,, Os,
PM 2.5, and standard meteoro'logical data on regular basis at this site. Their data was used during
this study. The NO, and O3 measurements were performed using air sampled through a glass
manifold on the roof of the building. This manifold was not used for the measurement of HONO
since it has been shown that HONO can be produced on the surface of these types of manifolds

[Zhou et al., (2002)].
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3.1.2 Urban HONO Measurements

A time series of the HONO mixing ratios measured by the LOPAP and of all of the
measurements performed by the Ministry at the Toronto site is shown in Figures 18-22. They are
broken into five periods of HONO measurement over the course of the study, a result of restricted
site access. The uncertainties in the HONO measurements are calculated from the sum of
uncertainties of the gas flow rate, the liquid flow rate, and the uncertainty of the slope of the
calibration fit. The total uncertainty is ~10%. High concentrations of HONO were observed
throughout the study. Mean values over the course of the study were 232 pptv. The maximum
observed mixing ratio was 1.6 ppbv. Diurnal profiles were not often observed over the course of
the campaign. The third period of the campaign (February 26™-March 3™) was the only continuous
period where night-time maxima were observed. The noontime maximum of Jyono ON sunny days
during the campaign is estimated to be ~0.8 x 10” s based on UV measurements made by
Environment Canada several kilometres North East of the site. The maximum is 40% lower than
expected during the summer months. Photolytic data was not available at the site throughout the
campaign making it impossible to accurately assess any daytime production of HONO. The study

periods were characterized by mostly gray cloudy skies during the daytime.

During all five time periods there was a rise in HONO, NO, and PM 2.5 loading during the
morning rush hour period (06:00-10:00). Evening rush hour peaks were not always discernable
from the HONO data as concentrations would continue to rise from late afternoon into the night-
time hours. The rush hour peaks were not always apparent in the NO data due to the rapid
oxidation of NO to NO; in the presence of large amounts of Os. A high variability in HONO data
was observed during several periods of the campaign. While it is likely that this is a result of the
proximity of the highway it is discussed further in the next section.
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Figure 18: Measurements of HONO, NO, NO,, O;, PM 2.5, temperature, wind speed and wind direction between 15:00
on February 15 and 15:00 on February 16, 2007.
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Figure 19: Measurements of HONO, NO, NO,, O;, PM 2.5, temperature, wind speed and wind direction between 12:00
on February 20 and 13:00 on February 23, 2007, (gridlines occur at midnight).
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Figure 20: Measurements of HONO, NO, NO,, O3, PM 2.5, temperature, wind speed and wind direction between 12:00
on February 26 and 00:00 on March 2, 2007 (gridlines occur at midnight).
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Figure 21: Measurements of HONO, NO, NO,, O3, PM 2.5, temperature, wind speed and wind direction between 12:00
on March 6 and 13:00 on March 9, 2007 (gridlines occur at midnight).
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Figure 22: Measurements of HONO, NO, NO,, O3, PM 2.5, temperature, wind speed and wind direction between 12:00
on March 12 and 12:00 on March 15, 2007 (gridlines occur at midnight).
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3.1.3 High Variability HONO Data

On the evening of February 20th and the night of the 22"%/ 23" a large amount of
variability in the HONO data set was observed. During the late afternoon and early evening of the
20" wind speeds were ~10 km hr and a large variability in the NO, NO, and O, data was
observed. There was an observed decrease in O; at 18:00 corresponding to oxidation of NO to
NO,. Concentrations of NO, began to decrease after O3 concentrations rose, shortly after 18:00.
There was only a very small increase in NO during this period. It appears to have been effectively
titrated by O;. Loadings of PM 2.5 which had been between 10 and 15 pg m™ also decreased as
ozone began to rise indicating the end of the rush hour period. Winds at this time were from the
North. Since this occurred between 16:00 and 20:00 local time it’s possible this variability was

caused by poor mixing of rush hour emissions or a different source to the North of the highway.

The variability in the data from the 22"%/23" was also significant. It began as wind speeds
rose to over 40 km hr’. The increase in wind speed corresponds to a shift in wind direction from
the South West to the North. Wind speeds varied between 15-30 km hr for the rest of the night
and morning. Over the course of the night and morning there were large variations in
concentrations of other compounds as well, concentrations of NO, varied by as much as 20 ppbv
and O; concentrations varied by roughly 10 ppbv. It is possible the measured HONO was simply
not well mixed due to the gusting winds from the North of the site. The variation in HONO/NO,
ratio during this period was between 0.5-6% which could be explained by point source emissions.
While it is impossible to determine whether there was an increase in HONO concentration at rush
hour, there was a small peak in concentrations of NO and NO, as well as a decrease in O; as it

titrated NO to NO,. There was no distinct increase in PM 2.5. The likely explanation for the lack of
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increase in PM 2.5 loadings is the higher wind speeds which were not present during the other

two rush hour periods.

During the remaining time periods there were again periods of rapid variability observed
in the HONO data. This variability was also observed in the NO, NO, and O3 data sets. The variation
in the HONO/NO, ratio however was again only a few percent. Tﬁe three day period (February
27™- March 1%) was dominated by low wind speeds (5-10 km hr ") while the night of March 5%/6™
showed wind speeds 10-30 km hr* (winds were again from the North). The night of March 15%
also showed variability when winds were between 10-15 km hr. The variations in the HONO and
NO, data regardless of varying wind speed in addition to the wind direction (predominantly from

the North) indicate that the variability is likely caused by passing traffic emissions.

During the first time period at the site (Feb.15-16), there is an observable periodicity in
the PM 2.5 data. While this cannot be confirmed it’s probable that the instrument was not
functioning properly at the time leading to this effect in the data and it must be treated with

caution.
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3.1.4 HONO/NOx Direct Emission Ratios

The relationship between HONO and NO, was examined for all morning rush hours {6:00-
10:00) and evening rush hours (16:30-19:00) when HONO data was available during the campaign.
Before examining these relationships further the HONO data was smoothed in order to remove
the large unknown variability observed at times in the HONO data set which was discussed in the
previous section. Individual points greater than 10% larger than data points before and after were
removed for the analysis. The morning rush hour correlation parameters are shown in Table 4 and

the evening rush hour parameters in Table 5.

Table 4: Correlation data between HONO and NO, during morning rush hours {6:00-10:00) during the study. The table
includes mean PM 2.5 values during the morning rush hour.

Date R? Slope Intercept PM 2.5
(HONO/NO,) (%) (HONO pptv) (ug m?)
Feb. 16,2007 0.70 ‘009 137 . 10 -
Feb. 202007  0.82 ' 0.16 ‘ 79 15
Feb.27,2007 0.28 -0.05 494 10
Feb. 28,2007 0.29 0.07 ' 287 5
Mar.1,2007 070 066 B N
Mar.6, 2007  0.59 0.08 a3 5
Mar.7,2007 071 . 013 . - ‘ 114 a7
Mar.8,2007  0.82 0.15 88 10
Mar.14,2007  0.80 o 0.48 ‘ 172 . 28

The quality of correlation was determined from the R? value. It is the ratio of the variation in Y
which is dependant on X to the total variation in Y and denotes the strength of the linear
association between X and Y. Values of R? greater than or equal to 0.64 {correlation coefficient R
>= 0.80) are considered to be strong correlations, correlation coefficients (R) greater than 0.8 are
generally described as strong, whereas coefficients less than 0.5 are generally described as weak.

Strong correlations were observed between HONO and NO, for several morning rush hour periods
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(February 16 and 20, March 1, 6, 7, 8 and 14) with slopes ranging from 0.93-4.82 (HONO
pptv)/(NO, ppbv). Intercepts also varied 24-172 pptv of HONO. Poor correlations were observed
between HONO and NO, during the evening rush hour periods as can be seen in Table 5. The
poorer correlations during the evening rush hour period can be attributed to the fact that there
was often no distinct peak in HONO during the early evening period. Nitrous acid would rise in the
early evening and continue to rise into the night due to lack of photolysis. Slopes similar to the
morning rush hour values were observed (0.07-0.57 (HONO/NO, %) on days when strong
correlations were observed (R>>0.64). Intercepts for evening rush hours varied between 26-136

pptv similar to that of the daytime values.

Table 5: Correlation data between HONO and NOy during evening rush hours (16:30-20:00) during the study. The
table includes mean PM 2.5 values during the evening rush hour.

Date R? Slope Intercept PM 2.5
(HONO/NO,) (%) (HONO pptv) (g m?)

Feb.15,2007 021 . o006 - . . 80 .- - . .5
Feb. 19,2007  0.19 0.16 ' 26 5
Feb.20,2007 019 009 59 .. 15
Feb.21,2007  0.56 0.38 43 12
Feb.22,2007.  0.52 15 o283l
Feb.26,2007 0.11 -0.16 333 10
Feb. 27,2007  0.52 019 136 . 1s
Feb. 28,2007 021 0.14 Y S 12
Mar. 1,2007  0.22 038 157 10
Mar.5,2007  0.07 0.09 a5 5
Mar. 6,2007  0.003 0.01 : 97 _ s
Mar.7,2007  0.19 0.11 77 10
Mar. 8,2007  0.67 0.07 - 39 . 5
Mar. 12,2007  0.32 0.26 99 ' 15
Mar. 13,2007 0.66 0.57 ' 43 22
Mar. 14,2007  0.61 0.23 197 12

The slopes from the HONO versus NO, correlations during morning and evening rush hours were

plotted against PM 2.5 loadings, shown in Figure 23. The observed relationship indicates higher
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HONO/NO, ratios when larger amounts of PM 2.5 are present. it is possible that on the days when
higher HONO/NO, ratios were observed a larger fraction of the vehicles passing the site had diesel
engines which are expected to produce more HONO and PM than gasoline engines [Kurtenbach et
al,, (2001)]. The effect is likely a combination of fleet composition and increased conversion of NO,

to HONO on increased aerosol surface, or conversion on fresh carbon [Gutzwiller et al., {2002)].
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Figure 23: Plot of HONO/NO, ratio (%) and PM 2.5 during morning and evening rush hours.

If this is representative of conversion of NO, to HONO on aerosol or black carbon the intercept of
the HONO vs. NO, plots would represent measured HONO not produced through this pathway,

such as HONO emitted from some other local point source.

The HONO/NO, ratios from Tables 4 and 5 are an order of magnitude smaller than those
observed on many nights when HONO/NO, ratios were often between 0.5 and 1.5% around
midnight, as shown in Figure 24. The largest observed ratio during rush hours was ~0.5% (the
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evening of March 13" and morning of March 14™). The discrepancy between the rush hour
HONO/NO, ratios and the often higher night-time HONO/NO, ratios indicates there is likely

significant amounts of secondary HONO formation proceeding during the night-time hours.
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3.1.5 Estimates of night-time HONO production

Production of HONO during the night-time hours at the urban sampling site was estimated
using the ratio of HONO/NO; shown in Figure 24. During a few nights of the campaign (February
19" 22" and 28™) there is a clear increase in HONO/NO; ratio. This increase was used to estimate
the amount of conversion of NO, to HONO. The ratio of HONO/NO, should be relatively constant if
HONO concentrations are a direct result of emissions (and the diesel/non diesel fleet ratio is
constant). The increases in HONO/NOQ, ratio occurred after rush hour when HONO concentrations
may be strongly influenced by secondary formation. The mean increase in HONO/NO, on the

three selected nights was 0.125% hr™* (February 20™), 0.25% hr? (February 22™), and 0.075% hr*

HONO
(February 28™). These may be expressed in the usual notation as Z:z = 03'22:)2: = 3.4x10"7 s L,

First order conversion rates of 3.4 x 107 s, 6.9 x 107 s and 2.1 x 107 s™ are obtained for the
three nights respectively. These are roughly an order of magnitude lower than conversion
efficiencies observed during two urban campaigns in Berlin and Milan where values ranged from
3.3x10° s (Berlin) and 5.8 x 10 s™* (Milan), [Alicke et al., (2003); Alicke et al., (2002)]. Wind
speeds on all three nights were below 10 km hr'* making it unlikely that produced HONO was
simply blowing away. On both the 20™ and 22" winds were from the South West, while on the
28" they were from the North West. It is plausible that HONO produced during the night-time is
being taken up by snow, leading to a lower than expected night-time production from NO, or that
the conditions (aerosol surface area and/or surface composition) were not favourable for
conversion. Uptake of HONO has been observed on alkaline snow in other studies [Beine et al.,

(2005)]. The pH of the snow in the surrounding area of the Toronto measurement site is unknown.
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Figure 24: Plot the HONO/NO, time series over the 5 time periods of the Toronto study.
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3.1.6 HONO NO: relationships during the urban campaign.

The relationships between HONO and NO, mixing ratios (day and night) were examined
for each of the 5 time periods of the urban study. For each time period the HONO and NO, peaks

due to rush hour were not included. The slopes, intercepts and R? values are found in Table 6.

Table 6: List of slopes, intercepts and correlation coefficients from HONO NO, correlations.

Slope

Intercept
Time Period (2007) R? HONO/NO,) (%

Feb. 15-16 . 0.55 - 0.25 . 80
Feb. 20-23 086 095 RY's
Feb. 26-Mar. 2 : 083 0.92 DT ”
Mar. 5-9 o081 050 | -8

Mar. 12-15 v 0.75 058 _ .- 53

it is apparent that even with rush hour emissions removed HONO and NO, are strongly correlated.
While the correlations ranged from 0.545-0.857, there is a large variability in the slopes {and
intercepts) of the five plots. There is believed to be no physical meaning to the intercepts. The
third time period (Feb. 26-March 2) showed a strong correlation (R*>>0.64) and had low wind
speeds (<10 km hr) for the duration of the period. It appears HONO correlations with NO, were

stronger during periods with lower wind speeds.

The HONO/NO; ratio is examined as a function of wind direction (Figure 25) with wind
speeds less than 5 km hr! removed. During both the daytime and night-time a large fraction of the

observed winds were from 225-45°. The only distinct difference between the day and night-time
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periods is the higher HONO/NO; (>1%) ratios observed during the night when winds were from
the North. It is likely that these higher ratios indicate an increased importance of secondary

production of HONO in air coming from the North.

[Daylight (~7:30-17:30 EST)|

180

180

Figure 25: Polar plots of HONO/NO, ratio (%) as a function of wind direction. Points with wind speeds below 5 km he?
have been removed.
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In summary at the Toronto site, fresh emissions of HONO from traffic and/or
heterogeneous processes involving NO, can explain the major features in the HONO data.
Increases in HONO and NO, concentrations, often large increases, were observed during rush hour
periods at the site. Periods of high variability in the HONO data appear to a result of variability in
the NO, concentrations resulting from poorly mixed emissions. Any daytime photoenhanced
processes could not be discerned in the presence of the large direct emission sources in the area

of the sampling site.
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3.2 Forested Site - Borden

Environment Canada’s Forest Flux [Environment Canada. (2008)] monitoring site is located
on the north end of Canadian Forces Base Borden (44° 19' N, 79° 56’ W) and was chosen as a rural
site for HONO measurement. The site is in a mixed deciduous forest, the dominant species present
are red maple, trembling aspen, large-tooth aspen, white ash, black cherry and white pine. It is
120 m above sea level. The site has been used for many other studies over the years [Fuentes et
al.,, (1992); Fuentes et al., (1995); Makar et al., (1999); Gu et al., (1999)]. An image of the location

can be seen in Figure 26.

‘ Borden Sampiing Site

Google
- [&

Figure 26: Overview of Borden sampling site.
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The site is located under a forest canopy (22 m in height) which shields it from direct
sunlight for large portions of the day. While the area surrounding the site is forested, there are
also agricultural crops and pastures within a kilometre of the site to the North. While the site can
be affected by pollution from the Greater Toronto Area (approximately 70 km South East of the

site), it is usually quite clean, with NO, levels generally below a few ppbv.
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3.2.1 Instrumentation

The LOPAP was located in a trailer at the base of the meteorological tower installed by
Environment Canada. The LOPAP sampling coil was located outside of the trailer in a heated box
keeping the temperature of the sampling coil at or above 298K to ensure a consistent sampling
efficiency of HONO and reducing the possibility of condensation in the lines. Measurements were
performed during the months of July and August 2006. Other gas phase species measured at the
site included NO,, Os;, SO,, and NH; as well as several VOC's. These measurements were performed
by Environment Canada. Meteorological parameters that were measured included temperature,
wind speed, relative humidity and short wave and long wave solar radiation, these measurements

were also performed by Environment Canada.

The LOPAP was set up as described earlier and had a detection limit of 5 pptv.
Measurements of NO, at the site were performed by a standard NO, chemiluminescence
instrument with a photolytic converter to convert NO, to NO. The temperature measurement was
performed below the canopy while wind speed and wind direction measurements were made
above the forest canopy. Juono Was estimated Wall et al., (2006) from measurements using an
Eppley total UV radiometer in the canopy. Measuréments of NO,, temperature and UV were
performed by Environment Canada. Wall et al., (2006) used a chemical actinometer to measure
Juono values. A Heraeus Amersil Electrically Fused quartz cell was used as their photolysis cell on
the roof of a building in Toronto Ontario. The actinometer was set up so that known amounts of
HONO could be sent through the cell to the HPLC detection unit or diverted directly to the HPLC
detection unit. The measured difference was used to calculate values of Juono. Their estimated
error in Juono values under clear sky conditions was 11% at sunrise and 4% at solar noon during the
summer months. The chemically measured HONO photolysis frequency was correlated with the
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output of an Eppley total UV radiometer. This relationship was used in order to estimate the
values of Jono at the Borden site. Based on the error in the original Jsono measurement (from clear
sky conditions) and the unknown filtering properties of the canopy, Juono Values are estimated to

be accurate within 20%.
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3.2.2 Measurements of HONO beneath a Forest Canopy

Time series of HONO, NO,, NO, O3, Juono, relative humidity, temperature, wind direction
and wind speed at Borden are shown in Figure 27 and 28. No data prior to 8" of August is shown
due to power problems and precipitation at the site. Meteorological data is also missing between

the 16™ and 18™ of August due to power problems.

The majority of the study was characterized by rural background air. Winds were from the
North West and North East for the majority of the campaign carrying clean air from Northern
Ontario instead of more polluted air from the GTA. The mean wind speed was 2.5 km hr? above
the canopy. The temperature inside the canopy varied between 9-36 °C (mean=22.1 °C), with high

night-time relative humidity (typically greater the 70%).

Nitric oxide followed a diurnal cycle (with a night-time maximum and a daytime minimum)
over the course of the study. Soil emissions and low night-time O; concentrations must be
responsible for the higher night-time concentrations as there were no combustion sources nearby.
Based on the anti correlation of the NO and O; data sets it appears NO was rapidly oxidized by O3
in the morning hours after the breakup of the boundary layer. Nitrogen dioxide concentrations
followed a diurnal cycle (night-time maxima, daytime minima) during several periods of the study
(August 8-10, August 18). Concentrations of NO, also rose on the night of the 19" and remained

between 1 and 2 ppbv until the morning of the 20™.
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Figure 27: Plot of time series for chemical and meteorological measurements at Borden sampling site from August 8-
14, 2006 local time.
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Figure 28: Plot of time series for chemical and meteorological measurements at Borden sampling site from August 15-
23, 2006 local time.
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3.2.3 Night-time Production of HONO

Nitrous acid mixing ratios followed a diurnal cycle on several days of the study. Night-time
maxima were observed on the 9%, 11"-14" and 18"-20". Mixing ratios increased each evening,
with a mean HONO production rate of ~8 pptv/hr, and dropped in the morning. The largest peak
in HONO concentration occurred shortly -midnight on August 18" when concentrations reached
237 pptv. This peak coincided with the largest NO; concentrations observed, (~6 ppbv). Since
meteorological data was not available for that night, back-trajectories were determined from
HYSPLIT. HYbrid Single-Particle Lagrangian Integrated Trajectory, HYSPLIT [ARL and NOAA. 2005} is
a complete system for computing simple air parcel trajectories to complex dispersion and
deposition simulations. The trajectories are allowed vertical motion. The method of vertical
motion used was model vertical velocity, which uses the meteorological models vertical velocity

fields. Using HYSPLIT, back trajectories were calculated and are shown in Figure 29.
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Figure 29: Back trajectory analysis using HYSPLIT showing the origin of the air mass (12 hr prior) observed on the night
of August 17th/18th 2006. The different colours represent different end heights of the trajectories (green=50 m,
red=100 m, blue =200 m). The yellow pins indicate the location of the air mass 6 hours prior to arriving at the Borden
site.

The back trajectories show the air mass observed on the night of the 17"/18" passed over the
GTA 12 hours earlier. This may explain where the relatively large observed HONO and NO,

concentrations originated from.

There were peaks in HONO concentration the following two nights as well (~100pptv each
night) with observed concentrations of NO, higher than the typical background NO, levels (~2
ppbv). While the winds were from the North and North West, wind speeds were quite low (~2 km
hr), resulting in the air below the canopy being likely quite stagnant and with the measured
HONO expected to be produced from NO; hydrolysis. On both nights HONO is produced at a rate

of roughly 15 pptv hr.

68



During most days of the campaign HONO mixing ratios did not decrease to the detection
limit of the LOPAP. Mixing ratios on the afternoons of August 11™-14", and 18"-20" were
between 20-50 pptv. The mean daytime mixing ratio during the study was 27 pptv. This is
unexpected based on “classical” chemistry as HONO photolysis rates were as high as 0.7 X102 s,
equivalent to a photolytic half life of ~30 minutes, (Maxima of J,,ono OCcurred sharply at midday
when the sun was highest and least obscured by the canopy). In order to assess HONO production
from NO,, HONO/NO, ratios were examined. The ratio HONO/NO, is considered to characterise
HONO formation [Kleffmann et al., (2003)] since HONO is formed from the heterogeneous
reaction of NO, on damp surfaces [Lammel and Cape, (1996); Reisinger, (2000)]. A time series of
the ratio is shown in Figure 31. Assuming that HONO formation is first order in NO, on surfaces
[Harrison and Kitto, (1994)] the increase in HONO/NO, ratio over the course of the night is used
to obtain a conversion rate of NO, to HONO. Using the increase in HONO/NO, ratio between 20:00
and 00:00 local time in the same manner as the urban data set, a mean conversion efficiency of
1.4 x 10 s* (range between 1.1-1.7 x 10 s') is obtained in agreement with other studies (2-3 x

10 s, Alicke et al., (2003); Alicke et al., (2002)).
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Figure 30: Plot of HONO/NO, ratio from August 8-23 during the Borden campaign. Tick marks indicate midnight on
that day. Red lines indicate rise in HONO/NO, ratio per hour.

Assuming this night-time conversion of NO, to HONO occurs at the same rate during the
daytime hours, the observed daytime HONO during the afternoons of August 11"-14™, and 18"-
20™ cannot be explained since the loss rate from photolysis is roughly two orders of magnitude
larger than that for production. There are clearly other daytime HONO production processes
occurring which are competitive with loss from photolysis. It appears possible that the mechanism
involves NO, being converted to HONO through a different mechanism since there are peaks in
the HONO/NO, ratio during the midday period of days such as the 17* and the 19™. Since the
production process during the day does not occur during the night, it is apparent that solar
radiation may be implicated either directly or by producing reactants that require solar radiation,
as has been suggested in other studies [Kleffmann et al., (2005); Staffelbach et al., (1997b);
Kleffmann et al., (2003); Kleffmann et al., (2002); Huang et al., (2002); Zhou et al., (2002); Neftel et

al., (1996)]. This will be examined in more detail in Chapter 3.2.4.
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3.2.4 HONO relationships with NOx, NO and NO:

Nitrous acid mixing ratios showed some dependence on NO, and NO, mixing ratios if all
data are used, (R*=0.75, Figure 31, R>=0.71, Figure 32). However, the relationship between HONO
and NO, was examined with the August 17"/18" peak removed (Figure 33). Concentrations of
HONO and NO, were significantly higher on that night than other nights during the study which
strongly affected their correlation. As the back trajectory showed (Figure 29), the air reaching the
site had been affected by emissions in air brought from the GTA region, bringing higher levels of
NO, and HONO than were observed on any other night. Exclusion of the night of the 17%/18™

resulted in very little correlation between NO, and HONO (R?=0.41) indicating that the one night

was driving the correlation.
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Figure 31: Plot of HONO mixing ratio as a function of and NO, mixing ratio for all data at the Borden measurement
site.
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Figure 32 Plot of HONO mixing ratio as a function of NO, mixing ratio at the Borden measurement site.
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Figure 33: Plot of HONO mixing ratio as a function of NO, mixing ratio between August 8-23 with the night-time peak
on August 18 removed.
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Similar low correlations were observed with NO vs. HONO when all data are used (Figure
34). Correlations of HONO with NO have been observed in other studies where there are high NO,
emissions from combustion [Kurtenbach et al., (2001); Kleffmann et al., {2003)]. Correlations

between HONO and NO at the Toronto site were observed during rush hour (R*~0.80).

August 2008
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Figure 34: Plot of HONO mixing ratio as a function of NO mixing ratio August 8-23, 2006.

The night of August 17"/18"™ was the only night where strong correlations with NO, were
observed, shown in Figure 35, R?=0.91. While it would be expected that HONO and NO,
concentrations would correlate when emission levels from combustion are high, (e.g. at the
Toronto site), this is not necessarily true in rural locations. Acker et al., (2005) observed varying
correlations between HONO and NO, during the ESCOMPTE 2001 experiment. Positive

correlations were only observed during pollution events when winds speeds were low (0-4 m s™).
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Figure 35: Plot of HONO mixing ratio as a function of NO, mixing ratio on the night of August 17th/18th 2006.

When HONO and NO, concentrations are separated by day and night (and the night of
17™/18" is not considered) the correlation observed for daytime HONO and NO, mixing ratios
improves over that of the overall data set (daytime R’=0.51 vs R*=0.41 for day and night). The
night-time only correlation decreases (R’=0.35). The absence of a correlation in the night-time
data could be plausibly explained by the increasing HONO/NO, ratio observed on many nights, as
NO, is converted into HONO. During the daytime it is possible that measured HONO
concentrations are not dominated by NO, alone. It is apparent from the calculated night-time

HONO production rate that conversion of NO, alone cannot explain the measured daytime HONO.
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3.2.5 Photolytic HONO Production

As discussed earlier, higher than expected daytime concentrations of HONO were
observed on several occasions during the study. The night-time formation of HONO from NO,,
previously estimated to be on average 8 pptv/hr would not be able explain these observed
daytime values as it is not competitive with photolysis, thus an additional pathway must be
considered.

Recently suggested formation mechanisms for daytime HONO require solar radiation and
NO; in order to produce HONO [George et al., (2005); Stemmler et al., (2006); Ndour et al.,
(2008)]. The solar radiation excites either an organic or inorganic surface (either ground or
aerosol) which is able to reduce NO, to HONO. Since HONO photolyzes in the region between 300

and 400 nm our Jyono Values were taken as a proxy for solar radiation.

The 19" was chosen as a test case since minimum daytime concentrations were high, ~50
pptv at noon. A gas phase photo stationary state (PSS) of HONO was assumed, in order to
calculate a background of HONO. The PSS is calculated from Jyono, R 3, and a second HONO sink (R

11), and the mean heterogeneous formation rate to give:

(k3[NO]J[OH] + 5.5 x 10*) molec cm™3 s1

HONO =
[ lpss JHonoy + k11[OH] (Eq. 4)

A noontime QH value of 1x10° molec cm™ was taken from Makar e"c‘al.,r (1999) and mixing ratios
were estimated by using a diurnal variation (noontime maximum, zero at sunrise and sunset)
given by a cos® (SZA) function (where SZA is the solar zenith angle). A cos® function was chosen
since its shape closely matches the profile of 0D production from O; photolysis. Using these
estimated OH values in addition to measured NO and derived J,ono Values, a HONO PSS was
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calculated. The calculated [HONO]pss values were found to be only a part per trillion indicating
that virtually all of the actually observed daytime HONO present was formed through unknown

sources.

Using the HONO sinks (photolysis and reaction with OH) and the measured HONO
amounts, a daytime production rate for the unknown source could be calculated by replacing
(ks[NO][OH] + 5.5x10*)molec cms™ with the unknown HONO source and rearranging equation 4 .
In previous modelling studies unexplained daytime HONO sources have been found to be
dependent on Jys, and NO, [Vogel et al., (2003)], thus a correlation of the production ;ate of
HONO with the product of NO, and J,,ono Was examined. The values of Jyono Were used in lieu Jyo,
since Juono and Jyo2 Show a constant ratio of about 2.5 [Kraus and Hofzumahaus, (1998)] Juono
suffices when looking at the quality (R?) of correlations. The scatter plot of HONO production as a
function of the product of J,ono and NO, for August 19" is shown in Figure 36. The error bars
represent the estimated uncertainty in the HONO production rate and J,ono NO, product, based
on the uncertainty in Jyono estimated to be 20%, the estimate of the uncertainty in NO, (NO and
NO,, 15%) and the uncertainty in excess HONO (20%). Uncertainties in OH are not considered as

the data used was modelled.
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Figure 36: Plot of correlation of HONO production rate vs the product of HONO photolysis rate and NO, mixing ratio
between the hours of 10:00 and 16:00 August 19, 2006. The slope is denoted by b, the intercept is denoted by a.

The hours of 10:00-16:00 EST were used in Figure 36 as these were the hours where
maximum light was penetrating the canopy. The maximum solar radiation penetrating the canopy
did not occur until roughly 13:00 local time. A strong correlation between the HONO production
rate and the product of Jyono and NO, was exhibited (R%=0.97). A correlation between HONO
production rate and Jyono alone would not be surprising as both have a dependence on Jyono.

However the improved quality of the correlation with the addition of NO, is interesting.

A second day (August 20™) was examined and showed a similarly strong relationship
between measured HONO production and the product of Jyono and NO, mixing ratio as was
observed on August 19™ (R>=0.97). The meteorological conditions during the afternoons of both

days were similar. The relative humidity was approximately 60% with temperatures near 20 °C.
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Figure 37: Plot of correlation of HONO production rate with the product of HONO photolysis rate and NO, mixing
ratio between the hours of 10:00 and 16:00 August 20, 2006. The slope is denoted by b, the intercept is denoted by a.

Daytime HONO production and the product of Jyono and NO, mixing ratio were then

examined for all afternoons during the study period and is shown in Figure 38.
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Figure 38: Plot of correlation of HONO production rate with the product of HONO photolysis rate and NO, mixing
ratio for all afternoons where data was available from August 8-23. The slope is denoted by b, the interceptis

denoted by a.

While the correlation was not as strong as the 19" alone it still produced an R?=0.85. The slopes of

these plots and calculation of apparent HONO production rate constants for a gas phase process

will be discussed in Chapter 4.2.

The relationship between HONO production and a variety of other parameters from the
Borden site was examined. The data used were from the midday period (10:00 to 16:00 EST) of

August 8-23 (when data was available) and the results are summarised in Table 7.
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Table 7: Summary of correlations of daytime HONO production.

Measurement R?

NO, 0.12

NO - 008

NO, - . o011

Sono 078

Jhono*NO - ' 0.85

Jhono*NO,*H,0 0.88
howtNOSNO o ozs

JHoNomoz#Rélativé HQnifdity' o - 0.69 
 WindSpeed - o oL

Relative Humidity =~ * % - .030 o

There was no clear correlation with NO,, (NO or NO,) and while there was an expected correlation
with Jyono, it was improved by roughly 10% by the inclusion of NO,. The inclusion of absolute
humidity increased the correlation coefficient yet again (R*=0.88). Correlations between HONO
production and the product of Juono, NO, mixing ratio and absolute H,O mixing ratio are examined
further in Chapter 4.2. Including NO mixing ratios or the relative humidity with the correlated
product of Jyono and NO, mixing ratio only decreased the R? values. No relationship was found
between HONO production and any other meteorological parameters. The short lifetime of HONO
above the canopy (10-15 minutes) makes transport over any significant distance during the
daytime unlikely; the mean wind speed during the study was 2.5 km hr making it unlikely that the

site was affected by emissions greater than 1 km away at noontime. Since there were no known
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combustion sources of HONO near the site it seemed likely that most or all of the HONO observed
during the day must have been produced in or under the canopy. It is unclear whether or not the
daytime HONO production process is a heterogeneous or gas phase process since both have been

suggested in various laboratory studies.
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3.2.6 Potential OH Production from HONO Photolysis

The higher than expected daytime HONO concentrations are important as they represent
a possibly significant increase in OH production below the canopy. Based on measured HONO
mixing ratio and estimated JAHONO values, HONO photolysis below the canopy represents a
maximum noontime OH production rate of 7 x 10° molec. cm™s™ during the afternoon hours of
August 8-23, 2006. Based on previously known chemistry it would have been expected that the
HONO contribution should be negligible to the OH budget. During the ECHO study the typical
noontime production of OH from HONO was 3.1 x 10 molec cm3s?, it was determined that
HONO (mean=147 pptv) contributed 33% of the OH budget with total production rates varying
from 8-11 x 10° molec. cm™s™. Ozone (mean~30 ppbv), and formaldehyde (mean~5.5 ppbv)
photolysis contributed 28% and 31% respectively during the ECHO study with the ozonolysis of
VOC'’s accounting for the rest. Under the VOC rich canopy the lifetime of OH is expected to be less
than a second. Unfortunately photolysis data for O; and formaldehyde (or measurement data) are
not available at Borden so it fs not possible to quantify the overall contribution of HONO

photolysis to the OH budget at Borden for the study.

Before further investigating the issue of homogeneous vs. heterogeneous mechanisms for
the production of HONO and hence OH at Borden, the results of the third campaign at Harrow

Ontario, during the summer of 2007 are presented.
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3.3 BAQS-Met

During the summer of 2007 the LOPAP was deployed as part of the Border Air Quality and
Meteorological Study (BAQS-Met) at the Harrow Ontario supersite (42.03418, -82.9174). BAQS-
Met was a major collaborative study to help understand the effects of the transborder flow of
pollutants, lake effects and gas/particle processing that often occur in Southern Ontario. There
were three Supersite locations during the study; Harrow Ontario, Ridgetown Ontario and Bear
Creek {southwest of Wallaceburg Ontario).Measurements were also performed at two smaller

sites, one on Pelee Island, the other in Windsor Ontario. A map is shown in Figure 39.
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Figure 39: Map South Western Ontario showing BAQS-Met measurement sites in green and industrial towns in the
Lake Erie area (in yellow)..

83

qle




Harrow is in close proximity to the metropolitan Detroit and Windsor areas. It is a semi rural
location which is frequently affected by emissions from Detroit/Windsor as well the Ohio Valley
and Sarnia, figures 41 and 42 show point source emissions from Canada (Canada’s National

Pollutant Release Inventory) and United States (US EPA Emissions Inventory).
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Figure 40: Map of emissions inventory from Canada's National Pollutant Release Inventory showing industrial
pollution in South Western Ontario.

As can be seen from Figure 40 there are a large number of chemical, plastics and rubber
production faciliities in the Sarnia area. Closer to the Harrow site, there are also cement
manufacturing, chemical manufacturing and power plants in the Windsor area which can directly

affect the air quality in nearby Harrow.
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Figure 41: Map of the South Western Ontario region showing industrial pollution sites on the United State's side of
the border (US EPA Emissions 2005).

Figure 41 shows that the Harrow area may be impacted by transborder pollution. There are a
number of electric generating units, chemical manufacturing plants and petroleum refineries on
both the Southern and Western sides of Lake Erie. Pollution from all of these sites affects the air
quality in Harrow and Essex County when winds bring pollution from the the South East to the

North West.
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3.3.1 Site Instrumentation

At the Harrow site the LOPAP was installed in a trailer that contained other instruments
for measuring gas and aerosol concentrations. The sampling coil was mounted through a window
of the trailer, which was located in the middle of a field on the grounds of Agriculture and Agri-
Foods Canada’s Greenhouse and Processing Crops Research Centre. An overhead image of the site
is shown in Figure 42. Also located at the site was the Southern Ontario Centre for Atmospheric
Aerosol Research’s (SOCAAR), Mobile Analysis of Particulate in the Environment (MAPLE) mobile

laboratory (Principle Investigator Professor Greg Evans, University of Toronto).

Figure 42: Overhead image of Harrow sampling site. Courtesy of maps.google.ca.
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In addition to the LOPAP there were a number of other instruments located at the Harrow site.

The instruments found at the Harrow site are summarized in Table 8.

Table 8: List of chemical and aerosol measurements at Harrow measurement site as part of BAQS-Met.

Species Instrument Principle Affiliation
Investigator
HONO LOPAP - Prof. GW. - York :
| o . Hamis University |
NO, NO, analyser Ontario Ontario
(Thermo- Ministry of Ministry of the
Scientific) the Environment
; Environment B
05 Os monitor _ ‘Ontario Ontario :
' (Thermo- .. .~ . Ministryof . . Ministryof the |
Scientific) ~  the . Environment |
.. t.o.... Environment. o o
NH; NH; Quantum Prof. J.G. University of
Cascade Laser Murphy Toronto
Trace Gas
Detector
(Aerodyne)

CProf. G,

 Adds/Bases Ambiention T

- inAerosols " - Chromatograph’ R A

VOC's Proton Transfer Prof. J.P.D. University of
Mass Abbatt Toronto
Spectrometer
(lonicon
| Analytik) | o
Jnono " "Totalv - Prof.GW. . York .
(estimate) Radiometer . Haris ' - University:
: .- [Eppley) o LR
Aerosol Hygroscopic Prof. M. York
Hygroscopic Tandem Mozurkewich University
Properties Differential
Mobility
v Analyser o ‘ o
Particle " AerosolMass Prof. Greg University of
Speciation Spectrometer Evans Toronto
(Ts1) ’
Particle Size FMPS (TSI) Prof. Greg University of

Distribution Evans Toronto
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3.3.2 HONO Measurements during BAQS-Met

Nitrous acid measurements were made between June 21% and July 6" 2007. Mixing ratios
of HONO followed a typical diurnal cycle over many nights during the study with a daytime
minimum and night-time maximum. A time series of the measurements of HONO, NO,, NO, Juono,
0,, relative humidity, temperature, wind speed; wind direction and barometric pressure at the

Harrow measurement site is shown in Figures 44 and 45.

During many nights of the campaign HONO concentrations would build up over the course
of the night and begin to decrease in the morning when wind speeds increased and photolysis
would begin. Minimum HONO concentrations were not reached until the late afternoon and rarely
decreased below detection limits (5 pptv). The mean daytime mixing of HONO was 61 pptv
{maximum=473 pptv), while the mean night-time value was 102 pptv, (maximum=376 pptv). The
maximum daytime mixing ratio was observed at roughly 10:00 EST on the morning of June 25,

2007.
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Figure 43: Time series of the measurements of HONO, NO,, NO, Jyono, O3, relative humidity, temperature, wind
speed, wind direction and barometric pressure at the Harrow measurement site from June 21-June 27, 2007.
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Figure 44: Time series of the measurements of HONO, NO,, NO, Jygno, O3, relative humidity, temperature, wind
speed, wind direction and barometric pressure at the Harrow measurement site from June 28-July 6, 2007.
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The majority of the NO, observed was in the form of NO, (~95%). The fraction of NO, resulting
from NO, is likely artificiaily high, as a result of the 1 ppbv detection limit for NO of the NO,
monitor. The results in all values less than 1 ppbv appearing to be zero when in fact they could
potentially have been in the range of several hundred pptv. Significant amounts of O; may have
helped suppress NO concentrations during the study, but there was not enough present to result
in 95% of the mean NO, value be due to NO,. The NO data should therefore be treated with

caution.

During the period from June 21% to June 27" (Figure 43), the HONO mixing ratios
consistently reached 300 pptv or more during the night-time. Winds during this time were
generally from between 150-250°. The increases in HONO during this period were matched by
increases in NO, mixing ratio. As the sun rose concentrations would show an initial sharp decrease
in the early morning which would continue more slowly throughout the day until minimum mixing
ratios were reached generally late in the afternoon. As the sun set (typically not until ~21:00 EST),
and wind speeds decreased, HONO and NO, mixing ratio would increase. Mixing ratios of HONO
would rise as quickly as 81 pptv hr when winds were calm as was the case on the nights of the

24"-26" of June.

Nitrous acid mixing ratios were consistently lower between June 28" and July 6™. Winds
during this time were typically from the North East bringing pollution from the Sarnia area (the
location of many chemical, plastics and rubber making facilities). The peaks and valleys in the
HONO data showed a similar pattern to that of NO,.and NO. The relationship between HONO and

NO, will be examined in the following section.
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3.3.3 HONO-NO: relationship during BAQS-Met

Concentrations of HONO and NO, correlated when all data points from each half of the

study are included (Figure 45 and Figure 46).
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Figure 45: Plot of HONO mixing ratios as a function of NO, mixing ratios from June 21-June27, 2007, during BAQS-Met
Study.

Mixing ratios of HONO and NO, showed a slightly better correlation during the second half of the
study (R*=0.71) when winds were from the North East than during the first half (R*=0.66) when
winds were from the South West. Further sectioning the data i'nto- periods of consistent

meteorological conditions showed an ever clearer relationship between HONO and NO,.
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Figure 46: Plot of HONO mixing ratios as a function of NO, mixing ratios from June 28-July 6, 2007, during BAQS-Met

Study.

The HONO and other parameters are plotted as a time series for the period of June 22™ to

midday of the 24™ (Figure 47). The night-time HONO and NO, mixing ratios during this time were

highly correlated with an R? of 0.81, (Figure 48). Each night the wind speeds were low and the

relative humidity reached ~80%. Mixing ratios of HONO and NO, decreased in the morning hours

as wind speeds increased and the boundary layer broke up.
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Figure 47: Time series of the measurements of HONO, NO,, NO, Jyono, Oj, relative humidity, temperature, wind
speed, wind direction and barometric pressure at the Harrow measurement site from June 22" through June 24"

2007.
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Figure 48: Night-time correlation between HONO and NO, mixing ratios between June 21st and June 23rd 2007.

The night of June 23"/24" was interesting as HONO concentrations reached 200 pptv and
remained roughly constant for the duration of the night. Since wind speeds were low that night it
is not obvious why HONO concentrations would not rise for the duration of the night until the
breakup of the boundary and onset of photolysis in the morning hours. This phenomenon has
been observed before by Stutz et. al. (2002). Stutz et. al. (2002) showed that NO, concentrations
greater than 10 ppbv lead to HONO formation (positive HONO gradients) over grass in Milan. They
determined a compensation point in the HONO/NO, ratio of 3% where HONO would begin to
deposit on the grass surface under stable meteorological conditions. It was believed that NO, was
hydrolyzing on the damp grass to produce the measured HONO. This is consistent with the
HONO/NO; ratios (Figure 52) observed on the night of the 23"/24™ when HONO/NO, ratios were
between 2-4%. While NO, concentrations were not consistently greater than 10 ppbv on this night

it appears plausible that deposition was the cause of the relatively constant HONO concentrations
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observed that night, with production matched by deposition. During the night of June 28"/29"
(Figure 50) HONO and NO, were highly correlated, as can be seen in Figure 49. Winds were
consistently from the North East and decreased from 10 to <5 km hr in the early part of the
evening. Two decreases in concentration of HONO, NO, and NO were observed, the first minima
occurred at 01:00 and the second occurred at 04:00 (both local time), correspond with increases
in O; concentration. Ratios of HONO/NO, varied between 0.5-2 percent (Figure 51) on this night,
below the compensation point for HONO gradients suggested by Stutz et. al. (2002). This makes it
less likely that the decreases in HONO were due to deposition. The increase in O; concentration
during both minima in HONO and NO, is likely due to entrainment of fresh air from above the
boundary diluting the HONO and NO rich air below the boundary layer and decreasing
concentrations of both. It’s also possible that small changes in wind direction caused the
decreases in NO, and HONO as there are small changes in wind direction shown in Figure 50.
Mixing ratios of HONO and NO, began to decrease on the morning of the 29 (~06:00 local time)

as O; concentrations increased, prior to the onset of photolysis.
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Figure 49: Night-time correlation between HONO and NO, mixing ratios between June 28th and 29th 2007.
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Figure 50: Time series of the measurements of HONO, NO,, NO, §,,on0, O;, relative humidity, temperature, wind
speed, wind direction and barometric pressure at the Harrow measurement site for the night of June 28"/29" 2007.
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Back-trajectory analysis using HYSPLIT, ARL and NOAA. (Figure 52) indicated that that the
pollution observed on the night of the 28"/29™ had passed through the Sarnia area less than six
hours prior to the air mass arriving at the Harrow site. As with the previous back trajectory used
with the forested measurements the method of vertical motion used was model vertical velocity,
which uses the meteorological models vertical velocity fields and the heights represent the end

height of the air mass.

*"4& ‘sarnia, ON, Canada-

Harrow

Figure 51: Back-trajectory analysis from HYSPLIT of the air mass observed on the night of June 28th/29th 2007. The
trajectory at 50 m=red, 100 m=blue 500 m= green.
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3.3.4 Variations in HONO/NO: ratio during the BAQS-Met study

The ratios of HONO/NO, and HONO/NO, over the course of the study were also examined
and are shown in Figure 52. The ratios of HONO/NO, ranged from 0.05-12% (mean=1.6%) while
those from HONO/NO, were between 0.06-10.1% (mean=1.5%). The variation in the two ratios is
similar over the course of the campaign since NO, was the dominant component of NO, present

(NO,/NO,=95) as previously discussed.

The HONO/NO, ratio can be used as before as an indicator of the extent of HONO
production from NO, [Kleffmann et al., (2003)]. Using the HONO/NO, ratio on a night when
meteorological conditions were stable, a conversion efficiency of NO, to HONO could be
calculated. On the night of the 23'/24™ the HONO/NO, ratio increased from 0.5-4% over the
course of a four hour period (20:00-00:00 local time). This gives a first order conversion of
2.43x10°° s, The value of the first order rate constant is roughly a factor of two larger than that
calculated from the data at the forested site in Borden Ontario. It is also comparable to values
calculated from data in polluted urban sites such as Berlin (3.3 x 10 s*) and Milan (5.8 x 10® )

[Alicke et al., 2002, 2003].

On average the ratio of HONO/NO, did not vary greatly from the day (mean=1.5%) to the
night (mean=1.7%) again implying that a daytime source converting NO, to HONO would have to
be significantly more rapid than the night-time hydrolysis of NO, since the photolytic lifetime of

HONO at midday is only 10-15 minutes.
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To determine if the HONO/NO, ratio was a function of the direction of wind impacting the
site the ratios of HONO/NO, were examined as function of wind direction during the day and
night. Polar plots showing HONO/NO, ratios as a function of wind direction for both days and
nights are shown in Figure 5,3; with wind vspeevds less f‘h‘?" 5 krﬁ ,hrv',lr were removed due to unclear
wind direction durmg '054?:‘??""" >cond‘itivons;. ‘Sﬁo.wnbn these pAI‘ots‘, is the abproiirﬁété direction of
the nearest, major industrial centres.‘-Duri‘n'g the daytime period the highest ratios are observed
when winds are from between 180-270°. In both cases air masses wouid have to travel over Lake
Erié in order fo réach the Harrow site. Ratios during the daytime w'hen winds were from eiti;ner the
North East or South East are also lower than during the night_-time hours.The n”ight-time ratio plot
shows HONO/NO, ratios >5% coming from thé South and South-west. This is not observed in the
daytime data. Ratios greater than 3% are not often observed when winds are from 270-90°during
either the day or the"nigh_t. It may be that incr}eased humidity frdm air travelling“ovei?the lake may

increase the conversion of NO,-HONO.
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Figure 53: Polar plots of HONO/NO2 (%) as a function of wind direction. The daytime ratios are in the top plot, the
night-time ratios are in the bottom plot Points where wind speeds are below 5 km/hr have been removed.
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3.3.5 Daytime Production of HONO

Daytime production of HONO was examined more closely since HONO mixing ratios
remained well above zero during the daytime for the duration of the study {mean=61pptv}. This
cannot be explained by the first order conversion rate determined in the previous section
(2.43x10°®s), as that is roughly two orders of magnitude smaller than HONO photolysis at
midday. It is not believed that there any large emission sources of HONO in the area of the Harrow

site which could account for the high daytime concentrations.

A HONO production rate was calculated for measured HONO in excess of “classical” PSS
chemistry in the same manner as the Borden data set. Correlations between HONO production
rates and various gas, aerosol and meteorological parameters were examined. The R* values are

shown in Table 9.

Table 9: Tabulated R® values for HONO production correlations.

Correlation Parameter R?
R NO, o Lotng 042 ‘
NO, e 008
N0 e32.
Juono ... . 062
Jwowo[NO ) - o 0700
Juono[NO;J[H0) N 076
, 0 016
Particle Surface area Density 0.31
JuonolNO2](Particle Surface Area : 061
Density) - )
Relative Humidity 0.14
Wind Speed 0.21
Temperature 0.25

The strongest correlations found were with Jyono, the product of the Jyono and the NO, mixing

ratio, and the product of Juone, the NO, mixing ratio and the H,O mixing ratio. As before it was
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expected that a correlation with Jyono Would be present however it is strengthened by the

inclusion of NO, and H,0 mixing ratios. There was no strong correlation present between HONO

production and particle surface area density alone (R*=0.31). Surface area density was determined

from the particle size distribution measured with a fast mobility particle sizer using the

assumption of a spherical particle shape. Particles measured by the instrument were in the range

of 5.5 to 560 nm. Thus it is unlikely that HONO production occurred predominantly on aerosols

and it is more likely that the majority of production occurred on the ground (e.g. grass or soil), or

that production is simply occurring homogeneously in the gas phase. The correlation plot of HONO

production rate with product of Jygno and NO; is shown in Figure 54.
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Figure 54: HONO Production Correlation with J,oyo and NO, for all daytime values during the study

The error bars represent the estimated uncertainty in the HONO production rate and Jyong NO;

14x10”

product, based on the uncertainty in Jyono estimated to be 20%, the estimate of the uncertainty in
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NO, (NO and NO,, 15%) and the uncertainty in excess HONO (20%). Uncertainties in OH are not
considered since a model value was used. The results of BAQS-Met are consistent with the data
from the Borden site where strong correlations were also observed between HONO production
and the product of J,,ono, NO, mixing ratio and H,O mixing ratio. It is not yet known however
whether this is simply a gas phase mechanism or a reaction occurring on the bulk ground surface.
The calculation and discussion of apparent rate constant for the production of HONO as a function

of radiation NO, and H,O on various days during different time periods is found in Chapter 4.1.
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3.3.6 OH Production from HONO during BAQS-Met

The large quantities of daytime HONO (mean=61 pptv) present would contribute
significantly to the overall OH budget. Photolysis of HONO would lead to a maximum OH
production rate of > 1.5 x 10° molec cm™s™ at midday during the study. The time series of OH

production rate (estimated as d[OH]/dt) from HONO photolysis is shown in Figure 55.

ax10®
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Figure 55: Time series of OH production rate from HONO as a function of HONO photolysis.

It is difficult to apportion the contributions of the various OH production pathways (shown

in Table 1) at Harrow since no formaldehyde data is available. However it is likely dominated by

the large amounts of O; present during the daytime (upwards of 80 ppbv). If one assumes a

noontime maxmum in Jo; to be 2 x 10” s (taken to be 15% of the maximum noontime Jyono value,
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Kraus & Hofzumahaus, 1998) the maximum midday production rate of OH from Oz would be 7.87
x 10’ molec cm™ s™*. While the contribution to OH production from HONO is roughly 50 times

smaller than that of O; at midday, production of OH from HONO is not insignificant and would be
relatively more important during the early morning hours when O; concentrations and photolysis

rates are much lower.

In summary measurements of HONO at the Harrow site during BAQS-Met show high
concentrations of daytime HONO present, mean=61 pptv. The daytime source appears to be
consistent with that observed at the forested site in Borden Ontario and implies that HONO plays
a larger role in the midday OH budget than originally thought. A night-time compensation point
for heterogenous production and deposition of HONO consistent with the work of Stutz et. al.
(2002) was also observed during the night-time when stable meterological conditions were

present.
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4 Comparison of Photolytic Production With Laboratory

Measurements of k(NO2*+H:0)

As mentioned previously there have been conflicting reports as to the significance of

photo enhanced reaction R 5 [Crowley and Carl, (1997); Li et al., (2008)].

NO," + H,0 —» HONO + OH RS

In the study by Crowley and Carl, {1997), NO, was excited using radiation between 430-450 nm.
Radiation was obtained by pumping a dye laser (Lambda Physik Scanmate-2) with either a Nd:YAG
laser (Quantel Brilliant B, pulse width = 5 ns), or an excimer laser (Lambda Physik Lextra 50). After
passing through a series of irises the dye laser beam would enter a Teflon coated stainless steel
reactor through a quartz window at the Brewster angle. The reactor was kept at a pressure of 20-
24 Torr. Experiments were also carried out at 532 nm by coupling the second harmonic of the
Nd:YAG laser directly into the reaction vessel through a series of irises. OH generated by the
reaction of NO, with H,0 were excited using an OH resonance lamp to promote the OH (°3*) «
OH(*TT) transition at 309 nm. An upper limit for the rate constant of 1.2 x 10"** cm® molec™ s* was

determined.

Li et al., (2008) studied the photo-enhancement using radiation at longer wavelengths,
565, 590 and 612.5 nm and determined a rate constant for R 5 of 1.2 x 10™ cm® molec™ s™. The
wavelengths for exciting NO, were generated by an optical parametric oscillator (Spectra Physics:
MOPO-730), which was pumped by the third-harmonic of an injection seeded Nd: YAG laser
(Spectra Physics: GCR-270). The OH generated from R 5 was monitored using the (0<-0) A-X
transitions at ~308 nm using laser induced fluorescence (LIF). The 308 nm laser radiation is
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generated by frequency doubling the output of a second Nd:YAG laser (Continuum: NY81-20)

pumped dye laser (Continuum: ND60).

Carr et al., (2009) attempted to replicate the results of Li et al., (2008) using only
unfocused laser light, as used by Crowley and Carl, (1997) and failed to observe any OH. They
assigned an upper limit of R 5 that was a factor of 17 smaller than that of Li et al., (2008) and in
agreement with Crowley and Carl, (1997). They suggested the reason for the discrepancies in rate
constant values was due to R5 being a two photon process. Li et al., (2009) replied to this
comment and noted that since OH production did not go as the square of NO, concentration that
this could not be a two photon process. The difference in the measured rate constants is as yet
unresolved. This reaction was however examined as a potential source of HONO for the Borden

and Harrow studies.

At ground level the quenching of NO," (a mix of the BB, and A”B, excited electronic states

and the X?A, ground electronic state) is almost entirely due to collisional quenching (R 14).

NO;+M - NO; + M R 14

The rate of the quenching with water (R 15) is 1.7 x 10™ cm?® mol* s [Thornton et al., (2000);

Donnelly et al., (1979)].

NO3 + H,0 - NO; + H,0 R15

The overall rate of quenching in air at 1 atm is equal to 7.1 x 10% s* [Crowley and Carl, (1997)],
giving a lifetime of 1.4 ns. In order for a comparison with our chemical HONO production rate to
be performed, our estimates of lyono Need to be converted estimates of Jnoa - This is a two step

process. Jyoz €an be derived from Jyono using the following relationship,
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Jonoy = 0.189 X J(xo,) + 8.483 X 1073 (yo,)° (Eq. 5)

given by Kraus and Hofzumahaus, (1998). Jyo; then needs to be converted to Jyo,* which is taken
to be 5 times the rate of NO, photolysis based on the overall NO, cross section and the UV/VIS
spectrum of sunlight Crowley and Carl, {1997) and is shown in Figure 56. While Jyo;* is not a true
photolysis rate, it the rate constant of the excitation of NO,=>NO,*, the Jyo,* nomenclature is

used to remain consistent with the literature.

i 222 i
e Zud

- el
s 2=%

B e
SR
Peiedt

0 15 20 25 39
Jvalue [10%6")

Figure 56: J values for photodissociation (left of solid vertical line) and for photoexcitation (right of solid vertical line)
of NO, at Zenith angles (Z) between 20 and 70°, taken from Crowley and Carl, (1997).

Using Jno2*, R 14 (the rate of which is taken to be 7.1x10% s*) and R 15 a HONO production rate is

derived as

dHONO Ino;

=k (Eq.6)
dt 57.1x 10851 + ky5[H,0]

[NO,][H,0]

This calculated HONO production rate from the possible reaction R5 can be compared with the
HONO production rates for the Borden and Harrow data sets which are estimated based on the
measured daytime HONO concentrations and the known daytime losses (photolysis and reaction

with OH).
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4.1 Apparentk values during BAQS-Met

The plot of the measured daytime HONO production plotted against the calculated HONO

production (Eq.6) from the daytime only Harrow data set is shown in Figure 57.
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Figure 57: Plot of calculated chemical HONO production from measured HONO values and known HONO loss rates
versus calculated HONO production from Equation 6.

The error bars represent the estimated uncertainty in the HONO production rate and the NO,"
H,O product, based on the uncertainty in Jyo,* estimated to be 20%, the estimate of the
uncertainty in NO, (NO and NO,, 15%) and the uncertainty in excess HONO (20%). Uncertainties in

OH are not considered as model data was used.

The data in Figure 57 yielded an R? of 0.72 but the slope yields an apparent rate constant

of (4.53.5)x10™*® cm®molec’s™, nearly 4 times that reported by Li et al., (2008) for the
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homogeneous process. There is however a large amount of scatter in the data. To further examine
this relationship specific time periods were chosen. Figure 58, Figure 59, Figure 60 and Figure 61

show correlations for the afternoons of June 21%, June 24", the morning of June 30" and the

morning of July 4™ respectively.
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Figure 58: Plot of measured HONO production rate with the calculated HONO production rate for the afternoon of
June 21, 2007.
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Figure 59: Plot of measured HONO production rate with the calculated HONO production rate for the afternoon of

June 24, 2007.
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Figure 60: Piot of measured HONO production rate with calculated HONO production rate for the morning June 30,

2007.
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Figure 61: Plot of measured HONO production rate with the calculated HONO production rate for July 4, 2007.

The apparent rate constants for the chosen periods are shown in Table 10. The error value
associated with the rate constant represents 1 standard deviation of the apparent rate constant
value. In each case the yielded k value is different with only that of the morning of July 4, 2007
being near to the average for the entire study. The dominant wind directions were different each
day (Table 10), meaning that the sources of NO, were also different each day and that the surfaces
that the air mass travelled over prior to arriving at the measurement site were different. During
the afternoon of June 21 winds were from the North West, the direction of Detroit/Windsor and
several electricity generating and chemical manufacturing plants. A larger apparent k value was
calculated for the afternoon of June 24™ when winds from the South West brought air from the
general direction of Toledo, Ohio. There are several electricity generating units on the United
States side of the border ranging from the South West to North West presumably producing large

amounts of NO,. The afternoon of June 24™ yielded the largest apparent k value.
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Table 10: List of apparent rate constants and dominant wind directions during 4 selected periods of the Harrow study.

Dominant Wind
3 -1_-1 2
Time Period k (cm® molec™s™) R
Direction

All daytime (4.543.5)x10"* 0.75
data . C '

July 21, 2007
(12:00-18:00 (6.110.3)x10™* 0.82 North West
EST)
© July 24,2007 , . :
(12:00-18:00 (7.8+0.3)x10™ 080 . South West
esm) . .
June 30, 2007
(6:00-12:00 (2.9+0.07)x10™ 0.90 North East
EST)
“July 4,2007 -
(6:00-12:00
.. EST)

(44:0.06)10°° - . 097 ¢ - SouthWest

During the morning of June 30 the wind directions were from the North East and gave the
smallest apparent k value. Winds were from the South West during the morning of July 4 yielding
an apparent k value of (4.4£0.06) x 10"* cm®molec’’s™. These winds correspond to the Toledo

region (South West).

In summary since the slopes of the correlations between chemical HONO production and
the calculated HONO production from equation {Eq. 6) are changing it is very unlikely that this is a
simple gas phase process. Days featuring similar wind direction, June 24™ and July 4™, showed
apparent rate constants which varied by a nearly a factor of two. Many laboratory studies have
suggested efficient heterogeneous conversion of NO, on surfaces, enhanced by photo-excitation,

which appears to be more consistent with the Harrow data than a homogeneous process.
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4.2 Photolytic Production at a Forested Site

The same procedure of calculating the effective rate constants for the Borden data set is

used with the Harrow data. A plot of the production rate versus the product of Jyg,*, the mixing

ratio of NO, and the mixing ratio of H,0 for the hours of 10:00-16:00 from August 8-23 is shown in

Figure 62.

k=(1.520.1)x10™"> cm’motec's”
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Figure 62: Measured HONO production as a function of calculated production rate for the month of August 2006.

The value of calculated rate constant was determined to be 1.5 x 10 cm® mol™s™. This is only

slightly larger than that measured in the laboratory by Li et al., (2008) of 1.2 x 10** cm® mol™s™ for

a gas phase process and certainly is much closer to that value than any of the apparent k value

calculated during the BAQS-Met study.
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Three days (Aug. 18-20™) were further examined, and excellent correlations of the
chemical production rate and the product of Jyo,*, the mixing ratio of NO, and the mixing ratio of
H,O were found. They were further inspected to determine if there were large deviations in the
apparent k values as was found to be the case at Harrow.. The time of day used for all three days
was 10:00-16:00 EST when maximum amounts of light penetrated the forest canopy. Apparent

rate constants for those days were calculated from the correlation plots in Figure 63, Figure 64

and Figure 65.
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Figure 63: Measured HONO Production as a function of calculated HONO production rate for the day of August 18,

2006.
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Figure 64: Measured HONO Production as a function of calculated HONO production rate for the day of August 19,
2006.
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Figure 65: Measured HONO Production as a function of calculated HONO production rate for the day of August 20,
2006.
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The difference in the calculated apparent k values was much smaller than that seen in the
Harrow data and are shown in Table 11. The error value associated with the rate constant

represents 1 standard deviation of the apparent rate constant value.

Table 11: Calculated HONO formation rate constants from Borden August 2006.

Dominant Wind

Date k (cm® molec™s™) R?
Direction
August 2006 (1.520.1) x 10 ' 0.77 S -
August 18, 2006 (1.2¢0.3)x 10 0.77 North to North East
~ August19,2006 . (1.610.1)x 10 4. 095 . NorthtoNorthEast -
August 20, 2006  (14+0.1)x10® 097 North to North East

The calculated apparent rate constants were unlike those determined from the Harrow data;
where the apparent k values at Harrow varied by as much as a factor of 4, the apparent rates from
the Borden data were rather constant. Also unlike Harrow, winds on the three days (August 18-
20) were from approximately the same direction, North to North East, where there were no large
point sources of pollution. This would also imply that the “fetch” on these three days was similar,
yielding similar apparent rate constant values. The two days at Harrow which yielded the largest
apparent rate constant values, July 21* and July 24™ 2007, showed winds coming from very
different areas of large poilution, the metropolitan Detroit area on July 21* and the Ohio Valley on
July 24™. However, if one accepts the measurement of ks by Li et al., (2008) rather than the upper
limit from Crowley and Carl, (1997) the possibility of a simple gas phase process for the production
of HONO at the Borden site cannot be ruled out. White such a process appears unlikely to be the
dominant route for daytime production at Harrow, it is possibly a contributing factor. When the

numerous suggested daytime production mechanisms (almost all involve UV radiation, NO; and
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humidity) are considered, it appears to be unlikely that the gas phase process suggested by Li et.
al. (2008) is the most important, even at Borden. The Harrow site, with its open fields, frequent
changes of air mass and nearby pollution sources are in contrast to the measurements below a

forest canopy at the Borden site where the local “fetch” is less dependent on wind direction aloft.
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5 Conclusions and Future Work

A long path absorption photometer (LOPAP) was successfully constructed and used to
measure HONO in Southern Ontario. The instrument provided excellent sensitivity (3¢ detection
limit=5 pptv) and response time (5 minutes) for making high quality HONO measurements.
Instrument interferences were examined and the only one of note found was that from NO,. The
second channel of the instrument is used to specifically correct for this interference. Particulate
nitrite has been found to be an interference which the second channel will not correct as particles
are taken up quantitatively in the first channel; however the effects of particulate nitrite are

expected to be of minor importance to ambient measurements, where particle pH's are low.

Once the instrument was constructed and evaluated, three sites were chosen to perform
field measurements. Each site provided a different characteristic with respect to HONO chemistry,
(forested, semi-rural and urban). Higher daytime concentrations of HONO than predicted by
“classical” HONO chemistry were measured at all 3 sites. Often more than 10 times the expected
daytime HONO was measured at the Harrow site. Daytime production values were calculated for
the Borden and Harrow sites which showed strong daytime sources. Correlations have shown that
there is a strong dependence at both sites on the product of UV radiation, NO, and H,0 mixing
ratio. While the Harrow data set produced a variety of apparent k values, ranging from 2.9-7.8 x
10" cm® molecs?, suggesting a heterogeneous source, the Borden data set yielded more
reproducible rate constants of 1.2-1.6 x 10™ cm® molec’s” leaving open the possibility of a simple
gas phase reaction. At the urban site the measured HONO can be largely explained by automobile

emissions from the nearby highway and heterogeneous hydrolysis of NO,.
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It is suggested in the future work that studies involving HONO measurement take place in
conjunction with measurements of OH as well as high quality measurements of NO, (specifically
NO, since NO detection limits at the Harrow site were not optimal, ~1 ppbv) so that accurate
photo stationary states can be calculated. Higher quality J,,0no measurements in conjunction with
measurements of Jo3 and Jycuo would be of great value in determining the overall effect of HONO
on the daytime OH budget. Faster measurements of HONO would also be of value, since they
could allow for measurement of HONO fluxes using eddy correlation, which would help in
determining the effect of deposition on the HONO budget as well as production at surfaces. While
such high speeds are not possible with the LOPAP instrument, techniques such as PF-LIF and CIMS
might be sufficiently powerful. Having accurate knowledge of daytime HONO chemistry has been
shown in several studies to be important to the understanding of the overall OH budget [Alicke et
al., (2003); Kleffmann et al., (2005); Eishorbany et al., (2009)]. While the exact contribution of
HONO to the OH budgets in this work is uncertain, photolysis of larger than expected
concentrations of daytime HONO would clearly have an effect on the apportionment of OH

sources.
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